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Preface 

As its preceding editions of 1995, 2001, 2007, 
illld 2013, this small book provides ilil over­
view of the field of genetics, induding selected 
aspects of genomics. It is based on a visual 
approach using 186 color plates designed by 
the author and graphically prepared for print 
by Jilrgen Wirth, a professor of Visual commu­
nication. Each plate corresponds to a small 
chapter illustrating a concept illld relati:d 
facts. An explilililtory text accompanies each 
plate on its opposite page. 
The subjects of the plates have been chosen 
based on their importilllce as fundamentals 
illld their role in the understanding the genetic 
bases of inherited diseases. Owing to the lim­
ited space, individual diseases are not de­
scribed in detai~ but references are provided 
for further information. In addition, the corre­
sponding Online Mendelian Inheritance of 
Man (OMIM) number is provided for each dis­
ease mentioned. The OMIM is a catalog of 
human genes and phenotypes introduced by 
Victor A. McKusick in 1966. It is freely available 
online as Online Mendelian Inheritance of 
Man (OMIM: www.ncbi.nlm.nih.gov/omim). 
It provides all genetically relevant information 
about the known genetic diseases (see p. 392). 
This book maintains the general structure 
of the previous editions: Part I addresses Fun­
damentals; Part II, Genomics; and Part Ill, 
Genetics in Medicine. Part III illustrates the 
role of genetic and genomic principles under­
lying the causes of human diseases. From a 
genetic point of view a disease can be dassified 
on the basis of its genetic causes (genotype) 
rather than its manifestations (phenotype), as 
is otherwise customary in medicine. 
The book presents ancillary information in 
the Introduction. Genetics and genomics as 
viewed today are defined and some key devel­
opments of the past are traced. The Chronol­
ogy specifically lists important discoveries 
in the history of genetics and genomics. The 
historical perspectives are a reminder that 
the platform of knowledge today rests on pre­
vious advances. 

v 

The Appendix provides tables with supple­
mentary genetic data. The extensive Glossary 
defines genetic terms. For young readers 
naturally interested in the future, whenever 
possible and appropriate, I have induded a his­
torical perspective by referring to the first 
description of a discovery. 
This fifth edition has been extensively rewri~n, 
reorgilili.zed, and updati:d Nineteen plati:s are 
entirely new or have new parts. New topics, 
represented by new plates, indude overviews 
of human evolution, aging, the CRISPR-Cas prin­
ciple, genetic signaling pathw.iys, genomic dis­
orders and genome-wide association studies, 
cancer genomes, laminopathies, chromatin dis­
orders, cohesinoptathies, and other emerging 
topics. About the same number of plates have 
also been deleti:d because they are no longer 
needed. The fifth edition is slightly smaller 
than the fourth edition of 2013. 
This book is written for two kinds of readers: 
for students of biology or medicine, as an in­
troductory overview, and for their mentors, as 
a visual teaching aid. It will also help other 
interested individuals obtain selected informa­
tion about current developments and achieve­
ments in this rapidly evolving field. The reader 
should keep in mind that each plate and its 
text represent an abstract rather than a trea­
tise, with many related details necessarily 
omitted. Therefore, this book is meant to be a 
supplement to dassic textbooks rather than a 
substitute. 
The term Atlas fur a book was introduced in 
1594 by Gerard de Kremer (1512-1594), a 
Flemish mathematician and cartographer also 
known as Mercator. His book, with a collection 
of 107 double pagl! geographic maps with the 
title Atlas sive Cosmographicae Meditationes de 
Fribrica Mundi et Fabrica Figuru, was published 
in 1595, a year after his death. With Africa, 
Asia, the "New World", and the northern 
polar region represented by only one map 
each, it was the first world atlas. Mercator ex­
plains in his introduction that he derived the 
rerm from the mythic king. Atlas ofMauretania 
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because of his outstanding knowledge of as­
tronomy. Earlier it was assumed th.at the term 
atli!s referred to the titan, Atli!s, of Greek myth­
ology. When MerCiltor's atli!S appeared, many 
geographic regions were not yet known and 
hild remained unmapped in his collection. Es­
tablishing genetic maps is an activity not un­
like mapping new, unknown territories 500 
years ago. Genetic maps are a leitmotif in ge­
netics and a rerurrent theme in this book. 
Throughout the book I have emphasized the 
role of the evolution of genes, genomes, and 
organisms in understanding genetics. As 
noted by the great geneticist Theodosius Dobz­
hilnsky, "Nothing in biology makes sense ex­
cept in the light of evolution.• Indeed, genetics 
and the science of evolution are dosely related. 
Today one could say, "Nothing in evolution 

makes sense except in the light of genetics." 
As a single-author book, this book represents 
a personal view th.at hi!s developed over a 
period of more than fifty years of active par­
ticipation in the field. 
I am deeply indebted to Professor JOrgen 
Wirth, Professor of Visual COmmuniCiltion at 
the Universities of Applied Sciences, Darmstadt 
and schwabisch GmDnd, Germany (during the 
period 1978 to 2005) fur his most skillful work, 
which is a fundamental part of this book. 
I thi!nk my wife, Mary Fetter Passarge, M.D., 
fur her helpful suggestions. At Thieme Publish­
ers, Stuttgart, I was guided and supported 
by Stephan Konnry, Andrei!S Schabert, Nidhi 
Chopra, Apoorva Goel, and others. 
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2 Introduction 

ml r.enetfc:s <111d Cenomks 
Scientific advances iD genetics and genomics 
during the past 15 years have inaeased our 
lmowledge about the structure and function 
of the processes carrying life at the molecular 
and celJular levels. These have yielded insights 
Into a better understanding of the develop­
ment and differentiation of c:ells and tissues, 
funcdonal netwoli<s, distinguishing heredltuy 
and nonhereditary lllfluences on the causes of 
diseases and the dlfferenc:M between normal 
and cancer cells. 
British biologist, William Ba~son {1861-1926). 
proposed the termgmeliafor a new biological 
field d1!11D1Zd to the scientific investigation of 
hen:dit.y and variations in 1906. The new sc> 
ence of genetics provided a theoretical fmDe­
wolk that could also be applied to the practice 
of plant and animal breeding. lD the opening 
sentence of the Mendel's Principia of Hmdtty, 
publlshecl. In 1909, Bateson stated, "Among the 

Wllllam Bateson 
(1861-1926) 

biological sdt!IC:e$ the SU!dy of genetics ocar 
pies a central position." This WiUi su~tly 
borne out by the long series of disaweries and 
tedmial advances that ensued and a.tlminmd 
in the cmnpletion of the Hum.an Genome Proj­
ect (HGP) in 2003 and the publication of a 
refl!ren.ce human genome sequence (Ill~C. 
2001 and 2004). These unpnudentecl mile­
stones provided information about the under­
lying biological structures and fundions in ge­
ndics DOt available previously (see Part L fUD­
damentals}. 
The term genome was Introduced In 1920 by 
Hans WlnlcJer (1877-1945) In Hamb~ from 
which the termgl!llomfa was derived. In addi­
tion. It was used for naming a new biomedical 
journal, Genomfcs, founded In 1987 by v. A. 
Mc!Cusick (1921-2010) and F. H. Rllddle (19~ 
2013). Genomics defines a novd field devoted. 
to .analyzing entin! genomes rather than se­
lected genes n!Oect:ing dramatic progress 
during the past two decades. The genome of 
animals. plants. and microorganism comprises 
the entirety of information required li>r life 
(see Part D. Cenomk.s). Cenomics integrates 
genetics. molCQl)ar biology. and cell biology 
and is concerned with all genes and their 
structure and function. According' to the dilfer­
ent sdentlRc goals and methods employed In 
genomlcs, derivative terms are used, e.g., mm­
~ for the analysis of all molecules In­
vol~ In transcription and translation and 
their n!gU!ation; p!'DUO:lnt for the analysis of 
all proteins that a cell or an orpnlsm produ­
as; and ep;f!"/11)111t for the analysis of nonher­
editary (epigenetic} processes. Other arus are 
funt:tir:mal gmrrmia (functional analysis), cam­
parutive gmomics (establishing genomic maps 
with regmt to the evolution of genomes). and 
biobl/Omltlt1a (assembly. storage. and manage­
ment of data}. 
Currently. genetics and genomics constitute a 
scientific area relevant to all fields of medical 
and biological disciplines. lnduding andu'o­
pology, evolution. biochemistry, pl\y.slology. 
psydlology, ecology, and their related flelds 
of sden~. As both are theoretical and exper­
imental sdence, genetics and genomlcs pro­
vide an understanding of the biology of the 
living world and genetic diseases (see Part ID, 
Genetics in Medicine). 



Genetic Basis of Life 
Each of the approximately 80 trillion (1012) cells 
of an adult human contains a program with life­
sustaining information in its nucleus (except fur 
red blood cells, which are devoid of nucleus). 
This information is contained in a longitudinal 
molecule, DNA (deoxyribonucleic acid, see 
lateri The instructions are encoded in discrm 
units, the grnes. Around 200 different types of 
cells perform the mmplex molecular transac­
tions under the control of various genes. Genetic 
information enables the c:ells to convert atmos­
pheric oxygen and ingested food into energy, 
regulate the synthesis and transport of biologi­
tally important molecules, protect themselves 
from harmful invaders, such as bacteria, fungi, 
and viruses by means of immune defense 
systems, and maintain the shape and mobility 
of bones, muscles, and skin. Genetitally deter­
mined functions of the sensory organs enable us 
to see, hear, taste, and perceive heat, cold, and 
pain. Genetic information supports brain func­
tion with the ability to learn from experience, 
develop speech, and integrate the environmen­
tal input into cognall! behavior. Reproduction 
and the detoxification of exogenous molecules 
are also under genetic control. In addition, 
structural modifications in the cell nucleus, not 
involving DNA directly contribute important 
regulatory functions (see epgeneticsi 
The living world consists of two basic types of 
cells, the smallest membrane-bound units ca­
pable of independent reproduction known as 
prolcaryotic cells without a nucleus (repre­
sented by bacteria and archaea) and ~otic 
cells with a nucleus and complex internal 
structures in multicellular higher organisms. 
Genetic information is transferred from one 
cell to both the daughter cells formed at each 
cell division and from one generation to the 
next through specialized cells, the germ ceHs, 
oocytes, and spermatozoa. 
Biological processes are mediated by biochem­
ical reactions involving biomolecules called 
proteins. Genes contain encoded information 
for the intracellular synthesis of proteins. 
Each protein is made up of dozens to several 
hundreds of amino acids arranged in a linear 
sequence. This primary sequence of amino 
adds is called a polypeptide. which is subse­
quently folded into a specific three-dimensional 
structure, often in combination with other pol-
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ypeptides, allowing biological function. All -
proteins that can be synthesized constitute 
the proteome. However, most cells do not pro-
duce all possible proteins, but rather a selec-
tion, depending on the type of cell. In addition 
to protein-coding genes, other genes encode 
information for the synthesis of small mole-
cules made up of ribonucleic acid (RNA) 
required for regulatory functions. 
Genetic information is stored in a linear fash­
ion like a text of individual letters and words in 
a defined sequence that alone makes biological 
sense. This text consists of the nucleotide bases 
of DNA that is a read-only memory device of a 
genetic information systl!m tailed the genetic 
code. In contrast to the binary system of strings 
of ones and zeros used in computers ("bits," 
which are then combined into eight binary 
digits, "bytes"), the genetic code in the living 
world uses a quaternary system offour nucleo­
tide bases whose chemical names have the 
initial letters A, C. G, and T (see Part I. Funda­
mentals). The quall!mary code used in living 
cells uses three building blocks, tailed a triplet 
codon. Each amino acid of a protein is encoded 
by a specific triplet. This genetic code is uni­
versal and is used by all living cells, including 
plants and viruses. 

Genes 
A gene is a unit of genetic information con­
tained in a DNA segment It is equivalent to a 
single sentence in a meaningful text Thus, ge­
netic information is highly analogous to a lin­
ear text and is amenable to being stored in 
computers. Depending on the organizational 
complexity of an organism, the number and 
size of genes vary considerably. Their number 
ranges from about 500 to 5,000 in most pro­
karyotes and about 6,000 to 40,000 in most 
eukaryores. The minimal number of genes re­
quired to sustain independent cellular life is 
surprisingly small: around 250 for cerrain bac­
teria. Since many proteins are iIWDlved in re­
lated functions of the same pathway, they and 
their corresponding genes can be grouped into 
families of related function. It is estimated that 
approximately 21,000 protein-coding genes can 
be assigned to around 1,000 gene families (De­
muth et al, 2006). 
Genes are located on chromosomes in the nu­
cleus of each cell. Chromosomes are individual, 
complex structures consisting of DNA and special 
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ml DNA-mated pml!ins (hlsume proteins or simply 
his!Dnes). Chromosomes in eubl)Otft aime in 
hamologous pairs, one of each pair dei:Md from 
the mother and the other !mm the bthe!-. 
Humans have 23 pain of duumoso!Ill!S, amsist­
ing of c:hromQSOIJ!eS 1-22 md an Xand a Y ~ 
mosome in males or two X chromosomes in 
females. The number and size of duomosomes 
vary in d.i1feimt cnganisms. but the tDttl number 
of chromosomes is charaaeristic tor eadl spe­
cies. Genes are arranged linwl.y along each 
chromosome with each gene h<l'lling a defiDed 
position, called agime locus. In higher organisms, 
genes are structured Into amtlguo~ sections of 
Gldl.ng and noncodl.ng DNA sequences, called 
tJt011S (coding) and fntnms (DO!laldlng). respec­
tively. Genes in multiaillulilr organimls vary 
with mpect to size (ranging from a h thou­
sand ID aver a million nudemid.e ha! pain) and 
the number and size of emns. Each g!!!le has 
reguJ.atgry DNA sequena:s. some of wf1icb ac:t 
from a di5tance. The latter determine the statl! 
of activity of a p:ne called gene Qlln'SSlon. 
Most gmes in difi!rentiatff. specialized cdls 
are permanentlv turned olt: More than 90% of 
the 3 billion (3 x t()ll) base pairs of DNA in higher 
organisms do DOt carry Jcnawn coding inlimna­
tion but a>ntaln lnformation with regulatoiy 
functions (see Part n. Genomla). 
The llnel1r ~of Information a:mWned In the 
coding ff<!.Uences of DNA in a gene cannot be 
read dlrectly. Rather, its tD121. sequence is first 
conve!Ud. into a structurally related molecule 
with a ccnesponding sequence of a1dons. This 
pr:oc::ez is called transcrlption. The entire set of 
moleailes involved is called the lnUlsaipmme. 
The molecule resulting from tr.msaiption is 
lcnown as ribo!Ndeic acid {RNA) that serves 
as a template to ammge tbe amino acids into 
a polypeptide in the .ff<J.Uence specified by the 
pnl!tic code. This process is called translation. 
Each of the 21 amino acids used by living or­
ganisms ls encoded by a specific sequen<:i! of 
three RNA moleatles. 

Early Cienetks between 1900and1910 
Genetic Information ls transmitted. from one 
gieneration ID another acandlng ID defined rules 
known as Mendelian ru1rs, named atll!i- the /Y.J.­
gustinian monk, Cnp' Mendd {1822-1884). 
When Mendel a1ndue1Zd crassbrceding ex­
perim.en13 with garden peas in his monastrry 

Crtgor Mendet 
(1822-1884) 

garden In Brunn (Brno, Czech Republic). he 
recognized that heredity was based on lndMd­
ual facmrs that were independent of each 
other (Mendel, 1866}. These factrirs are trans­
mi~d from one plant generation to the next 
in a prcdic:table pattern, each factDr ~sponsi­
ble for .an observable trait The trait one C3ll 

observe is the phmot.ype.. The underlying ge­
netic information is the gmoeype. 
Gregor Mendel is credited with the discovery 
of basic principles of genetics and is res;iroed 
as the father of genetics. However. the funda­
mental Importance of Mendel's amduslon was 
only recognized In 1900 Independently by Cor­
rens, 1Schermalc. and De Vries. The tl!rm, gent 
for the type of heritable factors obsel'Yed by 
Mendel was Introduced in 1909 by the Danish 
biologist, Wilhelm Johannsen (1857-1927). 
Beginning In 1901, Mendelian lnherftmce 
was systematically analyud In anlmals. planu, 
and humms. Some hum.an diseases were 
m:DgJ!ized as having a h~dituy cause. A 



Thomas H. Morgan 
(1866-1945) 

form of brachydactylf (type Al. McKusick num­
ber OMIM 112500) observed in a Wie Pennsyl­
vania sibship b'jW. C. Farabee (PhD thesis, Har­
vard University, 1903) was tbe first amdition iD 
hwna.ns to be described as being transmittlld b'j 
autosomal dominant IDlter!tance (Haws and 
Mc!Cus:ldc:. 1963). 
Chromosomes 1Nel'e first observed. In cliYlding 
cdls in mitosis by Flemming in 1879 and in 
melcsls by Strasburgl':f in 1888. Waldeyer 
cained the tenn. chromosomt in 1888. 
Theodor Baveri (1862-1915) reccgnized the 
genetic individuality of chro111Dsomes in 1902. 
He W1'0tl! th.lt not a particular number but a 
c:.erUin combination of chromosomes was nec­
essary for normal d~opment indicating that 
~ch individual chromosome possessed dilfer­
ent genetic qualities. 
Genetics became m independent scientific 
field In 1910 when Thomas tl Mo~n lntto­
duced the fruit 11y (Drosoillrlla melanogmrer) 
for systematic genetic studies at the COiumbia 
University In New York Among several o<her 
fundamental dlsalverles, Morgan and his co­
WO!hrs demonstralfd that g!m.es were arranged 
on chromosomes in a sequential order. Morgan 
summarized this in 1915 as the dtrom.osome 
dinry ofinheritimce (Moipn. 1926). Although 
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genetics was we!J established as a biological -
field by the end of the sea:md decade af the 
last century, lmowl«le of the phy9c;.al and 
chemical nature of genes was sorely ladcing. 
However. their structure and function ~ 
maiDed unknown. 

Changes In Gelles: Mutations 
The Integrity of the genetic program must be 
maintained without c:ampnnnise; yet. it must 
be adap13ble to respond to long-term changes 
in the envlmnment during ewlutlon. In 1901, 
H. de Vries rca:Jgnized that genetic infonnation 
was susceptl"ble to ~s. He introdua:d the 
term. nwtul'fon to descn"be the new observa­
tion. The systmlatit analysis of mutations con­
tributed greatly to tbe further development of 
genetics. In 1927, H.J. Muller determined the 
spontlneous mutation rate In DrosopllUa and 
demonstrated that mutatinns could be iDduced 
by Rontgen rays. C. Auerbach and J. M. Robson 
In 1941 and F. Oehlkers !Ddependenliy In 1943 
observed that certain cbemlal substmces 
could also Induce mutttions. However, it re­
mained unclear what a mutation actually was, 
since the physil31 basis fer the transfer of ge­
netic information w.is not knawn.. Errors in 
maintaining and tr.mmlitling gmdic innmna­
tion occur in all living symrm. 
Genes af fundamenbl importmce do not tD~ 
erate changes (mul3tions) that compromise 
function. As a result. deleterioU5 mutation5 do 
DOt aa:umulate in axw substantial number. 
Elaborate a!llular systems can reoognize and 
eliminall! faults in the integrity of DNA and 
genes (DNA repair}. 

Cenetic Individuality 
The sequence of DNA differs among unrelated 
individuals. This is ~d tt> as DNA~­
phism. Usually, this involves just one nucleatide 
(smglt ~ polymorphism. SNP). Other 
fonns of DNA polymorphism involve small or 
~ blodcs of rcpemd nucleotide 5eC1.uences 
(COJIY number YCl!iatfon. CNV). Such individual 
p:netic dilferena:s form the basis of genetic: in­
dividuality. In 1908, the English mathematician. 
C. tl Hardy and the Cenuan. physician, W. 
Wl!lnbe&l' lndependeney recognlzed that Men­
delian inherlW'ICe accounted for regularities In 
thf: distribution of genetic variants in different 
populations. 
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ml In 1902, An:hlbald Garrod {1857-1936~ who 
servl!d as Rqius Professor of Medicine at the 
Oxford. University, demonstrated lbt four 
amgaii!31 metabalic m- (alhinism, alkapm­
nuria. cymnuria, and pentusuria) were trans­
mitted by autosomal RCC$$ive inheritance. He 
called these inborn l!mH'$ of metubolism. ln 
<lddition. Gam:ld was die fint to recognize 
that subtle biochemical dilferenoes among in­
div.idwils resulted fi:om individual genetic dif­
ferences. In 1931, he published a prescient 
monograph entitled The Inborn Factors in Dis­
ease (Garrod, 1931). He suggested amt small 
genetic dltferena!S mlght conll'lbute to die 
causes of diseases. Garrod, together with w. 
Bateson, lnttoduc:ed genetic conctj)ts into 
medicine in the earfy yt<ars of genetics be­
tween 1902 and 1909. In late 1901, Gamxl. 
and ~n began an exll!nsive con:upo!ld­
encr about the genetics of allaptDnuria and 
die $iglli6c.ance of amsanguinity, which Gar­
rod had observed among the ~rents of af­
fected individuals. In a letter to Bateson on 
JanuaIY 11. 1902, Garrod wrote. •1 have for 
some time been collecting illfomiation as to 
specific and individual differences of metabo­
lism, which seems to me a little explored but 
promising llefd In relation to naruraJ selection. 
and. I belleve that no two lndivlduaJs are exactly 
alllre chemlcalty any more than stl'UCtW'ally" 

Archibald Garrod 
(1857-1936) 

(Beam. 1993). H~. Garrod.'s amczpt of 
genetic inc!Mduatity of man was not remgnized. 
at the time. One reason might have been that 
the lack of lmowledgl! on the stru.ctun! and 
function of genes despite early fundamental dis­
OM:rie5. At pre$Cilt. 'INC rea:ignize individual 
susceptibility to a disease as an important factor 
in its causes (see Part DL Genetics in Medicine). 
Today. genetic individuality has been defined by 
structural. DNA variants iD 26 human. popu~ 
tiom {Sudmantet al, 2015). 

Rise of Modem Genetfcs between 1940 
and 1953 
With the demonstration In die fungu.s. Neuro­
~ amsa that one gene was ~nsible for 
the tomlillion of one enzyme c·cme gene, one 
enzyme" as formulated by Beadle and Tatum 
in 1941). the rdatioruhip between genetics 
and biochemistry became apparmt ~tematic 
studies in microorganisms led to other impor­
tant advances in the 1940$. Bacterial geni:OG 
began in 1943 when Salvador E. Luria and Max 
DdbrOck disa>vered mutltions in bacteria. 
Other important advances were the demonstra­
tioD of genetic reanubiDatiOD demonstratl!d iD 
bacteria by Lederberg an.d. Tatum In 1946 and In 
vil'WfS by Delbrlldc an.d. Balley in 1947 as 1IYCll 
as the obsKVatlon of spontuleOus mutalions In 
ba~phagesbyHersheyln 1947.Thestu~of 
genetic phenomena In microorganisms turned 
out ID be as slgnlflc:ant for the further develo~ 
ment of genetics as the analysis of Drosophila 
bad ba!rt 35 years earlier Cc.aims et al. 1978}. A 
very inlluential. small book entitled What is 
life? by the physicist, E. Schrtidi:nger (1944) 
postulated a molec:ula:r basis for genes. Hence­
!Orth. dleelucidationofthemolecWarbiologyof 
the gene became a ~theme in geDetic:s. 

Genetics ind DNA 
A major dlscovery by Avery, Mi!.CLeod, an.d. 
McCarty, at the Rodcefeller lnstllllte In New 
York ID 1944, Indicated that DNA canied 
genetlc lnfu:rmalion In bamr:la. DNA was rte­
ognl.ud as a chemically reladvely slmplt:, long­
chalned. molecule by Friedrich Mfescher In 
1869 but considered too simple for genetic in­
formation. In 1928, F. Griffith observl!d that 
pennanent (genetic) chan~s anild be induad. 
in pneumoaxal bacteria by a cell-free extract 
derived from other S1r.lins of pneumoaicci, 



called the ~prl:ndp~. Avery and hls 
cuworhrs demonstrated DNA tD be the traru­
limning principle. ID 1952, Hershey and Chase 
pnM!d that DNA alone cmied genetic infor­
mation and excluded other molecules. With 
tlli5 disalvery, the question of the structure of 
DNA took center stage in biology as desc:nlied 
by McCarty (1985) and Dubos (1976). 
This question regarding the struc:ture of DNA 
was resolved in a short. one-page artide in the 
jOlll11ill, Nature on April 25, 1953 (watson and 
Qick, 1953). The authors proposed the struc­
ture of DNA as a double helix, which consisted 
of two complementary chains of alternating 
sugar (deoxyrlbose) and monophosphate mo~ 
ecules. oriented In opposite directions. In.side 
the helical moJl!Ol!e are the paired nucleotide 
lwes. Each pair ainsists of a pyrimidine and a 
purine, either of a cylmine (C) and a guanine 
(G) or of a thymine (T) and adenine (A). The 
crucial future is that the base pairs (C-G and 
A-T) are located inside the molecule. not out­
side. The DNA structure as a double helix was 
derived from model building using the. 
This idea was largely supported by an X-ray 

Oswald T. Avery In 1937 
(18n-t9SS) 
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dltrractJon photograph of aystilllne DNA ob- -
tlined by Rosalind E. Franklin (Franklin and 
Costing. 1953), indicating DNA to be a helix 
(Maddox. 2002). 
The st:ructun! of DNA as a double helix with 
the nucleotide bases inside explains two fun­
damental genetic mechanisms: the swrage or 
genetic information in a linear. readable pat­
tem and the replication of genetic infinmation 
to ensure illl aa:urate transmission from one 
generation to another. 
1Wo publications accompanied die artlde by 
Watson and Crick {1953) desaiblog additional 
aspects of the DNA structure (Willdn.s et al. 
1953; Franklin and Gosling. 1953). An e.irller 
basis for recognl.zlng the structure of DNA was 
the discovery by E. Owp1f in 1950 who dem­
o!IS1J:3lZd. that cymsine and guanine as well as 
adenine and thymine W!!n! pICSent in the same 
quantity in DNA. However. this was not rea:ig­

Dized as a result of pairing (Wilkins. 2003). 
Vivid. albeit diffi:rent. acanmts of the discov­
ery of the structure of DNA have been provided 
by the scientists involYed (Watson. 1968; Qick. 
1988: Willcins,, 2003; Maddox. 2002 about Ro­
salind FrankliD). 
The eluddatlon of the structure of DNA Is 
regarded as the beginning of a new era of 

J. D. Watson and F. H. C. Crick 

DNA structure 1953 
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Pranklln's photograph 51 Indicating 
DNA to bt a helix. 

molecular biology and genetics. Tht desalp­
tJon of DNA as a double-htllx struaure led 
directly to an understtndlng of tht possiblt 
S1JUdJ.U'e of genetic information. When F. 
Sangrr determined. the 5el1uence of amino 
acids of insulin in 1955, he provided the first 
pruof of the primary sttucture of a pro1Z!in. 
This showed that the sequence of amino acids 
in proll!ins aim:sponded to the sequential 
chamui: of DNA. The genetic code required 
for the synthesis of protrins from DNA and 
mRNA was determined in the ytars from 

Rosalind FraDlclln (1920-1958) 

Watson and Crick in 1953 
(Pbotognph by Anthony BaningtoD Brown. 
Nature 421: 417, 2003) 

Maurice Wilkins (1916-2004) 

1963 to 1966 by NircDbCill. Mathaei, Od!oa. 
Benzer, Khorana, and others. Several authors 
have presented deW!ed acmunts of these de­
velopments (Watson, 1968, 2000; Charsalt 
1978; Stmt, 1981; Wat3an and Tooze, 1981; 
Crick. 1988; Judson, 1996; WiDdns, 2003~ 
With the structure of DNA kDown, the nature 
of the gent could be reddlned In molecular 
terms. In 1955, Seymour Benzer (1921-2007) 
est3bllshed the first genetic fint structure. Ht 



established a genetic map of contiguous dele­
tions of a region (rll) of the bacteriophage T4. 
He found that mutations could be divided into 
two functional groups: A and B. Mutilnts be­
longing to different groups could complement 
each other by eliminating the effects of the 
deletion; those belonging to the same group 
could not. This work defined the gene in 
terms of molecular function. 

New Methods In the Development of 
Genetics after 1953 
From the beginning, genetics has been a field 
in which new concepts are based on the devel­
opment of new experimental methods. In the 
1950s and 1960s, the groundwork was laid for 
biochemical gmetics and immunogmetics. Rel­
atively simple but reliable procedures for sep­
arating complex molecules by different forms 
of electrophoresis, methods of synthesizing 
DNA in vitro by Kornberg in 1956, and other 
approaches were applied to genetics. The in­
troduction of cell culture methods was of par­
ticular importilnce for the genetic analysis of 
humans. G. Pontecorvo introduced the genetic 
analysis of cultured eukaryotic cells (somatic 
cell gmetics) in 1958. The study of mammalian 
genetics, with increasing significance for 
studying human genes. was facilitated by 
methods for fusing cells in culture (cell hybrid­
ization) introduced by T. Puck, G. Barski, and B. 
Ephrussi in 1961 and the development ofa cell 
culture medium for selecting certilin mutants 
in cultured cells {hypoxanthine-aminopterin­
thymidine [HAT] medium) by J. littlelield in 
1964. The genetic approach that had been suc­
cessful in bacteria and viruses could now be 
applied to higher organisms, thus avoiding 
the obstacles of a long generation time and 
breeding experiments. A hereditary metabolic 
defect in humans (galactosemia) was demon­
strared for the first time in cultured human 
cells in 1961 by R. S. Krooth. The correct num­
ber of chromosomes in humans was deter­
mined independently in 1956 by Tjio and 
Levan and by Ford and Hamerton. Lymphocyte 
cultures were introduced for chromosomal 
analysis by Hungerford, and Nowell and cow­
orkers in 1960. The first chromosomal aberra­
tions in humans were desaibed in 1959. The 
replication pattern of human chromosomes 
was described by German in 1962. These and 
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other dev!!lopments paved the way for a new -
field, human genetics. 

Molecular Genetics 
From around 1970 onward, genetics developed 
a new molecular dimension based on new 
techniques, which allowed the analysis of 
DNA directly. It became possible to determine 
the sequence of the DNA nucleotide bases by 
methods developed in 1977 by F. Sanger and 
Maxam and Gilbert (DNA sequencing). Even 
small amounts of DNA could be multiplied by 
a polymerase chain reaction (PCR) introduced 
in 1985. Today, molecular DNA analysis has 
been replaced by automated procedures allow­
ing a high throughput analysis in a few days of 
what used to take weeks and longer, and at 
lower costs. 
The discovery of reverse transaiptase, inde­
pendently by H. Temin and D. Baltimore in 
1970, upset the central dogma in genetics 
that the flow of genetic information was in 
one direction only, from DNA to RNA and 
from RNA to a protein as the gene product. 
Reverse transcriptase is an enzyme complex in 
RNA viruses (retroviruses) that transcribes RNA 
into DNA. Apart from being an importilnt bio­
logical finding, such an enzyme can be utilized 
to obtain complemenlllr}' DNA ( cDNA) that cor­
responds to the coding regions of an active 
gene. Thus, a gene can be analyzed directly 
without knowledge of its gene product. 
Enzymes that cleave DNA at specific sites, re­
s!Tiction endonucleases or simply restriction 
enzymes, were discovered in bacteria by 
W. Arber in 1969 and by D. Nathans and 
H. O. Smith in 1971 (restriction analysis). 
Using these enzymes, DNA fragments of repro­
ducible and defined sizes can be obtained and 
selected regions of a DNA molecule analyzed. 
DNA fragments of different origins could be 
joined and their properties analyzed. All these 
methods are collectively referred to as re­
combinant DNA technology (see Part I, Funda­
mentals). 
In 1977, recombinant DNA analysis led to the 
unexpected fmding that genes in higher organ­
isms are not continuous segments of coding 
DNA but are interrupted by noncoding 
segments. The size and pattern of coding DNA 
segments, called exons and of the noncoding 
segments, called intrans (two new terms 
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introduced by W. Gilbert in 1978) are chi!rac­
teristic for each gene, !mown as the exon/intron 
structure. 

Genes and Evolution 
The evolutionaiy biologist, Theodosius Dobz­
hansky at the Rockefeller University had stated, 
"Nothing in biology makes sense except in the 
light of evolution" (Dobzhansky, 1973) at a time 
when a relationship between genetics and evo­
lution was not yet generally accepll:d. Tuday, 
one could say, "Nothing in evolution makes 
sense except in the light of genetics." Genes 
with comparable functions in different organ­
isms share structural features. Occasionally, 
these are nearly identical which is atnibull:d 
ID the process of evolution. living org;misrns 
are related ID each other by their origin from a 
common ancestor. Genes evol111! within the con­
text of the genome of which they constitute a 
part An important evolutionary mechanism 
is the duplication of a gene or other DNA se­
quences (Ohno, 1970). During the course of 
evolution, existing genes or parts of genes are 
duplicall:d and reshuftled and brought together 
in new combinations. The human genome con­
tains multiple sites that were duplicall:d during 
evolution (see Part Il, Genomics). Most genes 
arise during evolution from preexisting ones or 
parts of genes existing before. 

Transposable DNA 
certain DNA sequences can change their loca­
tion by moving to a new site. Several mechi!­
nisms exist, collectively called transposition. 
This was first described between 1950 and 
1953 by Barbara MCCiintock at the COid Spring 
Harbor Laboratory, New York She described 
genetic changes in Indian com plants (maize) 
and their effect on the phenotype induced by a 
mutation in a gene that was not located at the 
site of the mutation. Surprisingly, such a gene 
could exert a type of remote conttol. In subse­
quent work, McClintock described the special 
properties of this group of genes, which she 
called controlling genetic element:s. Different 
controlling elements could be distinguished 
according to their efrects on other genes and 
the mutations caused. Originally, her work was 
received with skepticism (Fox Keller, 1983; 
Fedoroff and Botstein, 1992). In 1983, she re­
ceived the Nobel Prize (McClintock, 1984). 
Today, we know that different types of trans-

posons with different mechanisms form fami­
lies of transposons. Transposition lends the ge­
nome flexibility during the course of evolution. 
Occasionally, a transposon inserts itself into a 
gene and causes a disease (Reilly et al, 2913; 
see Part II, Geno mies). 

Eplgenetics 
The term, epigenetics refers to a branch ofbiology 
aimed at studying the causal interactions be­
tween genes and gene products (proteins and 
small RNA molecules involved in the regulatory 
processes), which result in a phenotype. Epige-­
netics has attracll:d considerable inti:rest in re­
cent years. In 1942, C. H. Waddington derived 
the term from the words, genetics and epigl!nesis. 
It brings genetics and developmental biology to­
gether by lix:using on heritillJle dlanges in gene 
expression without concomitant changes in the 
DNA sequence. Epigenetic changes are important 
mechanisms for conttol of genetic activity of 
many genes or groups of genes. 
DNA~sociated proll:ins (histone proteins or 
for short, histones) in the chromatin (the pack­
aged DNA in the cell nucleus) are modified by 
different molecular mechanisms. Special en­
zymes add or remove methyl groups, acetyl 
groups, or phosphall: groups at specific sites. 
This alti:rs the functional state in chromatin 
(seep. 180 and 238). Certain states are assod­
all:d with genetic activity, whereas others rep­
resent a repressed genetic state (inactivity). 
More than 250 differentially methylated regions 
(DMRs) in the genomes of human and mouse 
depict a specific pattern ofDNA methylation. 
Methylated DNA is associated with a geneti­
cally inactive state, whereas unmethylated 
DNA is found in genetically active regions. 
With certain genes, only one allele is ex­
pressed, either the one of matl!mal (mat) or 
the one of paremal (pat) origin. 
Here, only one allele of a given gene or region 
is unmethylati!d and active, whereas the other 
allele is methylated and inactive. The methyl­
ation pattern is deti:rmined by the parental 
origin of the allele. Thus, either the allele of 
paternal origin (pat) or the allele of maternal 
origin (mat) is methylated. This pattern, called 
genomic Imprinting, is transmitted to daughter 
cells and maintained. DNA methylation is an 
important conttol mechanism in gene expres­
sion such that errors in establishing or main­
taining the correct methylation pattern result 



in imprinting disorders (pp.194 and 368 in 
CAG4e). 

Genetic Classification of Diseases 
Modern genetic and genomic analysis im­
mensely contributes to the diagnosis and 
management of human diseases (human ge­
netics). Arguably, human genetics was inaug­
urated when The American Society of Human 
Genetics and the first journal of human ge­
netics, The American journal of Human Genet­
ics were established in 1949. In addition, the 
first textbook of human genetics appeared in 
1949, Curt Stem's Principles of Human Genet­
ics (Stem, 1973). 
As outlined in detail by Barton Orllds (1999 
and 2016; Childs and Pyeritz, 2013), two dif­
ferent views of the concept of disease can be 
distinguished. One, first introduced by William 
Osler in his fundamental textbook, Principles 
and Practice in Medicine in 1892, views a dis­
ease as a "broken machine" that needs to be 
recognized and repaired. In this system, dis­
eases are mainly classified according to their 
phenotype, i.e .. the manifestation according to 
organ systems, age, and gender. It does not ask 
why a partirular disease affects one individual 
and not another. In contrast, Garrod's concept 
of genetic individuality poses the question of 
why a particular disease occurs. The Garrodian 
view of disease considers disease as a conse­
quence of an imbalance within a patienrs 
genetic individuality and with environmental 
living conditions. In human genetics, diseases 
are classified according to the genotype rather 
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than the phenotype (clinical manifestation). -
Here, causal changes at gene loci and in genes 
primarily define a disease rather than the phe-
notype. The types of mutations represent a 
molecular pathology. Many genetic diseases 
have a similar phenotype, although they result 
from pathological changes in different genes. 
This is referred to as etiologiail (genetic) hetero-
geneity. Furthermore, rearrangements at differ-
ent sites in one and the same gene may result in 
different phenotypes. Genetic heterogeneity is 
an important principle that always needs to be 
considered in the diagnosis of human genetic 
disorders. 
A disease is genetically determined if it is 
mainly or exclusively caused by a functional 
failure in genes or their regulation. Genetic 
disorders can be assigned to six broad 
categories: (1) monogenic, (2) chromosomal, 
(3) complex (multigenic with interaction 
with environmental influences), (4) genomic 
disorders resulting from certain structural 
features of the human genome that predis­
pose to disease-causing rearrangements of 
DNA segments, (5) somatic mutations (differ­
ent forms of cancer), and (6) imprinting dis­
orders resulting from aberrant patterns of 
imprinted genes (see epigenetics). 
Sevl!ral disorders can be grouped according to a 
signal pathway that is interrupted by a mutation 
or a rearrangement (see Part III, Genetics in 
Medicine). The estimated overall frequency of 
genetically determined diseases of different cat­
egories in the general population is about 3 to 
5% (see Table). 

Table Cali!gories and frequency of genetically determined diseases 

category of disease 

Monogenit diseases total 

Autosomal recessive 

Autosomal dominant 

X-chromosomal 

Chromosome aberrations (light microscopy) 

Complex disorders (multigenic) 

Genomic disorders 

Somatic mutations (cancer) 

Mitochondrial disorders 

Imprinting disorders 

• Approximate estimates based on various sources. 

Estimated frequency 
per 1,000 individuals" 

5-17 

2-7 

2-8 

1-2 

5-7 

70-90 

5-10 

200-250 

2-5 

1-2 
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ml The most lmporWrt and frequent group of dis­
eases is the group camprising multigenic or 
multifactarial diseases. These n:sult from envi­
ronmental influena5 intrracting with the in­
dividual genetic makeup of the afrecta!. 
individual. Impomnt exmiples are relatively 
annmon chronic diseases. such as high blood 
preSSW\\', hyperlipidemia. diabetl:s mellitus, 
gout. psychiatric disorders, disorders with in­
tellectual. impairment. aging disorders. and 
certain congenit.'11 malformations. Their ause 
is not a mutation iD a single gene, but rather 
specific variants In St'llerill. genes with predis­
position to a partlailar disorder. Another com­
mon category is cana:r. a Iaige. heterogeneous 
group of nonhereditary genetic disorders 
resulting from mutations in somatic cells or 
hercdii..ry changes in germ cells. 
Numerous subspecialties of human pdics 
have arisen. such as biochemico!gmeaa, immu­
nogenftja. somatic all gmelics. cytDJenetiG, 
cfini.cal &l"etics. population~ tmltDlogv, 
mutational studies. and others. The develop­
ment of human gellCtia has been well summar­
ized by McKusick (1992). McKusick and Harper 
(2013), and Vogel and Motulsky (1997). 
The enormous progress In the medical. aspectS 
of human genetics (mtdfail generics), In partic­
ular for monogenlc dlsorder.s, is best doc:ir 
mented In Mm4tffan lllhtrlt:Dna fn Man 
(MIM), a ca131og of human genes and genetic 
disorders (McKusldc, 1998). It Is ftte1y avail­
able online: Onltne Mendtlian ln.htrltana in 
Man (OMIM). It was first established in 1966 
by Vlcmr A. McKuslck (1921-2008) at the 
johns Hopkins Univmiity in Baltimore and 
went through 12 printed editions (1968-
1998. see p. 398 in CAC). Each entry c:anies a 
six-digit number. The first digit indica~ the 
mode of inheritmce or status of molecular 
knowledge (1, autosomal dominant; 2, autoso­
mal recessive; 3, X-c:hromosomal; 4, Y-chro­
mosomal; 5, mitocbondrial; 6, additional 
molecular lnlimnatlon (OMIM, Online Mendell.­
an IDh.eritaD.ce in Man. seep. 392]). All diseases 
mentioned are designated with their tkllgit 
OMIM number dwughout this book. 

The Human Genome Prolect and other 
lntemiltionall Initiatives 
A nl!!W dimension in ~mies ms Introduced 
into biomedical res51'tb in 1990 by the 
Human Genome Project (HGP) and relatm pm-

Victor A. McKusick (1921-2010) 
(www.hopkinsmedicine.oIJ) 

grams In many other organisms (Lander and 
Weinberg. 2000; Green and Guyer, 2011 ~ It 
ended in 2003 with the publication of the se­
quence of human DNA in a rderence sequence 
(IHGSC. 2004). The HGP was an intematiO!W 
organiution representing several countries 
under the leadership of biomedical centcr5 in 
the United States and the United JCingdom. The 
main aoal of the HGP was to de<ermine the 
entire sequence of the 3 billion nucleotide 
pairs ID the DNA of the human genome. At. 
the time, this was a daundng task. as it was 
comparable to deciphering each lndMdual 
1-mm wide letter of a strip of tat 3,000 km 
long. The first draft of a sequenced. human 
~me covering approximately 90X of the ge­
nome was announad. in June 2000 (DfG.5C. 
2001; Venll!r et al, 2001). The comple11! DNA 
seJlueDce of hum.an genome was published in 
2004 (IllGSC. 2004). All human c:hmmosomes 
have been sequena:d (see Selected Websites 
far Ar.us.s tD Genetic and Genomic Informa­
tion: Nature Web F«us: Human Genome Col­
lection and OMIM). Several other intematiO!W 



initiatives have funned to investigate a defined 
area of research. Two l!Xilmples are the Hap­
Map Project and ENCODE. 
The International HapMap Project was initiated 
in 2002 as an international multi country proj­
ect aimed at identifying all individual genetic 
variants in the DNA sequence. These variants 
may have important influences on the causes 
of diseases or responses to therapeutic drugs 
(see website fur Access to Genetic and Genomic 
lnfunnation: International Ha.pMap Project). 
ENCODE (Encyclopedia of DNA Elements) is 
an international consortium studying all func­
tional elements in the human genome (see 
Selected Websites for Access to Genetic and 
Genomic Infunnation: Encyclopedia of DNA El­
ements). 
The Human Epigenome Project (HEP) aims to 
identify and catalog all variable methylation 
positions in the human genome. 

A Misconception In Genetics: Eugenics 
Eugenics, a term coined by Francis Gaitan in 
1882, aims to improve humans by genetic 
means. Between about 1900 and 1935, many 
countries adopted policies and laws that were 
assumed to reduce or eliminate an accumula­
tion of "undesired" genetic traits in a popula­
tion. It was believed that the "White race" was 
superior to others, but proponents did not 
realize that genetically defined human races 
do not exist Eugenics assumed that sterilizing 
individuals with diseases considered heredi­
tary would improve the human society. By 
1935, sterilization laws had been passed in 
Denmark, Norway, Sweden, Germany, and 
Switzerland, as well as in 27 states of the 
United Stares. Individuals with mental impair­
ment of variable degree or epilepsy and crim­
inals and homosexuals were the prime targets. 
Although in most cases, the stared purpose was 
eugenic, sterilizations were performed for so­
cial rather than genetic reasons. 
The complete lack of knowledge of the struc­
ture and function of genes might have contrib­
uted ID the eugenic misconceptions, which 
assumed that "bad genes" could be eliminated 
from human populations. However, the disor­
ders targeted are either not hereditary or have 
a complex genetic background. Sterilization 
simply will not reduce the frequency of genes 
contributing to mental retardation and other 
disorders. In Nazi Germany from 1933 until 
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the end of World War II in 1945, eugenics -
was used as a pretext fur widespread discrim-
ination and the murder of millions of innocent 
human beings daimed to be "worthless" (MOi-
ler-Hili, 1988; Vogel and Motulsky, 1997; 
Strong, 2003). However, all such reasons sup-
posedly based on genetics have no scientific 
basis. Modern genetics has shown that the ill­
conceived eugenic approach cannot eliminate 
or reduce the frequency of human genetic dis-
eases. Thus, incomplete genetic knowledge was 
applied ID human individuals at a time when 
nothing was known about the structure of 
genes. Indeed, up ID 1949, no fundamental ad-
vances in genetics had been obtained by stud-
ies in humans. Quite the opposite holds true 
today. It is evident that genetically determined 
diseases cannot be eradicated and the society 
has to adjust to their occurrence. No one is free 
from a genetic burden. Every individual carries 
approximarely 10 or more porentially harmful 
changes in the genome that under certain dr­
cumstmces could manifest as a genetic disease 
unexpectedly in any family. 

Ethlcal and Societal Issues, Education 
The HGP also devoted attention and resources 
ID ethical, legal, and social issues (the Ethical, 
Legal and Social Implications [E~I] Research 
program). This constituted a significant part 
of the HGP, in view of the far-reaching conse­
quences of the current and expected knowl­
edge about human genes and the genome. 
Depending on the family history and the type 
of disease, it is now often possible to obtain 
diagnostic infunnation about a disease years 
or even decades prior to its manifestation. 
This widens the time frame of a diagnosis. Fur­
thermore, not only the affected individual, the 
patient, but also other, ie., the unaffi!cted fam­
ily members may seek infunnation about their 
own risk for a disease or the risk fur a disease 
in their offspring. The ability to perfurm pre­
symplDmatic or predictive genetic testing 
raises new questions about the use of genetic 
data. The decision to perform a genetic test has 
to take into account a person's view on an in­
dividual basis, and infurmed consent be ob­
tained only after the individuals involved 
have been properly counseled about the pur­
pose, validity, and reliability, and the possible 
consequences of the test result. In some coun­
tries, laws have been introduced ID ensure that 
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any genetic information generated is used in 
the best interests of the individual involwd, 
informed consent is obtained, and the confi­
dentiality of data is assured. 
The completion of the HGP and the introduc­
tion of new tools for genomic research, in par­
ticular the relatively inexpensiw high-capacity 
methods of sequencing DNA (massive parallel 
sequencing, "second generation; p. 64), since 
2005 have ushered in a new era of genomic 
medicine (Green and Guyer, 2011; Lupski et 
al, 2011 ). In addition, the whole genome can 

now be subjected to a search for genetic factors 
that contribute to the causes of a given disor­
der (genome-wide association studies, p. 220). 
Genetic and nongenetic bases of disease can be 
distinguished and individual risk factors deter­
mined. Individual adverse responses to thera­
peutic agents (pharmacogenetics) can now be 
defmed at the level of the whole genome 
(pharmacogenomics). Any new, often unsus­
pected. genomic information has to be chan­
neled into individual counseling and decision 
making. 
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Important Advances that Contributed 
to the Development of Cienetics 
(This list represents a selection and should not 
be considered completi:; apologies to all 
authors not included.) 

1665 Cells described and named (Robert Hooke) 

1127 Human egg cell desaibed (Kan Ernst 
VOil Baer) 

1839 Cells recognized as the basis of living 
organisms (Sdtleldm, Sdlwann) 

1859 Concept and facts of evolution (Olarles 
Darwin) 

1866 Rules of inheritance by distinct "factors" 
acting dominantly or recessively (Gregor 
Mendel) 

1869 "Nuclein": ii new acidic, phosphorus­
containing. long molecule (F. Miescher) 

1174 Monozygotic and dizygotic twins dis-
tinguished (C. Dareste) 

1876 "Nature and nurture· (f. Galton) 

1879 Chromosomes in mitosis (W. Remming) 

1883 Quantitative aspects of heredity 
(F. Gaitan) 

1888 Term "chromosome" (w. Waldeyer) 

1819 Term "nucleic iicid" (R. Altmann) 

11192 Term "virus" (R. lvanowsld) 

1897 Enzymes discllVl!red (F. Biichllt!f') 

1900 Mendel's discovery recognized (H. de 
Vries, E. nt"hermalr, K. comns. 
independently). ABO blood group sys­
tem (Landsteiner) 

1901 Tenn "Mutation" coined (H. deVries) 

1902 Some diSl!ilSl!S in man inherited accord­
ing to Mendeliiln rules (w. Bateson, A 
c.arrod). Sex chromosomes (McClung). 
Olromosomes and Mendd's factars are 
related (w. Sutton). Individuality of 
chromosomes (T. Boveri) 

1906 Term "genetics" proposed (w. Bateson) 

1907 Amphibian spinal cord culture (Harrison) 

1908 Population genetics (G. H. Hardy, W. 
Wtinbelx) 
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1909 Inborn errors of metabolism {A c.arrod). -
Tmns ~ • "grnotype; and "pheno-
type" proposed (W. Johannsen). Oliasma 
formation durillg meiosis aanssens) Ffrst 
inbml mouse strain, DBA (C. Utde) 

1910 Beginning of Drosophila 
genetics (T. H. Morgan). First Drosophila 
mutation (white eyed) 

1911 Sarooma virus (Peyton Rous) 

1912 CJ'ossingOlll!l'(T.H.MmJUnandE.CamR). 
Genetic linlcagr (T. H. Morpn and C. J. 
Lynch). First~ map (AH. Sturmltmt) 

1913 First long-term cell culture (A. Cam?/). 
Nondisjunction (C. B. Bridges) 

1915 Genes located on chromosomes (chro­
mosomal theory of inheritance; MolJUll, 
Sturttvant, Muller, Bridges). Biltwrax 
mutant (C. B. Bridges). First gtMtlc linlc­
Glt In wrtebrates a. B. S. Haldane, A D. 
Spnmt, N. M. HaldlJM). Tenn "inttrsex" 
(R. B. r.oldsdnnidt) 

1917 Bacteriophage disCIJVl!l'l!d (F. d'Herrelle) 

1922 Characteristic phenotypes of different 
trisomies in the plant Datu!ll stramonitm1 
(f. Blai«sltt) 

1923 Chromosome translocation in Drosophila 
( c. B. Bridges) 

1924 Blood group genetics (Bmlslrin). Statis­
tlcal analysis ofgendic traits (R.A. Fisher) 

1926 Enzymes are proteins U. Sumner) 

1927 Mutations induced by X-rays (H. ]. Mul­
ler). Genetic drift (S. ™'1ght) 

1928 Euchromatinfheterochrornatin (E. Heitz). 
Genetic transformation in bacteria (F. 
Griffith) 

1933 Pedigree analysis (Haldane, Hogben, 
ffsher. Ltnz, Bernstein). Pblyrene chro­
mosomn (Heitz and Baun', Painttr) 

1934 Tenn •aneuploidy" mined (AF Blalcesltt) 

1935 First cytogenetic map in Drosophila (CB. 
Bridges). First estimate of human muta­
tion rate (JBS Haldane) 

1937 Mouse H2 gene locus (P. Gorer). 
First human linkage group hemophilia 
A-colorblindness a. &II and]. B. S. Hal­
dane) 
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.. 1938 Telomere defined (HJ. Mutter) 

1940 Polymorphism (E. B. Ford). 
Rhesus blood groups (l.andsreiner and 
Wiener) 

1941 Evolution through gene duplication 
(E. B. Lewis). Genetic control of enzymatic 
biochemical reactions (Beadle and 
Tatum). Mutations induced by mustnnl 
gas 
(C Auerbach and M. Robson) 

1942 Concept of epigenetics (CH. Waddi!lgton) 

1943 Mutations in bacteria (5. E. Luria and M. 
Delbriick) 

1944 DNA as the matl!rial basis of genetic in­
formation (Avery, Macl.eod, McCarty). 

What is Life? The Physical Aspect of the 
UvingCell 
An influential book (E. Schrildinger) 

1946 Genetic recombination in bacteria 
(Lederberg and Tatum) 

1947 Genetic recombination in viruses 
(Delbriick and Bailey, Hershey) 

1949 Sickle cell anemia, a genetically deter­
mined molecular disease (Nee~ Pauling). 
Hemoglobin disorders prevalent in areas 
of malaria LJ. B. S. Haldane). 
X chromatin (Barr and Bertram) 

1950 Defined relation of the four nudeotide 
bases (E. Chargaff) 

1951 Mobile genetic elements in Indian com, 
Zea mays (B. McClfntock). 
a-helix and ]3-sheet in proteins (I. Paul­
ing and R. B. Corey) 

1952 Genes consist of DNA (Hershey and 
Cliase). Plasmids (Lederberg). Transduc­
tion by phages (Zinder and Lederberg). 
First enzyme defect in man (Cori and 
Cori). First lillkagl? group in man (Mohr). 
Colchicillf! and hypotonic ireatment in 
chrom01omal analysis (Hsu and Pomer­
at). Exogenous [actors as a cause of con­
genital malformations a. Warkany) 

1953 DNA structure (Watson and Crick, 
Franklin, 'Wilkins). COJliug11tion in bacte­
ria (W Hayes, L L cavalli, ]. and E. Le­
derlierg. independently). Non-Mendelian 
inheritance (Ephrussi). Cell cycle (Howard 

and Pelc). Dietary ireatment ofphenyl­
ketonuria (Bickel) 

1954 DNA repair (Muller). HI.A system 
a. Dausset). Leukocyte drumsticks 
(Davidson and Smith). cens in Turner syn­
drome are X-dlromatin llf!jlJtive (P. Polani). 
Ololesterol biosynthesis (K. Bloch) 

1955 First genetic map at the molecular level 
(5. Benzer). First amino add sequeru:e of a 
protein, insulin (F. Sanger). Lysosomes 
(C de Duve). Bucrol smear (Moore, Barr, 
Marberger). 5-Bromouraci~ an analogue 
of thymine, indw:es mutations in phages 
(A. Pardee and R. Linnan) 

1956 46 Chromosomes in man (Tijo and 
Levan, Ford and Hamerton). Amino acid 
sequence of hemoglobin molecule (V. In­
gram). DNA synthesis fn llltro (S. Ochoa, A. 
Kornberx). S)maptonemal complelt, the 
area of synapse fn meiOJis (M. J. Moses, D. 
Fawcett). Genetic heterogeneity (H. Harris, 
CF. Fraser) 

1957 Genetic complementation (Fincham). 
Genetic analysis of rudiation effects in 
man (Neel and SchuU) 

1958 Semiconservative replication of DNA 
(M. Meselson and F. W. Stahl). Somatic 
ceH genetics (G. Pontecorvo). Ribosomes 
(Roberts, Dintzis ). Cloning of single cells 
(Sanford, Puck) 

1959 First chromosomal aberrations in man: 
trisomy 21 (Lejeune. Gautier, Turpin). 
Turner syndrome, 45, XO (C. E. Ford). Kli­
nefelter syndrome: 47 XXY Uacobs and 
Strong). DNA po/ymerasf! (A. Kornberg). 
lsomzymes (Vesel~ Markert). Phannaco­
genetics (Motulsky, Vogel) 

1960 Phytohemagglutinin-stimulated lym­
phocyte cultures (Nowell, Moorllead, 
Hwigei:ford). Philadelphia chromosome 
(Nowell and Hungeiford) 

1961 The genetic code is read in triplets 
(Crick, Brenner, Barnett. Watu-Tubin). 
The genetic code detmnined (Nirenberg. 
Mathaei, Ochoa). X-chromosome inacti­
vation (M. F. Lyon, confirmed by Beutler, 
Russell, Ohno). Gene regulation, concept 
of operon Uacob and Monad). Galactose­
mia in cell culture (Krooth). Cell hybrid-



ization (Barski, Ephrussi). Thalidomide 
embryopathy (Lenz, McBride) 

1962 Molecular characterization of immuno­
globulins (Edelman, Franklin). Identifica­
tion of individual human chromosomes 
by 3H-autoradiography U. Gmnan, 0. ]. 
MiUer). Term "codon· far a niplet of 
(sequential) bases (S. Brenner). Repffcon 
a a cob and Brenner). cell culture (w. 
Szybalsld and E. K. Szybalska). Xg. the 
first X-linked human blood group (Mann. 
Race, Sanger). Screening for phenylketo­
nuria (Guthrie, Bic:lcel) 

1963 I¥sosomal storage diseases (C de Duve). 
First autosomal deletion syndrome 
( cri-du-chat syndrome, ]. Lejeune) 

1964 Colinearity of gene and protein gene 
product ( C Yanofsky). F.xdsion repair 
(Setlow ). MLC test (Bach and Hirschhorn. 
Bain and I.owtnstefn). Microlymphotox­
idty test (Tmssaki and McClelland). Se­
lective cell culture medium HAT 0- Little­
field). Spontaneous chromosomal insta­
bility a. Gennan, T. M. Schriider ). Cell 
culture from amniotic fluid cells (H. P. 
Klinger). HerediUlry diseases siudied in 
cell cultures (Danes, Beam, Krooth, 
Mellman). Population eytogenttics (Court 
Brown). Fetal chromosomal aberrations 
in spontaneous abortions (carr, 
Benirschke) 

1965 Sequence of alanine transfer RNA from 
yeast (R. w. Holley). Limited life span of 
cultured fibroblasts (Hayflick, Moorhead). 
CTOsslng over in human somatic cells 
0- German). Cell .fusion with Sendai virus 
(H. Harris and]. F. Watkins) 

1966 Genetic code complete. Catalog of 
Mendelian phenotypes in man (v. A 
McKusick) 

1968 Restriction endonudeases (H. O. Smith, 
Unn and Arner, Meselson and Yuan). 
Okazaki .fragments in DNA synthesis (R. T. 
Okazaki). HI.A-D the strongest histocom­
patibilfty system (CeppeUlnt Amos). Re­
petitive DNA (Britten and KDhne). Bio­
chemical basis of the ABO blood group 
substances (Watkins). DNA excision re­
pair defect in xeroderma pigmentosum 
(Cleaver). First assignment of an autoso-
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mal gene locus in man (Donahue, -
McKusick). Synthesis of a gene in vitro 
(H. G. Khorana). Neutral gene theory of 
molecular evolution (M. Kimura) 

1970 Reverse transaiptase (D. Baltimore, H. 
Temin, independently). Synteny, a new 
term to refer to all gene loci on the same 
chromosome (Renwick). Enzyme defects 
in lysosomal storage diseases (Neufeld, 
Dmfman). Individual chromosomal iden­
tification by specific banding stains (Zech, 
Casperson, Lubs, Drets and Shaw, Schnedt 
Evans). Y chromatin (PeaTion, Bobrow, 
Vosa). Thymus transplantation for im­
mune deficiency (van Beldcum) 

1971 TWo-hit theory in retinoblastoma (A. G. 
Knudson) 

1972 High average hetercrzygosity (Harris and 
Hopkinson, l.ewontin). Association of HI.A 
antigens and diseases 

1973 Receptor defects in the etiology of ge­
netic defects, genetic hyperlipidemia 
(Brown, Goldstein. MolUlsky). Demon­
stration of sister chromatid exrha~ 
with BrdU (S. A I.att). Philadelphia chro­
mosome as translocation a. D. Rowley) 

1974 Chromatin structure, nucleosome 
(Kornber,g. Olins and Olins). Dual recog­
nition of foreign antigen and HI.A antigen 
by T lymphocytes (P. c. Doherty and R. M 
Zinkernagel). aone of a eukaryotic DNA 
segment mapped to a specific chromo­
some location (D. s. Hogness) 

1975 Southern blot hybridization (E. South­
ern). Monoclonal antibodiB (Kiihler and 
Milstein). FiTit protein si@lal sequence 
identified (G. Blobel). Model for promoter 
structure and function (D. Pribnow). FiTst: 
transgenic mouse (R. ]aenisch). Asilomar 
conference about recombinant DNA 

1976 Overlapping genes in phage Cl>X174 
(Barel~ Air, Hutchinson). Loci for struc­
IUral genes on each human chromosome 
known (Baltimore Coll[erence on Human 
Gene Mapping). FiTst: diagnosis using re­
combinant DNA technology (w. Kan. M. S. 
Golbus, A. M. Dozy) 

1977 Genes contain coding and noncoding 
DNA segments (R. J. Roberts, P.A. Sharp. 
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independently). First recombinant DNA 
molecule that contuins mammalian DNA. 
Methods to sequence DNA (F. Sanger, 
Maxam Cllld Gilbert). Sequence of phage 
ll>X174 (F. S~). X-ray diffraction 
analysis of nucleosomes (Finch and cow­
orkers) 

1978 Terms ·exon· and "intron" for coding 
and noncoding parts of eukaryotic genes 
(W. Gilbert). 
fl-globulin gene structure (Ider, weiss­
mann, Tiighman and others). 
Mechanisms of tnmsposilion in ba<Uria. 
Produclion of somatostalin with re­
combinant DNA. Introdw:tion of "chro­
mosome walking" to find genes. First 
genetic diagnosis using resniclion 
enzymes (Y. H. Kan and A. M. Dozy). 
DNA tandem repeats in telomeres (E. H. 
Blackburn and}. G. Gall) 

1979 Small nuclear ribonucleoproteins 
("snurps," MR. Lerner and J. A Steitz). 
Alternative genetic code in mitochon­
drial DNA (B G. Bareli A. T. Banlder, J. 
Drouin). p53 protein (D. P. lane, A 
l.elline, L Crawford, L Old) 

1980 Restriction fragment length polymor­
phism for mapping (D. Botstein and 
coworkers). Genes for embryonic devel­
opment in Drosophila studied by muta­
tional screen (C. Nasslein-Volhard Cllld 
E. Wieschaus). l'lrst transgenic mice by 
injection of cloned DNA a. W. Gordon). 
7tansfonnation of cultured mammalian 
cells by injection of DNA (M. R. Cllpecchl). 
Structure of 16S ribosomal ribonucleo­
protein (C Woese) 

1911 Sequence of a mitochondrial genome (S. 
Anderson, S. G Barrett, A T. Banlcier) 

1912 Tumor suppressor genes (H. P. Klinger). 
Prions (proteinaceous infectious par­
ticles) as cause of central nervous 
system diseases (kuru, scrapie, 
Creutzfeldt-Jakob disease; s. B. Prusiner). 
Insulin made by recombinant DNA mar­
keted (Eli Liiiy) 

1983 Cellular oncogenes (H. E. Vanmu Cllld 
others). HIV virus (I. Montagnier, R. 
Gallo). Molecular basis of chronic myelo­
cylic leukemia (C R. Bartram, D. Bootsma 

and coworkers). First recombinant RNA 
molecule (E. A. Miele, D. R. Mills, F. R. 
Kromer). Bithorwc complex of Drosophila 
sequenced (W. Bender) 

1984 Identification of the T cell receptor (To­
neguwa) Homeobox (Hox) genes in Dro­
sophila Cllld mice (w. McGinnis). Local­
ization of the gene for Huntington disease 
(Gusella). Description of Helicobacter py­
lori (B. Marshall and R. warren) 

1985 Polymerase chain reaction (K. B. Mullis, 
R. K. Saiki). Hypervariable DNA segments 
as "genelic fmgerprints• (A. Jeffreys). He­
mophilia A gene cloned O. Gietsr:hier). 
Sequencing of the HIV-1 virus linkage 
analysis of the gme for cyslic fibrosis (H. 
Eiberg and others). Isolation of telomer­
ase from Tetrahymena (C W. Greider and 
E. H. Blackbum). Isolation of a zinc Jlnger 
proteln[romXenopus oocytes a. R. Miiier, 
A D. Mcl.achlin, A. Klug). Insertion of DNA 
by homologous recombination (0. 
Smithies). Genomic imprinling in the 
mouse (8. Cattanach) 

1916 First cloning of human genes. Human 
visual pigment genes characterized U. 
Nathans, D. Thomas, D. s. Rogness). RNA 
as cutulytic enzyme (T. Cech). First iden­
lification of a human gene based on its 
chromosomal location (positional clon­
ing) (B. Royer-Pokora Cllld coworkers) 

1987 Fine structure of an HI.A molecule 
(B}llrkman, Stromln,ger Cllld coworkers). 
Knockout mouse (M Capecchi). A genetic 
map of the human genome (H. Donis­
Keller and coworkers). Mitochondrial 
DNA and human evolution (R. L Cann, M 
Stoneking. A C Wilson) 

1988 Start of the Human Genome Project 
Molecular structure of telomeres at the 
ends of chromosomes (E. H. Blackburn 
and others). Cloning of the gene for 
Duchenne muscular dystrophy {L M 
Kunkel and others). Mullltions in human 
mitochondrial DNA (D. C. Will/ace). 
'lhlnsposable DNA as rare cause of he­
mophilia A (H. H. Kazazian). SUccessful 
gene therapy in vitro 
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1989 Identification of the gene causing cystic coworlcers). Mammal (MDolly, the sheep") -fibrosis (L C '/Sui and others). Microdis- cloned by transfer of an adult ceU nucleus 
section and cloning of a defined region of into an enucleated oocyte (I. Wilmut) 
a human chromosome (Ltldecke, Senger, 

1998 RNA interference (RNAi; A. Fire and Claussen, HOTSthmilce) 
coworlcers). Nematode Caenorhabditis el-

1990 Mutations in the p53 gene as cause of egans genome sequenced human embry-
Li-Fraumeni syndrome (D. Malkin). Mu- onic smn cells (Thomson and Gearhart) 
tations in the gene wrinkled seed used by 

1999 First human chromosome (22) se-
Mendel (M. K. Bhottacharyya). A defec-
tive gene as cause of inherited breast 

quenced. Ribosome crystal structure 

Canctr (Mary-Claire King) 2000 Drosophila genome sequenced (M. D. 

1991 Odorant receptor multigene family 
Adams). First complete genome sequence 

(Buck and Axel). Complete sequence of a 
of a plant pathogen (Xy/ello fastidiosa). 

yeast chromosome. hu:reasiiig use of mi-
Arnbidopsis thaliona, the first plant ge-

crusatellill!s as polymorphic DNA 
name sequenced 

markers. Jtinucleotide repeat expansion 2001 First draft of the complete sequence of 
as a new class of human pathogenic mu- the human genome (F. H. Collins,]. C 
tations Venter and coworkers) 

1992 High-density map of DNA markers on 2002 Genome sequence of the mouse (R. H. 
human chromosomes. X chromosome warersron and coworlcm). Sequence of 
inactivation center identified. p53 the genome of rice, Oryza sativa 
knockout mouse (0. Smithies) 0- tti. S. A. Goff and coworkers). Sequence 

1993 Gene for Huntington's disease cloned 
of the genomes of malaria parasite, Plas-

(M. E. MacDonald). Developmental mu-
moclium faldparum and its vector, 

tations in zebra fish (M. C Mullins and C 
Anopheles gambiae. F.arliest hominid, Sa-

Niisslein-Volhord) 
helanthropos ll:hodensis (M. Brunet) 

1994 First physical map of the human genome 2003 International HapMap Project and EN-

in high resolution. Mutations in fibro-
CODE launched sequence of the human 

blast growth factor receptor genes as 
Y chromosome (H. Skaletsky, D. c Page 

cause of achondroplasia and other 
and coworlcm). Homo saplens idalro, the 

human diseases (M. Muenke). Identiflca-
oldest anatomically modern man from 

tion of genes for hereditary breast cancer Pleistocene 154-160 years ago (T. D. 
White and coworkers) 

1995 Coning of the BIM (ffioom syndrome) 
2004 Genome sequence of the Brown Norway 

gene (N. A. Ellis.]. Groden, ]. Gennan and 
rat A new small-bodied hominin from 

coworkers). Filst genome sequence of a 
Flores island, Indonesia (P. Brown and 

free-liviiig bacterium, Haemophilus in-
coworlcers) 

fluenzrie (R. D. Fleischmann, ]. C Venter 
and coworkers). Master gene of the ver- 2005 Massive parallel DNA sequencing meth-
t:ebrate eye, sey (small eye; G. Halder, ods ("next generation sequencing'') in-
P. Callaerts, w.]. Gehring). srs map of the troduced genome sequence of the 
human genome (T.J. Hudson and cow- chimpanzee (R.H. Waterston. E. s. Lander, 
orlcers) R. K. watson and coworkers). A total of 

1996 Yeast genome sequenced (A. Goffeau and 
1.58 mf/llon human single-nucleotide 

coworkers). Mouse genome map with 
polymorphisms mapped (D. A. Hinds. D. R 

more than 7,000 markers (E. S. Lander) 
Cox and coworkers). Human haplotype 
map. Sequence of the human X chroma-

1997 Sequence of E. coli (F. R. Blattner and some (M. T. Ross and coworkers). Inacti-
coworkers). Helicobacter pylori a. F. vation profile of the human X chroma-
Tomb). Neanderthal mitochondrial some (L Carrel and H. F. Willard) 
DNA sequences (M. Krings. S. Piiiibo and 



.. 24 Introduction 

2006 All human chromosomes sequenced. 
Induced pluripotent stem cells (iPS). 
Takahashi & Yamanaka (Nobel 2012) 

2007 Genome-wide studies applied to find 
predisposing factors for certain diseases. 
Genomic disorders recognized 

2008 Synthetic bacterial genome ( C venter 
and coworkers.) 
Sequencing of individual human genomes 

2009 Whole genome analysis by microarrays 
cancer genomes sequenced. Anlipithecus 
romidus defines new stages in human 
ewlution (T. White and others) 

2010 Exome Sequencing Neanderthal genome 
sequence. Induced pluripotent stem 
(iPS) cells 

2011 Genome structural variation (E. E. Eichler 
and coworkers). 
Chromothripsis, a catastrophic event in 
oncogenesis (PJ Stephens and coworkers). 

2012 Whole genome sequencing. Cancer epi­
genetics. Genome of a Denisovan. 

Topologically associated domains (TADs) 
in chromatin. 

2013 ENCODE project (Encyclopedia Of DNA 
Elements) launched. Genome editing 
CRISPR-cas (M. }inek and coworkers, 
Charpentier & Doudna). 

2014 Nudeosome remodeling. SWI/SNF com­
plex. Hallmar~ of aging (l.6pez-Otin). 
Next generation sequencing. Complete 
Neandertal sequence (K. Prtifer and 
c:aworkers). Lung cancer genome land­
scape. 

2015 Epigenome roadmap. Homo naledi (L 
Berger). 1,000 Genomes Project. Cancer 
Genome Atlas. 

2016 New telomere lengthening mechanism 
(Dilley and c:aworkers). Mitochondrial 
replacement. 

2017 (first halO Liquid biopsy for ctDNA (cir­
culating tumor DNA) 

References for the Chronology 
In addition to personal notes, dates are based 
on the following main sources: 

Dunn LC. A Short History of Genetics. New York: 
McGraw-Hill; 1965 

King RC, Mulligan PK. Stiln5field WD. A Dictionary of~ 
netics. 8th ed. Oxilrd: Oxfi>rd University Press; 2013 

Lander ES, Weinberg RA. Genomics: journey to the 
center of biology. Science 2000;287(5459):1777-
1782 PubMed 

Mc:Kusic:k VA. Human genetics: the last 35 ~ars. the 
present, and the future. Am J Hwn Genet 1992;50 
( 4):663-670 

McKusick VA, Harper PS. History of Medic.al Genetics. 
In: Rimoin D, Pyeritz R, Korf B, eds. Emery and 
Rimoin's Principles and Practice of Medic.al Genet­
ics. 6th ed. New York: Elsevier; 2013. Chap 1 

Watson JD. lhe Double Helix: A Pel"50nal Aa:ount of 
the ~of the Structure of DNA. Stent GS, ed. 
London: Weidenfeld lit Nicolson; 1981 

Sturtevant AH. A History of Genetics. New York: Cold 
Spring Harbor Press; 2001 

The New Encyclopaedia Britannica. 15th ed. Chicago: 
Encyc:Iopaedia Britannica; 2010 

Vogel F, Motulsky At:,, Human Genetics: Problems 
and Approaches. 3rd ed. Heidelberg: Springer-Ver­
lag; 1997 

Whitehouse HU<. Tuwards an Understanding of the 
Mechanism of Heredity. 3rd ed. London: Edward 
Arnold; 1973 
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Phylogenetic Tree of Living 
Organisms 
A phylogl!netic tree attempts to show inferred 
evolutionary relationships of living organisms. 
The first example of such a tree was presented 
by Lamarck in 1809. It is the only figure in the 
Origin of Species, in which Charles Darwin in 
1859 wrote, "Probably all of organic beings 
which have ever lived on this Earth have de­
scended from some primordial fonn." There is 
an overall agreement that the earth is a little 
more than 4.5 billion years old and that 
early fonns of life date back to approximately 
3.5 billion years. 

A. Three primary branches of the tree 
of life 
The formal evolutionary hierarchy of groups of 
organisms proceeds from the largest to the 
smallest groups: domain .... kingdom .... phy-
lum .... order .... class .... family .... genus .... spe-
cies. living organisms are grouped according to 
the type of cells they consist of, either prokary­
ol:ic cells or eukaryol:ic cells. A third group of 
living organisms was recognized in the late 
1960s, the Archaea (also called archael:nicteria ). 
They are assigned to two classes: Euryarchaeo­
ta and Crenarchaeota. Recent data indicall! that 
the three-domain evolutionary tree actually 
consists of two domains: archaea and bacteria. 
Eulraryoll!s arose through a partnership be­
tween them, approximately 1.8 billion years 
ago (Williams et al., 2013). 
Archaea can sustain without molecular oxygen 
at high (70-1 rn•c, thmnophiles) or low tem­
peratures (psychrophi/es), in water with high 
concentrations of sodium chloride (halophi/es) 
or sulfur (sulfothermophiles). a highly alkaline 
environment (pH 115, alkaliphiles), in add 
conditions (acidophiles), or in a combination 
of such adverse conditions that would boil or 
dissolve ordinary bacteria. Eukaryotes consist 
of several kingdoms, including animals, fungi, 
plants, algae, protozoa, and others. All domains 
have a presumed common progenitor called 
the kut universal common ancestor. 

B. Phylogeny of metazoa {anlmals) 
The phylogeny of metazoa differs depending 
on whether it is based on the traditional 
interpretation or on molecular evidence as 

revealed mainly by ribosomal RNA sequence 
comparisons. 

C. Mammalian phylogeny 
Mammals arose approximately 100 to 120 mil­
lion years ago in the late Mesowic period of the 
earth. The timescale is only approximate. Of 
the 4,629 known mammalian species, 4,356 
are placentals, and these fall into 12 orders. 
The first five placental orders according to 
their number of species are rodents (2015), fol­
lowed by bats (925~ insectiwres (385), cami­
wres (27ti and primates (233). DNA sequence 
data have resulted in some rearrangements of 
the phylogeny. (Figures adapted from Klein Iii 
Takahara, 2001 ) 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Allers T, et al. Archaeal genetics - the third way. Nat 

Rev Genet 2005; 6(1): 58-73 
Del.sue F, et al. Phylogenomlcs and the reccnstruction 

of the tree of life. Nat Rev Genet 2005; 6(5): 361-
375 

Del.sue F, et al. Tunicatrs and not cephalochordates 
are the dosest living rela~ of vertebrata Na­
ture 2006; 439(7079); 965-968 

Telford ~. The animal tree of life, Science 2013; 339; 
764-766 

Klein J, Takahara N. Where Do We Come From? The 
Molecular Evidence for Human Descent. Berlin, 
Heidelberg: Springer-Verlag, 2001 

Murphy WJ, et al Molecular phylogenetics and the 
origins of placental mammals. Nature 2001; 409 
(6820): 614-618 

Rivera MC, I.alee JA. The ring of life provides evidence 
for a genome fuslon origin of eukaryotes. Nature 
2004; 431(7005): 152-155 

Williams TA. et al. An arc:haeal origin of eukaryoll!5 
supports only two primary domairu of life. Nature 
2013; 504: 231-236 

Weese CR. Interpreting the universal phylogenetic 
tree. Pree Natl Acad Sd u s A 2000; 97(15): 
8392-8396 

Weese CR. On the evolution of cells. Pree Natl Acad 
Sd U SA 2002; 99(13): 8742-8747 

Weese CR. A new biology for a new century. Micro­
bial Mo! Biol Rev 2004; 68(2): 173-186 
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Origins of Humans 
Human and chimpanzee lineilges separi!ted 
from a common ancestor ilpproxiDliltely 6 to 
7 million yeilrs ago (my;i). Sevt!ral extinct spe­
cies reli!ted to human evolution are collectively 
referred to as hominids, although the term 
hominin also is used. A complex pattern of 
human evolution has emerged during the 
past 1 O to 15 years based on new fossils and 
genetic data derived from sequence analysis of 
ancient DNA. Important sites of hominids in 
Africa are along the Rift Vi!lley in Ei!st Africa 
in the Afilr i!Dd Hildi!r regions (north-East 
Ethiopii!), the region on both sides of Lake 
Turkani! in Kenya., Olduvili Gorge i!Dd Laetoli 
(Tanzania), twc sites in Central Africa 
(Bar-el-Ghi!zal and Toms-Menalli!, both in Cl!ad1 
and several sites in South Aliica (Sterldbntein, 
Kromdraai, SWartkrans, and Taung). 

A. Time chart of hominid origins 
Four hominid evolutioniJrY age-reli!ted phases 
are distinguished: archaic hominids, tri!Dsient 
limns including robust hominids, premodem hu­
mans. and anatomically modem man (AMM). 
Each group amsists of difterent members with ii 
reli!tionship indicared by ilD arrow, hO'tlll:Vel", it is 
oftm not known in detilil. Of the Ci!rly stilgeS, 
only pilrtS of a skeleton or teeth are available in 
most cases. 
Archaic hominids: the oldest member of this 
group is Sahelanthropus tchadensis (6-7 mya), 
found in Central Africa, 2,500 km west of the 
Rift Valley. The size of the brain is that of a 
chimpanzee (360-370 cml), but the face is rel­
atively flat, and enamel thickness is intermedi­
ate between a huDliln and a chimpanzee. Two 
generil from i!pproximi!tely 5 to 6 mya are 
orrorin tugenensis ("original milD from the 
Tugen hills." Baringo region of central Kenyil) 
and Ardipithecus rumidus kadabba (from 
Middle Awash, Afar, Ethiopia). 
Jtansient hmninids: this group comprises a 
subfamily of Hominidae, Australopithecinrie, 
with a possible ancestral role for the ei!rly 
hominin species. Bipedal gait with concomi­
tant i!Datomical changes of hi!Dds and feet, 
reduction of tooth size, and progressive devel­
opment of the brain are main chi!racteristics of 
this group. The member of this group, discov­
ered first by Dilrt in 1924 (Ti!ung child) in 
South Africa, WilS Australopithecus africanus 

with an apparent ability to walk upright. Best 
known of this group is A. afarensis (3-4 mya) 
with upright gait and other hominid features. 
"Lucy" is its most prominent representative • 
The robust hominids with a large jaw and 
teeth became extinct and are not considered 
to be ancestral to the genus Homo. 
Pnmodern Man: the miljor representative of 
premodem m.m is Homo erectus. It origini!ted 
in AfriCil approximately 1.9 mya and is the first 
ei!rliest hominid to be found outside Africa in 
Asia i!Dd the CaUCilSus (1.6-1 mya in Georgia). 
Hcmw habilis (2.4-1 mya), "handy m.m," was 
not anagenetic to H. erectus but overlapped in 
time. The origin of the genus Homo coincides 
with the distinctive use of stone tools. Ei!rly H. 
erectus specimens from AfiiCil are sometimes 
referred to as H. erguster (2.3-1.4 mya). Homo 
heidelbergensls (0.6-0.1 mya) is an extinct 
Homo species that Dlily be ilD ancestor of both 
H. ntanderthalensis i!Dd H. sapltnS in Europe. 
Homo aniecessor (0.8 mya.) is an extinct human 
species discovered 10 yeilrS ;igo in Gran Dolinil, 
Spain. Homo floresiensis is a 60 my;i extinct 
species with small stature (1 m i!dult height) 
discovered on Flora isli!nd, Indonesia (for 
Denisova.ns, see next page). 
AMM: all humans living today belong to one 
species, Homo sapiens. Homo sapiens is derived 
from H. trec:tus in Africa approximately 200-
100,000 years ago. AMM left AfriCil approxi­
Dliltely 50,000 yeilrS ago and migrated to all 
continents at different times. (Datil based on 
Wood, 2005; and Stringer, 2005.) 

Further Reading 
Brumm A, et al Age and contl!xt: of the oldest known 

hominin f'assils from Flores. Nature 2016; 534 
(7606): 249-253 

Jobling MA. et al Human Evolutionary Genetics. 2nd 
ed. New Yorlt, NY: Garlillld, 2014 

Kuhlwilm M, et al. Ancient gene flow from early 
modem humans intD Eastern Neanderthals. Nature 
2016; 530(7591): 429-433 

Slatkin M, et al. Ancient DNA and human history. 
Pree Natl Acad Sci US A 2016; 113(23 ): 6380-6387 

Stringer C. The Origin of Our Species. London: Pen­
guin Books, 2012 

Wood B. Human Evolution. Oxford: Oxford University 
Press, 2005 
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Out of Africa: Toward Modem 
Humans 
Modern humans evolved in Africa approxi­
mately 0.2 mya. From there, several groups 
migrated out of Africa into Asia. DNA of all 
non-African human populations living today 
has been linked recently to one exodus. Mod­
em hwnans aniving in Europe, approximately 
50,000 years ago, met an older population that 
had been living there for approximately 0.4 
my, the Neandertals. For the most part, they 
occupied different sites and developed different. 
albeit. overlapping fonns of early culture, re­
ferred to as Mouslrlian for the Neandert!ls 
and Acheulian fer the early hwnans, named 
after sites in France. In Asia, modem humans 
met an additional archaic hominin group, Deni­
sovans, approximately 100 to 60,000 years ago. 

A. Origins of humans in relation to 
Neandertals 
Modern hwnans and Neanderrals have: shared a 
common ana:stm approximately 0.8 mya. The 
population split OCCUITc:d 270,000 to 440,000 
~ago. For iipproximarely 14,000 years, Nc:an­
derrals and modern humans mexisted in regions 
extending from South-East Europe to Siberia. 
Even though Neandertals became extinct apprnx­
imately 28,000 )'l!ars ago, approximately 4% of 
European and Asian genomes share nuclear 
DNA with Neanderrals, but African populations 
do not A third group, named Dmfsovans, has 
been discovered from the Denisovan cave in the 
Altai Mountains, Siberia. Nc:andc:rtals and Dc:niso­
vans arc: more dosely related to ead! other than 
to modem humans (Priifer et al, 2014). Apprnx­
imately 0.5% of the Dc:nisovan genome was con­
nibutc:d by Nc:andc:rthals. (Figure adapted from 
Nonnan et al, 2006). 

B. Dlspersal of modern humans out 
of Africa 
For the exodus out of Africa, approximately 
60,000 years ago, northern and southern routes 
have: been recognized. Asia was reached first 
( 50,000-70,000 years ago), then Australia, and 
Europe: somewhat later ( 40,000 years ago). The 
Americas were reached last ( -13,000 years ago). 
The dispersal from Africa coincides with the 
growth of loC.i!l populations and sC.ilfdty of re­
sources. The climate must have been a main 
influence on the human populations that 

aniwd in Europe. The use of tools developed 
rapidly, but cultural artifacts without practical 
use were also fabricated. The oldest tools fer 
producing clothing, such as bone needles, are 
approximately 40,000 years old. Agriculture 
and domesticated animals were introduced 
approximately 12,000 years ago. (Figure modi­
fied from Jones, 2007). 

C. Tools and art of early modern 
humans 
Modem humans in the Upper Paleolithic age 
(17-33,000 years ago) were sophisticated malc­
ers of tools and art. Four slilges of development 
have been identified: Magdalenian, Solutrean, 
Gravettian, and Aurignadan/ClJ.areJperronian. 
The examples show a 26,000.year-old bone nee­
dle (1) and 38,000-year-old flutes made out of 
swan bone (2). (Photographs Conard et al, 2009). 

Medical relevance 
The field of evolutionary medicine deals with 
scientific and practical questions concerning 
the evolutionary background of many diseases 
in modem hwnans. Examples of such disor­
ders are obesity, arteriosclerosis, hypertension, 
coronary heart disease, autoimmune diseases, 
and others. (Gluckman et al., 2009.) 

Further Reading 
Conard NJ, et al New flutes document the earliest 

musical tradition in southwestern Germany. Na­
ture 2009; 460(7256); 737-74fJ 

Gludan.an P, et al. Principles of Evolutionary Medi­
cine. OXford: OXford University Prw. 2009 

Jones D. Going global: how humans conquered the 
world. New Scientist, October 24. 2007 
M~r M, et al. Nuclear DNA sequences from the 

Middle Pleistocene Sima de Im Huesos hominins. 
Nature 2016; 531(7595): 504-507 

Noonan JP. Neanderthal ~nomics and the evolution of 
modem humans. Genome Res 2010; 20(5): 547-553 

Noonan JP, et al Sequencing and anillysis of Nean­
derthal genomic DNA Science 2006: 314(5802): 
1113-1118 

Prtlfer K, et al The compl~ genome sequence of a 
Neanderthal from the Altai Mountains. Nature 
2014; 505(7481): 43-49 

Reich D, et al Genetic histoiy of an archaic hominin 
group from Denisova cave in Siberia. Nature 2010; 
468(7327): 1053-1060 

Rcebroeks w. Sor=i M. Neandertals revisited. Proc 
Nat Acad Sd 2016; 113: 6372-fil79 

Tucci s. et al. Population genetics: a map of human 
wanderlust Nature 2016; 538(7624): 17S-180 
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The Cell and Its Components 
Cells are the SIIlilllest organized sttucturill 
units of living organisms, surrounded by ii 

membrane, they are ilble to Cilrry out a wide 
variety of functions during a limited life span. 
Each cell originates from another living cell, as 
postulated by Rudolf Virchow in 1855 (omnis 
celtula e cellula). Three basic types of cells 
exist: (1) proltaryotic ceUs, which Cilrry their 
functional information in a circular genome 
without a nucleus, (2) the bacteria {or eubac­
teria.) and archaea (or archaebacteria), and 
(3) eukaryotk: cells, which contain their ge­
nome in individual chromosomes in a nucleus. 
They bave il well-orgilllized internal structure. 
Robert Hooke introduced the word cell in 1665 
fur the tiny cavities in cork, as they reminded 
him of the small rooms in which monks sleep. 
Cells were recognized as the "elementary par­
ticles of organisms," animals, and plants by 
Mathias Schleiden and Theodor Schwann in 
1839. Today, we understand most of the bio­
logical processes in cells at the molecular level. 

A. Scheme of a prokaryotlc cell 
Prokilryotic cells (bacteria) are typiCillly rod­
sbaped or spheriCill, a few micrometers in 
diameter, and without ii nucleus or special in­
ternal structures. Within ii cell wall consisting 
of ii bila}'l!red cell membrane, bacteria contain 
on average 1,000 to 5,000 genes tightly packed 
in a circular molecule of DNA. In addition, they 
usually contain small circular DNA molecules 
named plasmids. These plasmids repliCilte 
independently of the main chromosome and 
generally contain genes that confer antibiotic 
resistance. 

B. Scheme of a eukaryotlc cell 
A eukilryotic cell consists of cytoplasm and a 
nucleus, enclosed by a plasma membrane. The 
eukilryotic cell nucleus contains the genetic in­
mrmiltion. Nucleoli are nonmembrane-bound 
sites of ribosome synthesis. The nuclear mem­
brane separates the nucleus from the cyto­
plasm, which harbors il complex system of 
inner membrilnes, that form discrete struc­
tures (organelles). These are the mitochondria 
(in which important energy-<lelivering chemi­
cal reactions take place), the endoplasmfc 
reticulum (a series of membranes in which 

important molecules are formed1 the Golgi 
apparatus (for transport functions1 lysosomes 
(in which some proteins are broken down1 
and peroidsomes (for the formation or degrada­
tion of certain molecules) • 
Animal cells ( 1) and plant cells (2) share sev­
eral features, but differ in important structures. 
A plant cell contains chloroplasts for photosyn­
thesis, surrounded by a rigid wall of cellulose 
and other polymeric molecules, and contains 
vacuoles for water, ions, sugar, nitrogen­
containing compounds, or waste products. Vil­
cuoles ilre permeable to water but not to the 
other substances enclosed within them. 

C. Plasma membrane of the cell 
Cells are surrounded by a plasma membrane 
composed of bipartite molecules of fatty 
adds, water-repellent phospholipids arranged 
in a double layer {bilayer). Numerous mole­
cules traverse the plasma membrane for spe­
cial functions in cell communication. Different 
types of membrane proteins can be distin­
guished: ( 1) transmembrane proteins used as 
channels to transport molecules into or out of 
the cell, (2) proteins connected with each other 
to provide stability, (3) receptor molecules in­
volved in signal transduction, (4) molecules 
with enzyme function to Ciltalyze internal 
chemical reactions in response to an external 
signal, and (5) gap junctions in specialized cells 
forming pores between adjacent cells. Gap 
junction proteins are composed of connexins. 
They allow the passage of molecules as large as 
1.2 nm in diameter. cells contain four major 
families of organic molecules: carbohydrates, 
fatty acids, amino acids, and nucleotides. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Challoner J. The Cell: A Visual 1bur of the building 

Block of Ufe. Chicago, IL: University of Chicago 
l'reM, 2015 

de Duve C. A Guided Tour of the Living Cell. Vols. 1 and 
2. New Yorlc, NY; Scientific American Books, 1984 

The Human Protein Atlas. Available at http:/Jwww. 
protelnatlas.org. Accessed 30 August, 2017 

Lodish H, et al Molecular Cell Biology. 8th ed New 
Yorlc, NY: W. H. Freeman, 2016 

The Human Cell Poster in Science. November 25, 
2016. Available at http:J/science.sciencemag.org/ 
content/354/6315/10553. Accessed 30 August, 
2017 
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34 Prologue 

Genetic Background of Aging 
Processes 
Aii!li is the result of time-dependent proc­
esses affecti!li cellular, genetic, and metabolic 
homeostasis. including stem cell regenerative 
capacity. Organisms age within a species-spec­
ific life span, which suggests that aging not 
only lnvolYl!S damage but also genetically pro­
grammed factors. Certain gene mutations can 
exll!nd life span in nema!Ddes, Drosophila, and 
mice. Some human genetic disorders are asso­
ciated with premature aging and a reduced life 
span. 

A. Phenotypic manifestations of aging 
Gustav Klimt (1862-1918) illustrated how 
human phenotypes appear at different ages 
(1 ). At the cellular leveL the life span of cul­
tured human fibroblasts is limited to approxi­
mall!ly 40 to 60 cell divisions, depending on 
the age of the donor, referred to as Hayflick 
phenomenon. Initially (phase I) cells grow as 
long as there is sufficient surface (phase II). 
Then they reach phase III and no longer divide 
(2). This quiescent, nondividing state is called 
cellular senescence. In contrast, cancer cells in 
culture continue to divide. At the organismal 
leveL aging affects almost all functions of the 
body, cognitive abilities, ;md reproductive suc­
cess. It also incrNses the risk for common dis­
eases such as atherosclerosis and cancer. Sev!!n 
pillars of areas of rese;irch in aging involving 
different mechanisms in aging processes have 
been suggested (3). (lllustrations: 1, Galleria 
Nazionale d'Arte Modema, Roma; 2, Hayflick 
and Moorhead, 1961; 3, Kennedy et al., 2014.) 

B. Age-related c:hanges In the c:ell 
Aging is associated with DNA damagie and 
trJomere shorti:ning. In addition, other cellular 
structures and proa:sses are impaired, including 
nudear m:hitecture, mitodiondrial function and 
stability, epigrnetii: regulation, mainlmimce of 
proll!ins, and intErcellular cnmmuniGltlolL (Fig­
ure adapted from L6pez-Odn et aL 2013). 

C. Genetic: premab.lre aging disorders 

Adult progeria or Werner syndrome, ws 
(OMIM 277700), first described in 1904, is an 
autosomal recessive disorder of multiple pre­
mature aging manifestations with onset during 

the second and third decades of life. WS Is 
caused by homozygous mutations in the DNA 
helkase gene WRN (OMIM 604611) encoding 
RECQ.12. Other helicase disorders are Bloom 
syndrome (OMIM 210900) due to mutations 
in RECQJ.3 (BIM gene 604610), and Rothmund­
Thomson syndrome (OMIM 277700) due to 
mutations in RECQl.4 (603780). Helicases un­
wind the DNA and are important for DNA repli­
cation. rcrombination, repair, and transcription 
(sec p. 52). Loss of hclicase function leads 
to genome instability. (Illustration: Werner 
Syndrome lntl!mational Registry, http:/fwww. 
Wl!mersyndrome.org/). 

Further Reading 
Criscione SW, et al. The chromatin landstllpe of cel­

lular senrscrnce. Trends Genet 2016; 32(11): 751-
761 

Dong X. et al. Evidence for a limit to human lifespan. 
Nature 2016; 538(7624): 257-259 

H.zyflick l, et al. The $erial cultiv.ttion of hU!Nll dip­
loid cell strains. Exp Cell Res 1961; 25: 585-021 

Hayflick L The limited in vitro lifetime of hUIIWl 
diploid cell strains. Eltp Cell Res 1965; 37: 614-636 

Kennedy BK, et al. Gerosdence: linking asilll to 
chronic disease. Cell 2014; 159(4): 70S-713 

Kenyon CJ. The genetics of ageing. Nature 2010; 464 
(7288): 504-512 

L6pez-Otfn C. et al. The hallmarlcs of aging. Cell 2013; 
153(6): 1194- 1217 

Martin GM. The biolOl)I of ~ng. In: ID!llD DI. et al. 
eds. Harrison's Principles and Practice of lntrrnal 
Medicine. 18th ed. New York, NY: McGrawHiU 
Medial, 2012: 562-569 
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Biol 2007; 8(9): 692-702 

OMIM: Online Mendelian Inheritance in Mm. A Cat­
alog of Human Genes and Genetic Disorders. Avail­
able at www.ncbl.nlm.nih.JOV/Omim 

Oshima J, et al. Werner syndrome: clinic.al features, 
pathogenesis and potential therapeutic interveri­

tions. Aging Res Rev 2017; 33: 105- 114 
Zhang W, et al. Aging stem a!lls. A Werner syndrome 

mm cell model unveils hetmx:hromatin alttra­
tions as a driYtt of human ajing. Science 2015; 
348(6239): 1160-1163 

Zhang H, et al. NAO+ repletion improves mitochon­
drial and stem cell function and enhances life span 
In mice. Sde!ICl! 2016; 352(6292): 1436-1443 
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Carbohydrates 
carbohydrates are carbonyl compounds (alde­
hydes, ketones) that occur widely in living 
Ofianisms as p;irt of biomolecules. Carbohy­
dr.nes are one of the most important classes 
of biomolerules. Their main functions can be 
classified into three groups: (1) to deliver and 
store energy, (2) to help provide the basic 
framework for DNA and RNA, the information­
carrying molecules (seep. 46~ and (3) to lbrm 
structural elements of cell walls of bacteria and 
plants (polysaccharides). In addition, they lbrm 
cell surface structures (receptors) used in con­
ducting signals from cell to cell. Combined with 
numerous proteins and lipids, carbohydrates are 
important components of numerous internal 
cell structures. 

A. Monosacchartdes 
Monosaa:harides (simple sugars) are alde­
hydes (-C=O, -H) or ketones (C-0) with 
two or more hydroxyl groups (ge.neral struc­
tural formula: ffi20). The aldehyde or lcelDne 
group can react with one of the hydroxyl groups 
to fonn a ring. This is the usual configuration of 
sugars that have five or six carbon atoms (pen­
toses and hexoses). The carbon atoms are num­
bered sequentially. The D ( dextro) and L (levo) 
furms of sugars are mirror-image isomers of the 
same molecule. 
The naturally occurring !Orms are the D !Orms. 
These further include 13 and a furms as stereo­
isomers. In the cydk furms, the carbon amms 
of sugars are not on a plane but they three­
dimensionally take the shape of a chair or a 
boat. The arrangement of the hydroxyl groups 
can differ, and therefore stereo!somers such as 
mannose or galactose are formed. 

B. Dlsacchartdes 
These are compounds of two monosaccharides 
linlced with each other. Usually, a bond is 
IOrmed between a hydroxyl group of one sugar 
and a hydroxyl group of another. Suaose and 
lactose are mqucntly occurring disaccharides. 

C. Dertvatives of sugars 
Clucuronic acid, gluc:osamine, and N-acetylglu­
cosamine are sugar derivatives formed by 
replacing certain hydroxyl groups by other 
groups. They play a role in several genetic 
met.abolic diseases. 

D. Polysaccharides 
Short ( oligosaccharides) and long chains of sug­
ars and sugar derivatives (polysaccharides) to rm 
essential structural elements of the cell Com­
plex oliiosaccharides with bonds to proteins or 
lipids are part of cell surface structures, fur 
ex.ample, blood group antigens. Others are part 
of the extracellular matrix of cells. 

Medical relevance 
Examples of human hereditary disorders in the 
metabolism of carbohydrates are as follows: 
Diabetes mtllitus (OMIM 125850): a heteroge­
neous group of disorders characterized by 
elevated levels of blood glucose, with complex 
clinical and genetic features (see p. 276). 
Disordm of fructost mmibollsm: hereditary 
fructose intolerance (OMIM 229600), and he­
reditary fructose-1,6-bisphosphatase deficiency 
with hypoglycemia and often with lethal out­
come in newborn infants (OMIM 2297ooi 
Calacmse metabolism: galactosemia (OMIM 
230400~ galactDkinase deficiency (OMIM 230200~ 
g;ilaclDse epimerase dmciency (OMIM 230350~ 
and others. 
~~~:there are eight types of 
disorders of glycogen metabolism that dilfer in 
clinical symptoms and the genes and enzymes 
involved (OMIM 232200, 232210-2328ooi In a 
laige group of ~netically determined disorders, 
aJUl>lex polysacchmdes cannot be degraded 
owing to reduced or absent enzyme function as 
storagir:s diseases (mucopolysaccharidoses, nJa>­

li)Idoses) (seep. 292). 

Further Reading 
Koolmm J, Roelun KH. Color Atlas of Biochemistry. 

2nd ed. StuttJart: Thieme, 2005 
McKusick VA Online Mendelian Inheritance in Man 
(OMIM~ 12th ed. Baltimo~. MD: johns Hopkins 
UniVl!rsity Press, 1998. Available at www.ncbi. 
nlm.llih.gov/Qmim 

Rmlachmdran TS, ed. Disorders of Carbollydrate Me­
ubolism. Available at http://emedicine.medscape. 
com/artide/ll83033-~. A=ssed Naomn­
ber t, 2016 

vane D, et al., eds. The Online Metabolic and Molec­
ular Bases of Inherited Disease, OMMBD. Available 
at http://ommbid.mhmedical.com. Last printed 
version: Stt!Vl!r CR. et al. The Metabolic and Mo­
lecular Bases of Inherited Disease. 8th ed. New 
Yorlc. NY: McGraw-Hill 2001 



OH 
H~~\ OH 

H~ 
H H 

D-Glucose (Glc) D-Mannose (Man) 

Hexoses 

A, Monoscicchartdes 

Lactose (galactos* 1,4-glucose) 

B. Disaccharides 

~H 
OH 

Glucuronic acid Glucosamine 

C.Sugardertvadves 

H NHCOCH3 H 

Disaccharide unit 

D. Polysaccharides 

ir-~ 
H OH 

D-Ga lactose (Gal) 

Carbohydrates 37 

1{-0H 
OH OH 

D-Ribose (Rib) 

Pentoses 

Sucrose (glucose-a· 1, 2-fructose) 

l~~?H 
H~ 

N-Acetyl­
glucosamine 

~H 
~=o 

-



.. 
38 Molecular Basis of Genetics 

Uplds (Fatty Acids) 
Fatty acids are essentiill components of cell 
membranes and precursors of biomolecules, 
such as steroid hormones i1Dd other molecules, 
used in signill trilllSduction. Lipids are impor­
tant energy-carrying components of food 
(dosage-dependent). They illso form important 
compounds with carbohydrates (glycolipids) 
and phosphate groups (phospholipids). Lipids 
can be dassified according to their ability to 
undergo hydrolytic deavage (hydrolyzable 
and nonhydrolyzable ). 

A. Fatty acids 
A fatty add is composed of an unbranched hy­
drocarbon chain of 4 to 24 carbon atoms with a 
termin.al carboxylic acid group (1 ). It is polar, 
with a hydrophilic head (--COOH) and a hydro­
phobic tail (-CH3 ). Saturated fatty a.c:ids with­
out a double bond and unsatural:ed fatty acids 
with one or more double bonds exist (2). Pill­
mitic acid has a chemicillly very reactive hy­
drophilic carboxyl (-COOH) group at its head, 
and a hydrophobic tail that is not very reactive. 
Oleic acid is an unsaturated fatty a.c:id with a 
double bond between carbon atoms 8 and 9. 
Llnoleic acid and arachidonic acid are essential 
in hwnan nutrition. 

B. Lipids 
Fatty acids can combine with other groups of 
molecules to form various types of lipids. As 
water-insoluble (hydrophobic) molecules, they 
are soluble in organic solvents only. The carbox­
yl group can enter into an ester or an amide 
bond. Triglycerides are compounds of fatty 
acids with glycerol. 
Glycolipids (lipids with sugar residues) and 
phospholipids (lipids with a phosphate group 
attached to an illcohol deriViltive) are the 
structurill bases of important lllilCl'Dmolecules. 
Sphingolipids are ilD important group of 
molecules in biological membranes. Here, sphin­
gnsine, instead of glycerol, is the fatty-a.c:id-binding 
molecule. Sphingomyl!lin and gangliosides contain 
sphingosine. Gangliosides make up 6% of the cen­
traI nervous system lipids. They are degraded by a 
series of enzymes. 

C. Upld aggregates 
Owing to their bipolar properties, fatty acids 
can form lipid aggregates in water. The hydro-

philic ends are attrilCted to their aqueous sur­
roundings; the hydrophobic ends protrude 
from the surface of the water and form a sur­
face film. If completely under the surface, lipids 
may form a micelle, which is compact and dry 
within. Phospholipids and glycolipids can form 
two-layered membranes (lipid membrilDe bi­
layers). These are the basic structural elements 
of cell membranes. 

D. Other llplds: steroids 
Steroids are smilll molecules consisting of four 
different rings of carbon atoms. Cholesterol is 
the precursor of five major classes of steroid 
hormones: prostagens, glUCDCOrticoids, miner­
illoanticoids, androgens. i1Dd estrogens. Each 
of these hormone dasses is responsible for 
important biological functions, such as main­
teDilDce of pregnancy, fat ilDd protein metabo­
lism, blood volume and blood pressure, and 
sexuill development 

Medical relevance 
Severalgroupsofdisordersoflipoproteinandlipid 
metabolism exist ImportilDt examples are familial 
hypercholesrerolemia (OMIM 143890, seep. 2841 
hyperlipoproteinemia (OMIM 2386001 dysbetilli­
poproteinemia (OMIM 1077411 i1Dd high-density 
lipoprotein binding protein (OMIM 142695~ 
Genetically determined disorders of ganglioside 
catlbolism lead to se\'l!re diseases, for ex.ample, 
Tay-Sachs disease (OMIM 2nsoo) caused by de­
fective degradation of ganglioside GM2 (defi­
ciency of Jl-N-acetylhexosaminidase 1 severill 
types of gangliosidoses (OMIM 230500, 3056501 
Sandhoff disease (OMIM 2688001 and others. 

Further Reading 
Gilbert-Barness E, Barness L Metabolic DUeases: 

Foundations of Clinical Management, Genetics, 
and Pathology. Natick. MA: Eatlln Publishing, 2000 

Koolman J. Roehm KH. Color Atlas of Biochemistry. 
2nd ed. Stuttgart: Thieme, 2005 

McKusick VA. Online Mendelian Inheritance in Man 
(OMIM~ 12th ed. Baltimore, MD: johns Hopkins 
Uni~rsity Press, 1998. Available at www.ncbi. 
nlrn.nih.gov/ 

Valle D. et al., eds. The Online Metabollc and Molec­
ular Bases of Inherited Disease, OMMBD. Available 
at http:Jlommbid.mhmedical.com. Last printed 
version: Scri~r CR, et al. The Metabolic and Mo­
lecular Bases of Inherited Disease. 8th ed. New 
York, NY: Mc:Graw-Hill, 2001 
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Amino Acids 
Amino acids (2-aminOCill'boxylic i!cids) are the 
basic structural units of proteins. An ilmino 
acid consists of a central a carbon atom that 
is bonded to four different chemical groups: 
one amino group (-NH2), one carboxyl group 
(-COOH), a hydrogen atom (H), and a side 
chain (R). R is the major determinant of the 
individual functional property of each amino 
acid. At pH 7, both the NH2 and COOH groups 
are ionized. Twenty different side chains confer 
different physicochemical properties to ei!ch 
amino acid. Amino acids exist in two mirror­
image forms: D (dextro) and L (!eve) isomers. 
Only the L forms occur in proteins. with rare 
exreptions. Amino adds are classified accord­
ing to their side chains and chemical reactivity. 
For each amino add, a three-letter and a one­
letter abbreviation is used. Essential amino 
adds that cannot by synthesized by humans 
are Val, Leu, De, Phe, Trp, Met, Thr, and Lys. 
These have to be supplied by food intake. 

A. Allphatlc amino adds 
Amino i!dds with an i!liphatic side chain ilre 
glycine with one hydrogen iltom (-H) i!S a 
side chain, alanine with a methyl group (-Oh), 
or a larger, hydrophobic (Wilter-repellent) side 
chain as in Villine, leudne, and isoleucine. Proline 
has a side chain bound to both the central car­
bon and the amino group in a ring structure. 
Hydrophobic aromatic side chains occur in phe­
nylalanine (a phenyl group bound through a 
meth;ylene (-CH.a-I group) and tryptophan (an 
indole ring bound through a methylene group). 
1Wo hydrophobic amino acids contain sulfur (S) 
atoms: cysteine with a sulfhydryl group (-SH) 
and methionine with a thioether (-S-CH3). The 
sulthydryl group in cysteine is vi:ry reactive and 
furms stabilizing disulfide bonds (-S-S-). 
These pli!y an important role in stabilizing the 
three-dimensional forms of proteins. Selenocys­
ll!ine is a cysll!ine analogue occurring in a 
1i!w proteins, such ilS the enzyme gluta:thione 
peroxidilSe. 

B. Hydrophilic amino adds 
Serine, threonine, and tyrosine contain hydroxyl 
groups (-OH). Thus, they are hydrolyzed fonns 
of glycine, alanine, and phenylalanine. The 
hydroxyl groups make them hydrophilic and 
reactive. Both ilsparagine ilnd glutamine contain 

an amino group and an amide group. At phys­
iological pH, their side chains are negatively 
chill'ged. 

C. Charged amino adds 
These amino acids have either two ionized 
amino groups (basic) or two carboxyl groups 
(acidic). Basic amino acids (positively chilfl'=d) 
are arginine, lysine, and histidine. Histidine has 
an imidazole ring, and it can be uncharged or 
positively charged, depending on its surround­
ings. It is frequently found in the reactive 
centers of proll!ins (e.g., in the oxygen-binding 
region of hemoglobin). Aspartic add and glu­
tilmic i!cid have two carboxyl groups (-COOH) 
and are usUi!lly acidic. Seven of the 20 ilmino 
i!dds have slightly ionizable side chains, mak­
ing them highly reactive (as~e. glutamic 
add, histidine, cysteine, tyrosine, lysine, and 
arginine). 

Medical relevance 
Glycine, phenylalanine, tyrosine, histidine, pro­
line, and lysine, and the branched chain amino 
adds valine, leudne, and isoleucine are involved 
in genetic diseases showing IDXic metabolic 
symptoms when their plasma concentration is 
too high or too low (disorders of amino add 
metabolismi 
Plleny/ketonurla: disorders of phenylalanine 
hydroxylation result in variable clinical signs 
and severity (OMIM 261600, seep. 278). 
Maple syrup urine disease: a variable disorder 
caused by deficiency of branched chain a-keto 
i!dd dehydrogenase, which lei!ds to accumula­
tion of valine, leudne, i!nd isoleucine (OMIM 
248600). The classic severe form results in 
severe neurologic dillllilge to the infant 

Further Reading 
Gilbert-Barness E, Barness L Metabolic DUeases: 

Foundations of Clinical M~ent, Genetics, 
and Pathology. Natick, MA: Eaton Publishing, 2000 

Koolman j, Roehtn KH. Color Atlas of Biochemistry. 
2nd ed. Stuttgart: Thieme, 2005 

vane D, et al., eds. The Online Metabollc and Molec­
ular Bases of Inherited Disease, OMMBD. Available 
at http://ommbid.mhmedical.com. Last printed 
version: Scriver CR, et al. The Metabolic and Mo­
lerular Bases of Inherited Disease. 8th ed. New 
York, NY: McGraw-Hill, 2001 
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Nucleotides and Nudelc Acids 
Nucleic acids are Inilcromolecules thilt as subu­
nits of DNA and RNA are central to the storage 
and transmission of genetic information. They 
participate in nwnerous biological processes, 
convey energy, are part of essential ccenzymes, 
and regulate nwnerous meta.bolic functions. 

A. Phosphate groups 
Phospha.te groups oo:ur in nucleic adds and nu­
cleotides as monophospha.tes (one phosphorus 
atcm). diphospha.tes (two phosphorus atcms). 
or triphosphates (three phosphorus alDms). 

B. Sugar residues 
The carbohydrate residues in nucleotides are 
usually derived from either ribose as JJ-D-ribose 
(in RNA) or ~D-deoxyribose (in DNA). 

C. Nucleotide bases of pyrimidine 
Cytosine ( C), thymine (T), and uracil (U) are the 
three pyrimidine nucleotide bases. They differ 
from each other in their side chains (-NH2 on 
the carbon atcm in position 4 [C-4] of cytosine, 
-Oh on C-5 in thymine, and 0 on C-4 in ur­
acil). In addition, cytosine has a double bond 
between N-3 and C-4. 

D. Nucleotide bases of purine 
Adenine (A) and guanine (G) are the two nu­
cleotide bases of purine. They differ in their 
side chains and in ha.ving a double bond be­
tween N-1 and C-6 (present in adenine, absent 
in guanine). 

E. Nucleosldes and nucleotides 
A nucleosfde is a compound of a sugar residue 
(ribose or deoxyribose) and a nucleotide base. 
The bond is between the carbon atom in posi­
tion 1 (C-1) of the sugar and a nitrogen atom of 
the base (N-glyrosidic bond). A nucleotide is a 
compound of a five-carbon-atom sugar residue 
(ribose or deoxyribose) attached to a nucleo­
tide base (pyrimidine or purine base) and a 
phosphate group. 
The nucleosides of the various bases are 
grouped as ribonudeosides or deoxyribonu­
cleosides, for example, adenosine or deoxyade­
nosine, guanosine or deoxyguanosine, cytidine 
or deoxycytidine. Uridine occurs only as a 

ribonucleoside. Thymidine occurs only as a de­
oxyribonudeoside. 

F. Nucleic acid 
A nucleic add consists of a series of nucleotides. 
A phosphodiester bridge between the 3' carbon 
atom of one nucleotide and the 5' carbon atom 
of the next nucleotide joins two nucleotides. 
The linear sequence is usually given in the 5' to 
3' direction with the abbreviations of the re­
spective nucleotide bases. For instance, ATCG 
would signify the sequence adenine (A), thy­
mine (T), cytosine (C). and guanine (G) in the 
5' to 3' direction. 

Medical relevance 
The following diseases are examples of hwnan 
hereditary disorders in purine and pyrimidine 
metabolism: 
Hyperuricemia and gout: a group of disorders 
resulting from genetically determined exces­
sive synthesis of purine precursors (OMIM 
240000). 
Lesch-Nyhan syndrome: a variable, usually se­
vere infantile X-chromosomal disease with 
marked neurologic manifestations resulting 
from hypoxanthine-guanine phosphoribosyl­
transferase deficiency (OMIM 308000). 
Adenosine deaminase deficiency: a heterogene­
ous group of disorders resulting in severe in­
fantile immunodeficiency. Different autosoinill 
recessive and X-chromosoinill types exist 
(OMIM 102700). 

Further Reading 
Gilbert-Barness E, Barness L Metabolic Diseases: 

Foundations of Clinical Management, Genetics, 
and Pathology. Natick, MA: Eaton Publishing, 2000 

Mc:Kusic:k VA Online Mendelian Inheritance in Man 
(OMIM~ 12th ed. Baltimore, MD: Joluls Hopkins 
University Press, 1998. Available at www.ncbi. 
nlm.nih.gov/OMIM 

Koolman j, Roehm KH. Color Atlas of Biochemistry. 
2nd ed. Stuttgart: Thieme, 2005 

Valle D, et al., eds. The Online Metabolic and Molec­
ular Bases of Inherited Disease, OMMBD. Available 
at http://ommbld.mhmedlcal.coDL Last printed 
version: Scriver CR, et al. The Metabolic and Mo­
lecular Bases of Inherited Disease. 8th ed. New 
York, NY: McGraw-Hill, 2001 
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DNA and Its Components 
DNA consists of three components of DNA: nu­
cleotide bases, phosphate groups, and residues 
of a sugar, deoxyribose. The components are 
arranged in a chain of nucleotides. They form 
a three-dimensional structure from which 
DNA derives its functional consequences (see 
p. 56). A second type of nucleic acid contains 
ribose (ribonucleic acid [RNA]). 

A. Nucleotide bases 
The nucleotide bases in DNA are heterocyclic 
molecules derived from either purine or pyri­
midine. Five bases occur in the two types of 
nucleic acids DNA ;md RNA. The purine bases 
are adenine (A) and guanine (G). The pyrimi­
dine bases are thymine (T) and cytosine ( C) in 
DNA; in RNA, thymine is replaced by uracil (U). 
The nucleotide bases are part of a subunit of 
DNA, the nucleotide. A nucleotide consists of 
all three components of DNA: one of the four 
nucleotide bases, a sugar ( deoxyribose), and a 
phosphate group. The nitrogen atom in posi­
tion 9 of a purine or in position 1 of a pyrimi­
dine is bound to the carbon in position 1 of the 
sugar (N-glycosidic bond). RNA differs from 
DNA in two respects: it contains ribose instead 
of deoxyribose (unlike the latter, ribose has a 
hydroxyl group on the carbon atom at position 
2), and uracil instead of thymine. Uracil does 
not have a methyl group on the carbon atom at 
position 5. A nucleoside consists of a nucleo­
tide base linked to position 1 of a pentose 
sugar. 

B. DNA nudeotlde chain 
DNA is a linear polymer of deoxyribonucleo­
tide units. The nucleotide chain is formed by 
joining a hydroxyl group on the sugar of one 
nucleotide to the phosphate group attached to 
the sugar of the next nucleotide. The sugars 
linked together by the phosphate groups form 
the invariant part of the DNA The variable part 
is in the sequence of the nucleotide bases A, T, 
C, and G. A DNA nucleotide chain is polar. The 
polarity results from the way the sugars are 
attathed to each other. The phosphate group 
at position C-5 (the 5' carbon) of one sugar 
joins to the hydroxyl group at position C-3 
(the 3' carbon) of the next sugar by means of 
a phosphodiester bridge. Thus, one end of the 
chain has a 5' phosphate group free and the 

other end has a 3' hydroxyl group free (5' end 
and 3' end, respectively). By convention, the 
sequence of nucleotide bases is written in the 
5' to 3' direction. 

C. Hydrogen bonds between bases 

The themical structure of the nucleotide bases 
determines a defined spatial relationship. A 
purine (adenine or guanine) always lies oppo­
site to a pyrimidine (thymine or cytosine). 
Three hydrogen-bond bridges form between 
cytosine (C) and guanine (G). Two hydrogen 
bonds form between adenine (A) and thymine 
(T). Therefore, either guanine and cytosine, or 
adenine and thymine are posed opposite each 
other, forming complementary base pairs G-C 
and A-T. Other spatial relationships are not 
possible. The distance between two bases is 
2.90 and 3.00 A, respectively. 

D. Double strand of DNA 

DNA forms two strands in opposite direction 
(antiparallel): one 5' to 3' end, and the other in 
the 3' to 5' end direction. The sequence of the 
nucleotide bases on one strand ofDNA (in the 5' 
to 3' direction) is complementary to the nucleo­
tide base sequence (or simply the base sequence) 
of the other strand in the 3' to 5' direction The 
specificity of base pairing is the most important 
structural characteristic ofDNA. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

N- York, NY: Garland Science, 2015 
Berg JM. et al Biochemistry. 7th ed. New York. NY: 

W. H. Freeman, 2011 
Koolman J, Roehm KH. Color Atlas of Biochemistry. 

2nd ed. Stuttgart: Thieme, 2005 
Krebs JE, et al. Kilpatrick: Lewin's Genes XL Sudbury, 

MA: Jones 8i Bartlett, 2014 
Lodish H, et al. Molecular Cell Biology. 8th ed. New 

York, NY: W. H. Freeman, 2016 
Olinski R, et al Uracil in DNA-its biological signifi­

cance. Mutat Res 2010; 705(3): 239-245 
Strachan T, Read A Human Molecular Genetics. 4th 

ed. New York. NY: Garland Science, 2011 
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DNA as a Carrier of Cenetic 
lnfonnatlon 
It took a surprisingly long time to realise that 
DNA stores and transmits genetic informa­
tion, as opposed to proteins, which was as­
sumed earlier. Friedrich Miescher's discovery 
in 1869 of ·nuclein," a new, acidic, phospho­
rus-containing substance, later named nucleic 
add by Richard Altmann in 1889, did not re­
veal its biological role. By 1900, the purine 
and pyrimidine bases were known, and 20 
years later, the two kinds of nucleic acid, 
RNA and DNA, were distinguished. An inci­
dental but precise observation in 1928 by 
Fred Griffith, and decisive experiments in 
1944 by Oswald Avery, indicated that DNA is 
the carrier of genetic information. 

A. Griffith's observation 
In 1928, the English microbiologist Fred Grif­
fith made a remarkable observation while in­
vestigating various strains of pneumococcus 
bacteria (Streptococcus pneumoniae, a cause of 
inflammation of the lungs, pneumonia). He de­
termined that mice injected with strain S 
(smooth) died (1). On the other hand, animals 
injected with strain R (rough) survived (2). 
When he inactivated the lethal S strain by 
heat, the animals again survived (3). Surpris­
ingly, a mixture of the nonlethal R strain and 
the heat-inactivated S strain had the same le­
thal effect as the original S strain (4). When he 
found normal living pneumococci of the s 
strain in the blood of the animals, he con­
cluded that cells of the R strain must have 
changed into cells of the S strain. This is ulled 
bacterial tnmsformation. For some time, this 
surprising result could not be explained and 
was met with skepticism. Its relevance for 
genetics was not apparent. (Figure adapted 
from Stent a. Calendar, 1978). 

B. The transforming principle is DNA 
Griffith's findings formed the basis for investi­
gations by Avery et al, in 1944 at the Roclc­
efeller Institute in New York. They determined 
that the chemiul basis of the transforming 
principle was DNA. From cultures of an S strain 
(1 ), they produced an extract of lysed cells 
(cell-tree extract, 2). After all the proteins, lip­
ids, and polysaccharides had been removed, 
the extract retained the ability to transform 

pneumocoa:i of the R strain into pneumococci 
of the S strain (transforming principle, 3). 
Avery et al, determined that the cause was DNA 
alone. Thus, the DNA explained Griffith's obser­
vation. The DNA of the bacterial chromosomes 
remained intact after heating. The section of the 
chromosome with the gene responsible for cap­
sule formation (S gene) could be released from 
the destroyed s cells and taken up by some R 
cells in subsequent cultures. After the S gene 
was inmrporated into its DNA, an R cell was 
transformed into an S cell ( 4). This observiition 
is based on the ability of bacteria to take up 
foreign DNA, which alters (transforms) some of 
their genetic attribuli!s. 

C. DNA transmits genetic lnfonnatlon 
The final evidence that DNA transmits genetic 
information was provided by Hershey and 
Chase (1952). They labeled the capsular protein 
of bacteriophages with radioactive sulfur (355) 
and the DNA with radioactive phosphorus (l2P). 
When bacteria Wl:re infected with the labeled 
bacteriophage, only 32P (DNA) enli!red the cells 
and not 355 (capsular protein). The subsequent 
formation of new, complete phage partides in 
the cell proved that DNA was the exclusive car­
rier of the genetic information needed to form 
new phage partides. 

Further Reading 
Avery ur, et at Studies on the chemical nature of the 

substance inducing transmnnation of pneumococral 
types: induction of transformation by a desoxyrobo­
nudeic add fraction isolated from pneumocoo:11$ 
~ llLJ Exp Med 1944; 79(2): 137-158 

Griffith F. The significance of pneumoroccal ~s. J 
Hyg (Lond) 1928; 27(2): 113-159 

Hershey AD, Chase M. lnd~ndent functions of viral 
protein and nucleic add in growth of bacterio­
phage.} Gen Physiol 1952; 36(1): 39-56 

judJon MF. The Eighth Dily of Creation. Makers of the 
Revolution in Biology. Expanded ed. New York, NY: 
Cold Spring Harbor Laboratory Press, 1996 

McCarty M. lhe Transforming Principle. Discavering 
that Genes Are Made of DNA. London: W. W. Nor­
ton Iii Co, 1986 

Stent GS. Calendar R. Molec:ular Genetics. An intro­
ductory Narrative. 2nd ed. San Prandsco, CA: w. H. 
freeman, 1978 
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DNA Structure 
The elucidation of the structure of DNA as a 
double helix in 1953 by Watson and Crick 
with important contributions by Rosalind 
Franklin and Maurice Wilkins is considered a 
landmark discovery; the cornerstone of 
modem genetics. The novel features of this 
structure explain two fundamental genetic 
mechanisms: storage of genetic informiltion 
in a linear, readable pattern, and replication 
of genetic informi!tion to ensure its faithful 
transmission from generation to generation. 

A. DNA double hellx 
The two complementary polynucleotide chains 
of DNA are wound around each other in oppo­
site direction as a double helix along a com­
mon axis. The nucleotide bases lie inside the 
molecule in pairs, (an adenine opposite to a 
thymine, A-T, or a guanine opposite to a cyto­
sine, G-C). The sugar-phosphate backbone lies 
on the outside. A minor and a major groove are 
distinguished. DNA can occur in alternative 
forms as A-DNA and Z-DNA. The most com­
mon form is B-DNA with approximately to 
base pairs per turn. 

B. Repllcatlon 
The complementary arrangement of the base 
pairs allows to make an exact copy (replicate) 
of a DNA molecule. Each strand serves as a 
template to generate a new strand after the 
double helix has been opened. DNA replication 
is semiconservative. This means that one com­
pletely new complementary strand is copied 
from each of the existing ones. 

C. Denaturatlon and renaturation 
DNA is stible at physiological temperatures 
because the two strands are held together by 
the many hydrogen bonds along the several 
hundred million nucleotides. The two strands 
separate by unwinding when exposed to 
increasing temperature or Wl!ilk: chemical re­
agl!Ilts (e.g., alkali, formamide, or ureai This 
reversible process is called derlatumtion or melt­
ing. The melting temperature (T ml depends on 
many :factors, including the proportion of G--C 
pairs, because the three hydrogen bonds between 
G and Care more stable than the two bonds be­
tween A-T pairs. The resulting single-stranded 
DNA molecules do not maintiin their helical 

structure. LOWl!ring the temperature, increasing 
the ion mncentration, or neutralizing the pH 
will reassociate the two strands into a double 
helix (renaturation1 but only if they are comple­
mentiry. If identical, they hybridize rapidly; if 
closely rela!M, they hybridize slowly; if unre­
lated, they do not hybridize. The ability of 
single-stranded DNA to hybridize to another in­
dicares that both strands are complementary. 
Hybridization of single-stranded DNA or RNA 
is widely used to explore whether DNA or RNA 
fragments contain complementary sequences. 

D. Transmission of genetic information 
The sequence of the nucleotide base pairs (A-T 
and G-C) is decoded and read in two steps 
called mmscription and ln:mslation. In tran­
scription, the sequence of one of the two DNA 
strands is converted into a complementary se­
quence of bases in a similar molecule, known 
as messenger RNA (mRNA). One DNA strand, 
the one in the 3' to 5' direction (coding strand), 
serves as the template. In translation, this se­
quence is converted into a defined sequence of 
amino acids. A triplet sequence, three base 
pairs (a codon), encodes one of the 20 amino 
adds. Beginning with a defined start point 
(methionine), the nucleotide sequence of 
the mRNA molecule is translated into a 
corresponding sequence of amino adds. DNA 
and RNA differ with respect to one nucleotide: 
RNAcontiins uracil (U) instead of the structur­
ally related thymine. The mechanisms and 
biochemical reactions of transcription and 
translation are complex (not shown here). 

Further Reading 
Watson JD, et al Molecular structure of nucleic acid$; 

a structure for deoxyribose nucleic acid. Nature 
1953; 171(4356): 737-738 

Watson JD, et al. Genetical implications of the struc­
ture of deoxyribonucleic acid. Nature 1953; 171 
(4361): 964-967 

Wilkins MH, et al. Molecular structure of deaxypen­
tose nucleic acids. Nature 1953; 171(4356): 738-
740 

Alberts B, et al. Molecular Biology of the Cell 6th ed. 
New York, NY: Garland Science, 2015 

Lodish H. et al. Molecular Cell Biology. 8th ed. New 
York, NY: W. H. Fn!eman, 2016 
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DNA Repllcatlon 
DNA repliCiltion refers to the process of copy­
ing each DNA strand into ii new complemen­
tary strand This occurs ilt every cell division 
i!Dd ensures thi!t genetic informiltion is trans­
mitted to both daughter cells. DNA repliCiltion 
requires the highly-coordinated action of milDy 
proteins in a complex Cillled the replisome. Pre­
cision i!Dd speed are required. The two new 
DNA chains are assembled at a rate of approx­
imately 1,000 nucleotides per second in Escher­
ichia colL During repliCiltion, each preexisting 
strand of DNA serves ilS a template for the for­
miltion of ii new strand. This is referred to as 
semiconservative repliCiltion. 

A. Prokaryotlc repllcatlon begins at one 
site 
In prokaryote cells, repliCiltion begins at a de­
fined point in the ring-shaped bacterial chro­
mosome, the origin of repliCiltion (1 ). From 
here, new DNA is formed in both directions. 
RepliCiltion can be visualized by autoradiogra­
phy after the newly repliCilted DNA has incor­
porated tritium (lH)-labeled thymidine (2). 

B. Eukaryotlc replication begins at 
several sites 
In eukaryotic cells, DNA synthesis occurs dur­
ing a def med phase of the cell cycle (S phase). 
Replication of eukaryotic DNA begins at nu­
merous sites (replicons) (1 ). At each site, the 
parental strands are unwound by helicases. 
Replication proceeds in both directions from 
each replicon until neighboring replicons fuse 
(2) i!Dd the entire DNA is duplicated {3 ). The 
electron micrograph (4) shows replicons at 
three sites (arrows). 

C. DNA repllcatlon fork 
During DNA repliCiltion, a characteristic struc­
ture forms at the site of the opened double 
helix where the new stri!Dds are synthesized, 
the repliCiltion fork (1 ). This is a multienzyme 
complex containing enzymes for synthesis of 
DNA. It moves along the double helix as the 
parental strands are unwound by DNA heli­
cases. Before this, ilD enzyme called topoiso­
mercue I binds to DNA at ri!Ddom sites and 
relieves torsional stress by breaking a phos­
phodiester bond in one strand (milking ii 

nick). Each of the preexisting strilnds serves 

as a template for the synthesis of a new strand. 
However, the replication fork is asymmetric. 
One daughter DNA strand is synthesized con­
tinuously in the leading strand, whereas the 
other strand lags slightly behind (lagging 
strand). New DNA is synthesized in the 5' to 
3' direction only because at the 3' end, nucleo­
tides can be attached continuously to the lead­
ing stri!Dd (2). At the 5' end (the lagging 
strand), this is not possible. 
Replication requires a primer of complementa­
ry RNA at the start site. At the leading strand, 
synthesis of new DNA proceeds continuously 
from a single primer in the 5' to 3' direction. 
In contrast, at the lagging strand, DNA is syn­
thesized in small segments of 1,000 to 2,000 
bases (Okazaki fragments) in the opposite di­
rection. Each fragment requires its own primer. 
Subsequently, the primers are removed and 
replaced by DNA chain growth from the neigh­
boring fragment, and the gaps are dosed by 
DNA ligase. The enzyme responsible for DNA 
synthesis, DNA polymerase Ill, is complex and 
comprises several subunits. There are different 
enzymes for the leading ilnd lagging strilnds in 
eukaryotes. A mismiltch proofreading and 
repair system eliminates replication errors. 

Further Reading 
Alberts B. DNA replication and rerombiniition. Nature 

2003; 421(6921): 431-435 
Alberts B, et al. Molerular Biology of the Cell 6th ed. 

New York. NY: Garland Science, 2015 
cairns J. The bacterial chromosome and its manner of 

replication as seen by autllradlography. J Mol Biol 
1963; 6: 208-213 

Chagin VO, et al Organization ofDNA replication. Cold 
Spring Harb Pmpect Biol 2010; 2(4): aOOU737 

Kriegstein HJ, et al Med!anism of DNA replication in 
Drosophila chromosomes: structure of replication 
forks and evidence for bidirectionality. Proc Nati 
Acild Sci US A 1974; 71(1): 135-139 

Lodi.sh H, et al Molecular Cell Biology. 8th ed. New 
Yorlc, NY: W. H. Freeman, 2016 

Marx J. How DNA repliciition originates. Science 
1995; 270(5242): 1585-1587 

Meselson M, Stahl FW. The replication of DNA in Es­
cllmchta coli, Proc Natl Acad Sci US A 1958; 44(7); 
671-682 

Watson JD, et al Molecular Biology of the Gene. 6th 
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The Flow of Genetic Information: 
Transcription and Translation 
The information contained in the nucleotide 
sequence of a gene is converted into useful 
biological function in two major steps: tran­
scription and mmslation. This flow of genetic 
information is unidirectional. First, the infonna­
tion of the coding sequences of a gene is tran­
scribed into an intermediary RNA molecule, 
which is synthesized in sequences that are pre­
cisely complementary to those of the coding 
strand of DNA (transcription). Second. the se­
quence infurmation in the messenger RNA 
( mRNA) molecule is translated into a corre­
sponding sequence of amino adds (translation). 
In eukaryotes, RNA is not used directly for 
translation. It is first processed into an mRNA 
molecule before it can be used. In prokal)'otes, 
mRNA is directly transcribed from DNA. 

A. Transcription 
Here the nucleotide sequence of one strand of 
DNA is transcribed into a complementary mol­
ecule of RNA (mRNA). The DNA helix is opened 
by a complex set of proteins (different DNA 
helicases). The DNA strand in the 3' to 5' direc­
tion (coding strand) serves as the template for 
the transcription of DNA into RNA by RNA pol­
ymerase. RNA is synthesized in the 5' ID 3' 
direction. This strand is the RNA sense strand. 
RNA transcribed under experimental condi­
tions from the opposing DNA strand is called 
antlsense RNA. It inhibits regular transcription. 

B. Translation 
li'anslation refers to the process by which the 
nucleotide sequence of the mRNA is used to 
construct a chain of amino acids (a polypeptide 
chain) in the sequence enroded in the DNA. 
li'anslation occurs in a reading frame, which 
is defined at the start of translation (start 
codon, AUG). Translation involves two further 
types of RNA molecule in addition to mRNA: 
transfer RNA (tRNA) and ribosomal RNA. tRNA 
deciphers the rod.ens. Each amino acid has its 
own set of tRNAs, which bind the amino acid 
and carry it to the end of the growing polypep­
tide chain. Each tRNA has a region, called an 
anticodon, which is complementary to a rod.on 
of the mRNA. The figure shows codons 1, 2, 3, 
and 4 of the mRNA that have been translated 
into the amino acid sequence: methionine 

(Met). glycine (Gly). serine (Ser), and isoleucine 
(lle). Glycine and alanine are added next in this 
example. 

C. Stages of translation 
Translation is accomplished in three steps. First, 
at initiation (1 ), an initiation complex compris­
ing mRNA, a ribosome, and tRNA is fonned. This 
requires several initiation factors (!Ft, IF2, If3, 
etc., not shown). Then elongation (2) follows: a 
further amino acid. determined by the next 
codon, is attached. A three-phase elongation 
cycle develops, with codon recognition, peptide 
binding of the next amino acid residue, and 
movement (translocation) of the ribosome 
three nucleotides further in the 3' direction of 
the mRNA. 'Ifanslation ends with tennination 
(3), when one of the three mRNA stop codons 
(UAA, UGA, or UAG) is reached. li'anslation (pro­
tein synthesis) in eukaryotes otcUl'S outside the 
cell nucleus in ribosomes in the cytoplasm. The 
biochemical processes of the stages shown here 
have been greatly simplified. 

D. Structure of transfer RNA 
li'ansrer RNA has a characteristic, cloverleaf­
like structure, illustrated here by yeast phenyl­
alanine tRNA ( 1 ). It has three single-stranded 
loop regions and four double-stranded "stem" 
regions. The three-dimensional structure (2) is 
complex, but various functional areas can be 
differentiated, such as the recognition site 
(anticodon) for the mRNA codon and the bind­
ing site for the respective amino add {acceptor 
stem) on the 3' end (acceptor end). 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Brenner s, et al. An unstable lntmnedlate carrying 

information from genes to ribosomes tor protein 
synthesis. Nature 1961; 190: 57S-581 

Ibba M, Silll D. Qllality control ~chanisms during 
translation. Science 1999; 286(5446): 1893-1897 

Lodish H, et al. Molecular Cell Biology. 8th ed New 
Yorlc, NY: W. H. Freeman, 2016 

Watson JD, et al. Molecular Biology or the Gene. 6th 
ed. New Yorlc, NY: Cold Spring Harbor Labor.ttory 
Press. 2008 
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Genetic Code 
The genetic code is a set of biological rules by 
which DNA nucleotide bas~pair sequences ilre 
trilnsli!ted into corresponding sequences of 
amino a.cids. The genetic code is a triplet 
code. Each code word (codon) for an amino 
add consists of a sequence of three nucleotide 
base pairs. The genetic code is called degener­
ate because several amino a.cids are encoded 
by more than one codon (on average three, 
but up to six codons for leudne, serine, and 
arginine). The genetic code illso specifies the 
beginning (start codon) and the end (stop 
codon) of the coding region. The genetic code 
is almost universill Most organisms (bacteria 
and viruses, animals, ilnd plants) use the 
same code, except for mitochondriil ilnd 
chloropli!sts in pli!nts. 

A. Genetic code in messenger RNA 
The first, second, ilnd third nucleotide bases in 
the 5' to 3' direction determine the codon for 
one of the 20 amino adds. Each codon corre­
sponds to one amino add. The genetic code 
usually is written in the code language of mes­
senger RNA (mRNA), using uracil (U) instead of 
thymine (T) in DNA. An ex.ample for the redun­
dancy of the genetic code is the amino ilcid 
phenylillilnine, which is encoded by UUU ilnd 
UUC. The six codons thilt define the ilmino acid 
serine are UCU, UCC, UCA, UCG, AGU, and AGC. 
The third position (at the 3' end of the triplet) 
of a codon is the most variilble. The only amino 
adds that are encoded by a single codon are 
methionine (AUG) and tryptophan (UGG). The 
start codon is AUG (methionine). Stop codons 
are UAA, UAG, and UGA. 
The genetic code was elucidated in 1966 by 
analyzing how triplets transmit information 

Deviations from the universal genetic code 

Codon Untvel'Sill Deviation 

UGA Stop lryptophan 

CUG I.eudne Threonine 

UAA, UAG Stop Glycine 

UGA Stop Cysteine 

from the genes to proteins. mRNA added to 
bacteria could be directly converted into a cor­
responding protein. Some deviations from the 
universal genetic code are listed in the table 
below . 

B. Abbreviated code 
To save space, long sequences of amino acids 
are usually written using abbreviations, with 
each amino acid designated by just one letter. 

C. Overlapping reading frames 
A reilding frilme is ii nucleotide sequence from 
the stilrt codon to the stop codon. The intervi!l 
between a start and a stop codon containing 
genetic informi!tion is called an open reading 
frame (ORF). An ORF does not contain ii further 
stop codon. Normi!I reading frames do not 
overli!p. Of the possible three reading frames 
A, B, or C, only one is correct (ORF A). The read­
ing frames B and C are interrupted by a stop 
codon after three and live codons, respectively, 
and caIUJot serve to code sequences. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Crick FH. et al. General nature or the genetic code for 

proteins. Nature 1961; 192: 1227-1232 
Lodish H, et al. Molecular Cell Biology. 8th ed. New 

York, NY: W. H. Fn!eman, 2016 
Strachan T, Read A. Human Molecular Genetics. 4th 

ed. New York, NY; Garland Science, 2011 

Oca.llTl!nce 

Mycoplasma, mitochondriil of some 
species 

Mitochondria in yeast 

Aatabularia, Tetrahymena, Poramecium 

Euplotes 
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Nucleotide base 

First Seamd Third 

Uracil(U) Cytosine (C) Adenine(A) Gialine(G) 

FPhenylalanine (Phe) S Serine (Ser) YTyrosine (Tyr) C Cysteine (Cys) u 
FPhenylalanine (Phe) S Serine (Ser) Y Tyrosine (Tyr) C Cysteine {Cys) c 

Uradl L Leuclne (Leu) S Senne (Ser) Stop Codon Stop Codon A (U) 
L Leuclne (Leu) S Senne (Ser) Stop Codon W Tryptoph•n (Trp) G 

-
L Leucine (Leu) P Praline (Pro) H Histidine (His) R Arginine (Arg) u 

ft""'e 
L Leucine (Leu) P Praline (Pro) H Histidine (His) R Arginine (Arg) c 
L Leuclne (Leu) P Praline (Pro) Q Glutamlne (Gin) R Arginine (Arg) A 
L Leuclne (Leu) P Praline (Pro) Q Glutamine (Gin) R Arginine (Arg) G 

I lsoleuclne (lie) TThreonlne (TIY) N Asparaglne (Asn) 5 Serine (Ser) u 
Adenine I lsoleucine (lie) TThreonine (TIY) N Asparagine (Asn) 5 Serine (Ser) c 
(A) 1 lsoleucine Ille\ TThreonine (TIY) K cysine (Lys) R Arginine (Arg) A 

Start (Methionine) TThreonine (Tllr) K L¥sine (Lys) R Arginine {Arg) G 

VValine (Val) A Alanine (Ala) D Aspartic acid (Asp) G Glycine (Gly) u 
Guankle VValine (Val) A Alanine (Ala) D Asp•rtic acid (Asp) G Glycine (Gly) c 
(G) VValine CV•I) A Alanine (Ala) E Glutimicacid {Glu) G Glycine {Gly) A 

VValine (Val) A Alanine (Ala) E Glutimlc<icld {Glu) G Glydne {Gly) G 

A. Genetic code for all amino acids in mRNA 

Start AUG F(Phe) uuu L(Leu) cuu R(Arg) CGU v GUU 

Stop UM uuc CUC CGC GUC 

UAG CUG CGG GUG 

UGA G(Gly) GGU CUA CM GUI\ 

GGC UUG AGG 
A(Ala) GCU GGG UUA AGA W(Trp) UGG 

Gee GGA 
GCG M(Met) AUG S(Ser) ucu Y(Tyr) UAU 
GCA H(Hls) CAU N(Asn) 

ucc UAC MU UCG 
C(cys) UGU CAC MC UCA B(Asx) Asn 

UGC P(Pro) CCU AGU or l{lle) AUU 
CCC AGC Asp D(Asp) GAU AUC 
CCG 

GAC AUA T (Thr) ACU 
CCI\ ACC Z(Glx) Gin 

E(Glu) GAG K(Lys) MG Q{Gln) CAG ACG or 
GM AM CAA ACA Glu 

B. Abbreviated code 

A -GCA-MU-MG-GUA-GAC-CAU-

- Ala - Asn- Lys- Val - Asp- His -
ORF not interrupted 

B C-AAA-UM-GGU-AGA-CCA-U ORF interrupted by stop codon 
SIDp 

c G-CM-AUA-AGG-UAG-ACC-A ORF interrupted by stop codon 

c. Overlapping reading frames 
SIDp 
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Eukaryotlc Gene Structure 
In eukaryotic genes, the coding sequences are 
interrupted by noncoding sequences of Vill"ii!ble 
length. The coding sequen<l!s are called exons, 
and the noncoding sequences are called introns, 
two terms introduced in 1978 by W. Gilbert 
The intrans are removed before translation CilD 

begin. This process is called RNA processing. 
some intrans contain sequen<l!s necessary for 
the regulation of gene activity. 

A. Exons and lntrons 
In 1977, it was found unexpectedly that the 
DNA of a euki!ryotic gene is longer than its 
corresponding messenger RNA (mRNA). When 
mRNA is hybridized to its complementary 
single-stranded DNA, loops of single-stranded 
DNA rema.in, as shown in the electron micro­
graph (1 ). mRNA hybridizes only with certain 
sections of the single-stranded DNA because it 
is shorter than its corresponding DNA coding 
strand (2). Seven loops (A-G) and eight hybrid­
izing sections are shown ( 1-7, and the leading 
section LJ. Of the total 7, 700 DNA base pairs of 
this gene (3), only 1,825 hybridize with mRNA. 
Each hybridizing segment is an exon, here a 
toral of seven. The single-stranded segments 
that do not hybridize correspond to the in­
trons. The size and arrangement of exons and 
intrans are characteristic for every eukaryotic 
gene (exon/intron structure). (Electron micro­
photograph Chambon 1981). 

B. Intervening DNA sequences {introns) 
In prokaryotes, DNA is colinear with mRNA 
and contains no intrans ( 1 ). In eukaryotes, ma­
ture mRNA is complementary to only certain 
sections of DNA because the latter contains 
intrans (2). 

C. Basic eukaryotlc gene structure and 
transc:rlpt proc:esslng 
Exons and introns are numbered in the 5' to 3' 
direction of the coding strand. Both exons and 
introns are transcribed into a precursor RNA 
(primary transcript). The first and the last 
exons usually contain sequences that are not 
translated. These are called the 5' untrcmslattd 
region (5' UTRJ of exon 1, and the 3' UTR at the 
3' end of the last exon. After transcription. RNA 
processing begins by removing the noncoding 
segments (intrans) from the primary transcript 

in a process called splicing. Splicing oa:urs in a 
spliceosome in a very precise manner in order 
to maintain the correct reading frame. 
lntrons almost always start with the nucleoti­
des GT in the 5' to 3' strand (GU in RNA) and 
end with AG. The sequences at the 5' end of 
the intran beginning with GT are called the 
splice donor site. The splice acceptor site is at 
the 3' end of the intron. Mature mRNA is 
modified at its 5' end by adding a stabilizing 
structure called a cap, and at its 3' end by add­
ing many adenines (polyadenylation). 

D. Spllclng pathway In CU-AG lntrons 
Splicing is achieved by RNA molecules rather 
than proteins. A spliceosome ronsists of five 
small nuclear ribonucleoproteins (snRNAs) 
and proteins. Each forms a small nuclear ribo­
nucleoprotein with at least seven protein sub­
units. Schematically, the basic mechanism of 
splicing involves autocatalytic cleavage at the 
5' end of the intran, resulting in lariat forma­
tion. This is an intermediate circular structure 
formed by connecting the 5' terminus (UG) to a 
base (A) within the intran. This site is called 
the branch site. In the next stage, cleavage at 
the 3' site releases the intron in lariat fonn At 
the same time, the right exon is ligated 
(spliced) to the left exon. The lariat is de­
branched to yield a linear intran, and this is 
rapidly degraded. The branch site identifies 
the 3' end for precise cleavage at the splice 
acceptor site and lies 18 to 40 nucleotides up­
stream (in the 5' direction) of the 3' splice site. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Chambon P. Split genes. Sci Am 1981: 244(5): 60-71 
Krebs JE, et al. Kilpatrick: Lewin's Genes XL Sudbury: 

Jones Iii Bartlett, 2014 
Lodish H, et al. Molecular Cell Biology. 8th ed. New 

York, NY: W. H. F~eman, 2016 
Strachan T, Read A. Hwnan Molecular Genetics. 4th 

ed. New Yorlc, NY: Garland Science, 2011 
Watson JD, et al. Molecular Biology or the Gene. 6th 

ed. New Yorlc, NY: Cold Spring Harbor Labor.ttory 
Press, 2008 
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Restrldlon Enzymes 
DNA can be cleaved into relatively small frag­
ments in a reproducible manner by enzymes 
that cleave DNA at specific sites. Each enzyme 
deaves only when an enzyme-specific nucleo­
tide sequence occurs (its recognition sequence 
or restriction site). These enzymes are restric­
tion endonudeases (called restriction enzymes) 
and are present in different bacteria. Approxi­
mately 400 different restriction endonudeases 
have been derived from various bacteria. Re­
striction endonudeases protect bacteria from 
invading foreign DNA. The sizes of the DNA 
fragments produced by a particular enzyme 
depend en the distribution of the restriction 
sites. 

A. DNA cleavage by restriction 
nudeases 
Many restriction enzymes cleave DNA asym­
metrically. This leaves a single-stranded part of 
the DNA at both ends of a DNA fragment. For 
example, the recognition site cf the common 
restriction enzyme EccRI, derived from the bac­
terium Eschtrichia coif restriction enzyme I, is 
5'-GAAITC-3' c1i It~ asymmetri<Allly produc­
ing fi"agmem with ~ of~ 
DNA. On cne fragment, the single-stranded 3' to 
5' end has four nucleotides (3'-TIM) overhang­
ing, and on the other fragment, the 5' to 3' 
overhang is AATI-3' (2). Such an asymmetric 
cleavage pattern is called palindromic because 
it reads the same in opposite directions. SOme 
restriction enzymes have a symmetric recogni­
tion site (3) and produce blunted ends (4) as the 
enzyme Haem (5'-CGCG-3'). The ends of frag­
ments with single-stranded overhangs can be 
easily connected. 

B. Examples of restriction enzymes 
Restriction enzymes can be classified accord­
ing to the type of ends they produce: (1) 5' 
overhangs (e.g., EccRI, discussed earlier). (2) 3' 
overhangs (e.g., Pstt), (3) blunted ends (e.g., 
Alul, HaelH [discussed earlier], Hpal), or (4) 
nonpalindromic ends (Mini). Some have a bi­
partite recognition sequence with different 
numbers of nucleotides at the single-stranded 
ends (e.g., Bslt). 
In some enzymes as, for example, Hindll, it 
suffices that the two middle nucleotides are a 
pyrimidine and a purine (GTPy-PuAC), and it 

does not matter whether the former is thy­
mine (T) or cytosine ( C) or whether the latter 
is adenine (A) or guanine (G). Such recognition 
sites occur frequently and produce many rela­
tively small fragments. Rare cutters recognize 
long sites of 10 and more nucleotides. conse­
quently, they produce large fragments, which 
are useful for many purposes. Some enzymes 
have cutting sites with limited specificity. 

C. Determining of the location of 
restriction sites 
Since the fragment sizes reflect the relative 
positions of the cleavage sites, they can be 
used to characterize a DNA segment (restric­
tion map). For example, if a DNA segment of 10 
kilobases (kb) is cleaved by two enzymes, A 
and B, and the result is three fragments of 2, 
3, and 5 kb, then the relative locations of the 
deavage sites can be determined by using en­
zyme A and enzyme B. If enzyme A yields two 
fragments of 3 and 7 kb, and enzyme B yields 
two fragments of 2 and 8 kb, then the two 
recognition sites of enzymes A and B must be 
located 5 kb apart. The interpretation is that the 
recognition site for A must be 3 kb from the left 
end and that for B must be 2 kb from the right 
end (red arrows). 

D. Restriction map 
In the example shown, a DNA segment is char­
acterized by the distribution of the recognition 
sites for enzymes E (EcoRI) and H (HindHI). The 
individual sites are separated by intervals de­
fined by the size of the fragments after diges­
tion with the enzyme. Restriction mapping 
was of considerable importance in medical 
genetics and evolutionary research prior to 
the availability of direct information by DNA 
sequencing. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Brown TA. Genomes. 3rd ed. New York, NY: Garland 

Science, 2007 
Strachan T, Read A. Human Molecular Genetics. 4th 

ed. New York, NY: Garli111d Science, 2011 
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DNA Amplification (PCR) 
The introduction, in 1985, of cell-free methods 
for multiplying DNA fragments of defined 
origin from a complex mixture has greatly 
facilitated the molecular analysis of DNA and 
genes. The polymerase chain reaction (PCR) is 
a cell-free, rapid, sensitivt:, automated method 
for multiplying DNA fragments from minute 
amounts of DNA. It is so sensitive that contam­
ination with undesired DNA occurs easily, 
which requires special prec;iutions. 

A. Polymerase chain reaction 
Standard PCR is an in 1/ftro procedure for am­
plifying defined target DNA sequences from 
small amounts of DNA. The selectivt: amplifi­
cation requires prior information about DNA 
sequences flanking the rarget DNA. 1Wo oligo­
nucleotide primers of approximately 15 to 25 
base pairs in length are used to Initiate DNA 
synthesis. The primers are complementary to 
sequences outside the 3' ends of the target site 
on the two DNA strands and bind spedfiCllly to 
these. During each PCR cycle, double-stranded 
DNA molecules are denatured, and each single 
strand is used as a template for synthesis of a 
new strand and is renatured (annealed) with a 
complementary strand under controlled condi­
tions. PCR is a chain reaction of approximately 
25 to 35 cycles. Each cycle, involving three pre­
cisely time-controlled and temperatme-mn­
trolled reactions performed in an automated 
thermal cyder, tala!s approximately 1 to 5 mi­
nutes. The three steps in each cycle are as fi>l­
lows: (I) denaturation of double-stranded DNA 
at approximately 93 to 95•c for human DNA, (ii) 
primer annealing at approximately 50 to 70"C, 
depending on the expected melting tempera­
ture of the duplex DNA, and (iii) DNA synthesis 
using heat-stable DNA polymerase (from miao­
orpnisms living in hot springs. for exmiple, 
Thmnophilus aquaticus, Taq po1ymerasei typi­
cally at approximatdy 70 to 75•c. Ar. each slb­
sequent cycle. the template (shown in blue)and 
the DNA newly synthesized during the preced­
ing cycle (shown in red) act as remplates for 
another round of synthesis. The first cycle re­
sults In newly synthesized DNA of varied 
lengths (shown with an arrow) at the 3' ends 
because synthesis continues beyond the t.arget 
sequences. H~r. DNA strands of fixed 
length at both ends rapidly outnumber those 

of variable length because synthesis cannot pro­
ceed past the terminus of the primer at the 
opposite template DNA. At the end, at lea.st l 05 

copies of the specific target sequence are 
present This can be visualized as a distinct 
band of a specific size after using gel electro­
phoresis. In addition to the standard reaction, a 
wide variety of automated PCR-based methods 
have been developed fur different purposes. 
(Figure ada~d from Alberts et al, 2015). 

B. Reverse transcrtptase polymerase 
chain reaction 
The reverse PCR (KI'-PCR) approach uses mRNA 
as starting material. Afu:r the first primer is at­
tached, complementary new DNA is synthesized 
by reverse transcription This is used as a tem­
plate for a new DNA strand. Subsequently multi­
ple copies of cDNA are produced by PCR. 

C. Alele-specltk polymerase chain 
reaction 
This amplifies a DNA sequence from one allele 
only, and not the other if it is different. If allele 
l contains an A-T base pair at a particular site 
(1) and allele 2 contains a C-G pair (2), the two 
alleles can be distinguished. Allele-specific PCR 
is nonnal for allele 1 (3). If a mutation has 
changed in allele 1 the T by a C. amplification 
is not possible (4). Similarly, PCR for allele 2 will 
be normal (si but not if a C has been replaced 
by an A in allele 2, allele-specific amplification is 
not possible (6). Reverse transcriptase PCR can 
be used when the known exon sequenCl!S are 
widely separated within a gene. By using rapid 
amplification of complementary DNA ( cDNA) 
ends (RACE-l'CR). the 5' and 3' end sequences 
can be isolated from cDNA. Other variations of 
PCR are Alu-PCR. anchored PCR. real-time PCR. 
and others. 

Further RNdlng 
Albttt! B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Carland Science, 2015 
Brown TA. Genomes. 3rd ed. New Yoric, NY: Garland 

Science, 20Cf1 
Lodish H, et al. Moleculll Cell Biology. 8th ed. New 

York, NY: w. H. Freeman. 2016 
Strachan T, et al. Human Moll!rular ~etic.s. 4th ed. 

New York, NY: Garland Science, 2011 
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DNA Sequencing 
The introduction of two bi!sic methods for de­
termining the sequence of the nucleotide base 
pairs in (DNA sequencing) in 1977 represented 
a milestone in genetic analysis. These are based 
on a chemical cleavage method developed by 
AM. Maxam and W. Gilbert, and an enzymatic 
method developed by F. Sanger and coworkers. 
The chemical cleavage method is no longer 
used, whereas the Sanger principle was widely 
used and eventually applied as the fll'St auto­
mated sequencing method. 

A. Dideoxy DNA sequencing {Sanger 
sequendng) 
This method rests on the principle that DNA 
SYDthesis is terminated when a dideoxynucleo­
tide ( ddATP, ddTIP, ddGIP, ddCTP) is used in­
stead of a normal deoxynudeotide ( dAlP, dTIP, 
dGTP, dCTP). A dideoxynudeotide (ddNTP) is an 
analogue of the normal dNTP. It differs by lack 
of a hydroxyl group at the 3' carbon position. 
When a ddNTP is incorporated during DNA 
synthesis, no bond between its 3' position and 
the next nucleotide is possible. 
DNA synthesis is initiated using a primer of 
approximately 20 RNA nucleotides in four par­
allel reactions containing all four dNTPs and 
one of the four ddNTPs labeled with 32p in 
the phosphate groups (1 ). When ddATP is 
incorporated into the new DNA chain, the 
further synthesis is inhibited beyond any site 
containing a T in the template. By setting 
the concentration of ddATP low enough, the 
chain will be terminated at all sites after an A 
is incorporated. The resulting fragments share 
the same 5' end but differ in length at their 3' 
end, each ending with an A (1 ). Thus, each DNA 
fragment ends with an A at a defined position. 
Similarly, in the other three reactions, the grow­
ing DNA chain is terminated at a G by ddGTP (2). 
at a C by ddCTP (3), and at a T by ddTIP (4). By 
aligning the ends of the fragments according to 
size, the nucleotides at the ends of the frag­
ments will yield their sequence accurately. bti­
tially, this was done by gel electrophoresis, later 
by automated sequencing as shown in part B. 

B. Automated DNA sequencing 
Automated DNA sequencing is based on 
fluorescence labeling of DNA and suitable 
detection systems. The direct fluorescent 

li!bels are fluorophores, which emit a distinct 
fluorescent color when exposed to ultraviolet 
light of a specific wavelength. Each specifically 
attaches to one of the four nucleotide bases 
and produces a signal that identifies the base. 
Thus, each of the four bases can be li!beled 
distinctly. The resulting fluorescent signal is 
recorded at a fixed point when DNA passes 
through a capilli!ry containing an electropho­
retic gel. Each ddNTP is labeled with a different 
color, for example, ddAll' green, ddCTP blue, 
ddGTP bli!ck, and ddTIP red (1 ). (The actual 
colors for each nucleotide may be differenL) 
All chains terminated at an adenine (A) will 
yield a green signal, as in this example, all 
chains terminated at a cytosine (C) will yield 
a blue signal, and so on. The sequencing reac­
tions (2) are performed in sequencing capilla­
ries (3). The electrophoretic migration of the 
ddNlP-labeled chains in the gel in the capilli!ry 
passes in front of a laser beam focused on a 
fixed position (4). The sequence is electroni­
cally read and recorded in a derection system, 
and is visualized as peaks in one of the four 
colors, representing the alternating nucleoti­
des in their sequence positions (5). Several 
variant techniques for sequencing have been 
devised. (Print of sequence provided by N. 
Wagner, Essen). 
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Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Brown TA. Genomes. 3rd ed. New York, NY; Garland 

Science, 2007 
Lodish H, et al. Molecular Cell Biology. 8th ed. New 

York, NY: w. H. Freeman, 2016 
Petters50ll E, et al. Generations of sequencing tech­
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(12): 5463-5467 
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Parallel DNA Sequencing (Next­
Generation Sequencing) 
Since 2005, several completely new DNA se­
quencilli teclmologies have been introduced. 
They arc also referred to as next-generation 
sequencing. These approaches differ funda­
mentllly from dideoxy sequencing according 
to the Sanger principle (previous plate). They 
consist of a combination of templatr prepara­
tion, seqlll!Ilcing by DNA synthesis without 
electrophoresis, high-resolution imaging. se­
quence tag assembly, and genome alignment 
methods. Millions of sequences can be auto­
matically detennined in parallel to yield 
whole-genome sequences in a relatively short 
time and at reduced costs (whole-genome 
sequencing). The methods differ and yield 
different read length and sequenced output. 
Approximately t to 50 gigabases (109) can be 
generated in a matter of days. The principle of 
one selected example is presented here. 

A. Selection of lgated DNA fragments 
Double-stranded DNA is first fragmented (1), 
and after end repair, ovuhangs of adenine (A) 
molecules are added (2). A unique adapter 
sequence is ligated to each fragment (3). This 
creates a library with a selection of ligated 
DNA(4). 

B. Cluster generation and polony amy 
fonnatlon 
Adatxer-modified single-stranded DNA frag­
ments arc attached to a fluid channel surfilcr 
within a glass slide, called a flow ceU. Solid­
phase bridge amplification is achieved with 
an immobilized template of dNTPs, and DNA 
polymerase. This results in multiple (100-200 
million) spatially separated template clusters. 
Following denaturation into single-stranded 
DNA. each member of this population of tem­
plates will undergo an individual sequencing 
reaction. This starts at a free end, to which a 
universal sequencing primer can be annealed 
to initiate the sequencing reaction. Attached to 
an array, polymerase-driven colonies of grow­
ing DNA strands (t.enned polonles) result. 

C. Sequencing by synthesis and Imaging 
5equencing is achieved by continuous DNA 
synthesis rather than dideoXY chain tennina­
tion as in the Sanger principle. Each synthesis 

reaction is visualized by four colors, each 
representing one of the four nucleotides syn­
thesized. From the template of the sequence 
CGAGGC, the synthesized sequence is gener­
ated (GCTCC shown). 

D. Overview 
Four principle phases arc DNA fragmentation 
(1 ), in vitro adapter ligation (2). generation of 
polony array (3). and cycle array sequencing ( 4). 
(Figures derived from a poster that was kindly 
provided by Dlurnina Inc., San Diego, California, 
United States.) 
Exmne sequencing: this autolllilted approach Is 
directed at all coding sections of the genome, 
the exons. Starting with genomic DNA frag­
ments, a library is established. The library 
fragments are flanlcl!d by adapter oligonudeoti­
des, and exome-containing fragments are 
captured and enriched The captured DNA frag­
ments derived from the exons are aligned and 
sequenced. 
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DNA Cloning 
DNAdoningselectivclyamplifiesspecificDNAse­
quences as fragments. The correct DNA fragments 
are identified by hybridization of complementa­
ry single-stranded DNA. A short segment of sin­
gle-stranded DNA (a DNA probe) originating 
from the sequence to be studied will hybridize 
to its complementary single-stranded sequences. 
This serves to identify and select the fragment 
Wlder study. After the hybridized sequence has 
been separated from other DNA. it can be cloned. 

A. Principle of cell-based DNA cloning 
Cell-based DNA cloning requires a series of 
consecutive steps. First, a collection of different 
DNA fragments (labeled 1, 2, and 3) are ob­
tained from the desired DNA (target DNA) by 
cleaving it with a restriction enzyme (see 
p. 66) (1). Fragments with short single­
stranded ends resulting from restriction en­
zyme cleavage are ligated to DNA fragments 
containing the origin of replication (OR) of a 
replicon. This enables them to replicate in the 
presence ofa selectable marker, for example, a 
DNA sequence containing an antibiotic resist­
ance gene (:Z). The recombinant DNA mole­
cules are transferred into host cells (bacterial 
or yeast cells), where they can replicate inde­
pendently of the host cell genome (3). Host 
cells that have incorporated the fragment to 
be doned will be transformed (here fragment 
1 in a brown circle). Usually, the host cell takes 
up only one foreign DNA molecule. The host 
cells transformed by recombinant (foreign) 
DNA are grown in culture, where they multiply 
(propagation, 4). SelectiVI! growth of trans­
formed cells containing the desired DNA frag­
ment produces multiple copies of the fragment 
(5). The resulting recombinant DNA clones 
form a homogeneous population (6). They are 
used to build a large collection of cloned DNA 
fragments, called a done Hbrary (7) (see the 
next page). In cell-based cloning, the replicon­
containing DNA molecules are referred to 
as Vl!ctor molecules. (Flgure adapted from 
Strachan 8i Read, 2011 ). 

B. Vector molecules for DNA doning 
Coning vectors are molecules that allow 
selection for the DNA fragments sought 

Many different DNA vector systems exist for 
cloning DNA fragments of different sizes. Plas­
mid vectors are used to done small fragments. 
The experiment is designed so that the plas­
mid incorporating the fragment to be cloned 
confers antibiotic resistance to its bacterial 
host when grown in culture medium contain­
ing the antibiotic. one of the first vectors to be 
developed was the plasmid vector pBR322 (Bo­
livar et al., 1977). It is small, 4,363 base pairs, 
and has an OR and two genes encoding 
antibiotic resistance against ampicillin and tet­
racycline (1 ). It was constructed to contain 
recognition sites for several restriction en­
zymes, as shown. Resistance to two antibiotics 
(here ampicillin and tetracycline) provides se­
lectable markers. They distinguish cells con­
taining recombinant from those containing 
nonrecombinant pBR322 plasmids. Bacteria 
that have been exposed to pBR322 are plated 
on a medium containing both antibiotics. Ollly 
bacteria containing plasmids that have taken 
up new DNA at the BamHI recognition site 
lose the tetracycline resistance because it is 
inserted at the site for this resistance (inser­
tional activation) (2). Cells containing the non­
recombinant pBR322 plasmid remain resistant 
to tetracycline. If the enzyme Pstl is used to 
incorporate a fragment, ampidllin resistance 
is lost (the bacterium becomes ampicillin sen­
sitive), but tetracycline resistance is retained. 
Thus, with the help of replica plating, recombi­
nant plasmids containing the DNA fragment to 
be doned can be distinguished from nonre­
combinant plasmids by altered antibiotic 
resistance. Coning in plasmids (bacteria) has 
become less important since much larger yeast 
artificial chromosomes have become available 
for cloning relat:ivdy large DNA fragments. 

Further Reading 
Bolivar F, et al. Construction and characterization of 

new doning vehides. II. A multipurpose doning 
sysrem. Gene 1977; 2(2): 95-113 

Brown TA. Genomes. 3rd ed. New York, NY: Garland 
Science, 2007 

Strachan T, Read A. Human Molecular Genetics. 4th 
ed. New York, NY: Garland Science, 2011 
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DNA Libraries 
A DNA library is a rillldom collection of indi­
vidllill DNA fragments that in their entirety 
represent J>ill'I: or all of the genome of ilil or­
ganism It was an indispensible approach in 
the early di!ys of recombinant DNA technolo­
gies. 1Wo types of DNA libri!ries exist: (i) ge­
nomic DNA libraries and (ii) complementary 
DNA ( cDNA) libri!ries. The first is a collection 
of DNA clones containing all unique nucleotide 
sequences of the genome. A sufficient number 
of clones must be present so that every seg­
ment of the genome is represented at least 
once. A cDNA library is a collection of cDNA 
that is representative of all messenger RNA 
(mRNA) molecules produced by the organism 

A. Genomic DNA library 
Oones of genomic DNA are copies of DNA frag­
ments from all of the chromosomes (1 }. They 
contain coding and noncoding sequences. Re­
striction enzymes cleave the genomic DNA into 
many fragments. Four fragments containing 
two genes, A and B, are shown schematically 
(2). Fragments of the genes and their sur­
rounding DNA are incorporated into vector 
moleatles, for ex;imple, into phage DNA. and are 
cloned in bacreriil or yeast <r:I1s. In eukaryotes, a 
genomic library will contain hundreds of thou­
sands to more than a million of individllill DNA 
clones. A screening procedure is required ID find 
a particular gene (see c~ 

B. cDNA library 
A cDNA library consists only of coding DNA se­
quences. Therefore, it is smaller than a genomic 
library. The starting material is usually total RNA 
from a specific tissue or a particular develop­
mental stage of embryogenesis. A limitation is 
that mRNA Cilil be obtained only from cells in 
which the respective gene is transcribed, that is. 
in which mRNA is produced (1}. Unlike a ge­
nomic library, which is completE and contains 
coding and noncoding DNA, a cDNA library con­
tains only coding DNA. This specificity offi!rs 
considerable advantages over genomic DNA. 
However, it requires that mRNA is availi!ble 
and that it does not yield information about 
the structure of the gene. In eukaryotes, the 
prilllilry transcript RNA undergoes splicing to 
furm mRNA (2; see p. 56}. cDNA is derived 
from mRNA by ~rse transcription (3}. The 

subsequent sreps, that is, incorporation into a 
vector and replication in bacteria, correspond 
to those of the procedure for producing a ge­
nomic library. The sequence of amino adds in 
a protein Cilil be determined from cloned and 
sequenced cDNA. Furthermore, large amounts 
of a protein can be produced when the cloned 
gene is expressed in bacreriil or yeast cells 
(protl!ome library). 

C. Screening of a DNA llbrary 
Tu identify clones carrying a gene, parts of a 
gene, or another DNA region of interest, a 
screening procedure is required. 1Wo principal 
approaches can be used: (i) detection using 
oligonucleotide probes that bind to the se­
quences of inll!rest illld (ii) detection based on 
protein produced by the gene in question. 
Screening with oligonucleotide probes depends 
on the principle of hybridization. Single­
stranded DNA or RNA molecules will specifically 
hybridize to their complementary single­
stranded sequences (see p. 48}. In the mem­
brillle-based assay, colonies of cultured bacreria 
(1 }, some of which will have taken up a re­
combinilllt vi:ctor, are transferred to a filter 
paper or a membrane (2}, lysed, and their DNA 
is denatured (mi!de single stranded). Labeled 
complementary single-stranded DNAs or RNAs 
are used as a probe. The probe will hybridize 
with only cDNA or RNA ( 4 ~ After hybridization, 
a signal appears on the membrane (5}. DNA 
complementary to the labeled probe is located 
here; its exact position in the culture corre­
sponds to that of the signal on the membrane 
(5}. A sample is taken from the corresponding 
area of the culture (6}. Bilcll:ria from such colo­
nies that have taken up the vectors are grown 
on agar in a Petri dish to produce multiple cop­
ies (done) of the desired DNA fragments. 

Further Reading 
Locllsh H. et al. Molecular Cell Biology. 8th ed. New 

York, NY: W. H. Freeman, 2016 
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York, NY: Sdendfic American Books, 1992 
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Southern Blot Hybridization 
Southern blot refers to a sensitive method of 
detecting one or more specific DNA fragments 
within a complex. random mixture of other 
DNA fragments. The procedure is named after 
E. M. Southern, who df'lll!loped this method in 
1975. A corresponding method for assaying RNA 
is called Northern blot hybridization (a word 
play on Southerni lmmunoblotting (Western 
blot) detects proteins by an antibody-based pro­
cedure. Since each restriction enzyme cleaves 
DNA only at its specific reaignition sequence. 
its recognition sites are distribured unew:nly 
and the DNA fragments differ in size. This 
method today is rarely employed. 

A. Prlnclple of Southern blot 
hybridization 
Total DNA is extracted from whit!! blood cells or 
other cells (1 i The DNA is isolated and digested 
with a restriction enzyme (2). The fragments are 
sorred by size in a gel {usually agarose) in an 
electric field by using electrophoresis (3). The 
smallest fragments migrare fasrest from the 
cathode to the anode, and the largest fragments 
migrate slowest. Next, the blot is performed: the 
fragments contained in the gel are transferred to 
a nitrocellulose or nylon membrane (4). The 
DNA is denatured (made single-stranded) with 
alkali and f!Xed to the membrane by moderate 
heating (80"C) or ultraviolet cross-linkage. The 
sample is incubated with a probe of single­
stranded DNA {genomic DNA or cDNA) comple­
mentary to the region of the gene to be studied 
(5). The probe hybridizes solely with the com­
plementary fragment being sought, not with 
others. When the probe is radiolabeled, the frag­
ment being sought induces a signal on an X-ray 
film placed on the membrane. Here it becomes 
visible as a black band on the fihn after develop­
ment (autoradiogram) (6). 

B. RestrtcUon fragment length 
polymo11Jhlsm 
Differences in individual DNA sequences result 
in diffl!rences in the location of the remgnition 
sequences of restriction enzymes. This is appa­
rent from diffl!rences in sizes of DNA fragments 
obtained by Southern hybridization (restriction 
fragment length polymorphism. RFLP). RFLP 
results when an individual diffl!rence of this 
type creates or eliminates a restriction enzyme 

recognition site. If an additional site is created, 
two smaller-than-usual fragments appear in the 
Southern blot hybridization. If a site is elimi­
nated, one larger-than-usual fragment appears 
instead of two smaller ones. 
An example is shown for a 5-kilobase (kb; 
5,000 base pairs) stretch of DNA. on the left 
(allele 1 ) it contains a polymorphic restriction 
recognition site in the middle that is not 
present in allele 2 on the right. The first allele, 
with the polymorphic site, is arbitrarily called 
allele 1; the one at the right without this addi­
tional site is called allele 2. 
Southern blot analysis distinguishes the two 
alleles. On the left, the restriction enzyme 
cleaves the 5-kb stretch into two fragments. A 
probe bridging the site will hybridize to both 
fragments: one 3 kb and the other 2 kb. On the 
left, a single 5-kb fragment will result. Thus, 
three possibilities, called the gt11orypes, can 
be distinguished: (i) two copies of allele t, ho­
mozygous t-1; (ii) one allele 1 and one allele 2, 
heterozygous; and (iii) two alleles 2, homozy­
gous 2-2 (for explanations of the terms homo­
zygous and heterozygous, see pp. 106-114). 
This approach can be used for indirect detl!c­
tion of a disease-causing mutation. The RF1P 
itself is unrelated to the mutation. It simply 
distinguishes DNA fragments of diffl!rent sizes 
from the same region. These can be used as 
markers within a family to determine who is 
likely to carry a disease-causing mutation and 
who is not. 

Medical relevance 
Southern blot hybridization is employed to 
detect alleles with disease-causing expanded 
nucleotide repeats (seep. 84, and pp. 254-2sn 

Further Reading 
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314-331 

Brown TA. Genomes. 3rd ed. New York, NY: Garland 
Science. 2007 

Kan YW, Dozy AM. Antl!natal diagnosis of sickle-cell 
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DNA Variants 
Each individual genome differs from any other 
by differences in the DNA nucleotide sequence. 
If the variant has a population frequency of 
0.01 (1%) or more, it is called a DNA polymor­
phism. On average, approximately 1 in 300 nu­
cleotides is polymorphic. Three basic types of 
DNA polymorphisms occur: (i) a difference in a 
single nucleotide (single nucleotide polymor­
phism, SNP), (ii) small scale variants involving 
the presence or absence of repeated nucleoti­
des (microsatellites), and (iii) tandem repeats 
of 10 to 50 nucleotides (minisatellites). The 
term satellite is deriVl!d from extra bands 
present in addition to the bulk of DNA when 
subjected to density gradient sedimentation in 
an ultracentrifuge. 

A. Single nucleotide polymorphism 
Each SNP is identified by a unique identifier, 
such as rs312476 (where rs stands for refer­
ence SNP, followed by a six-digit unique serial 
number). At any particular site, an SNP involv­
ing, for example, adenine (A) and guanine (G) 
can occur in one of three combinations, AA. 
AG, or GG, inherited from paternal or maternal 
chromosome (see Formal Genetics). SNPs can 
be detected by methods based on a polymer­
ase chain reaction (PCR; see p. 56~ which does 
not require gel electrophoresis. 

B. SNP, miaosatellite, minisatellite 
The three types of common DNA polymor­
phisms are shown: SNP, microsatellites, and 
minisatellites. Microsatellites are variable 
blocks of short tandem repeats of nucleotide 
sequences. For example, CA repeats can occur 
with three repeats (5'-CACACA-3'), five re­
peats, (5'-CACACACACA-3'), six repeats, and 
so on. Each repeat defines an allele by its num­
ber of repeats, for example, three and four. 
Minisatellites {also called variable number of 
tandtm repeats) consist of repeat units of 20 
to 500 base pairs {bp ). The size differences re­
sulting from the number of repeats are deter­
mined by PCR. These allelic variants differing 
in the number of tandemly repeated short nu­
cleotide sequences usually occur in noncoding 
DNA. They are referred to as repetitive DNA 
(see Part II, Genomics). 

C. Cienetlc varlablllty along a stretch of 
100,000 hp 
Along a typical stretch of DNA, most variability 
is represented by SNPs. Minisatellites are quite 
unevenly distributed and vary in density. (Fig­
ure adapted from Cichon et al, 2002). 

D. CEPH family 
The inheritance patterns of DNA polymor­
phisms are best recognized in a collection of 
three-generation families with at least eight 
children in the third generation. DNA from 
such families has been collected by the Centre 
d'~tude du Polymorphisme Humain (CEPH) in 
Paris, now called the Cttltn! jean Dausset, after 
the founder. Immortalized cell lines are stored 
from each family. A CEPH f.unily 1D11Sists of fuur 
grandparents, two parents, and eight children. 
The schematic figure shows the restriction frag­
ment length polymorphism patterns of a family 
with four grandparents, two parents, and eight 
offspring. The fuur alleles present at a given 
locus analyzed by Southern blot are designated 
A, B, c, and D. Starting with the grandparents, 
the inheritance of each allele through the pa­
rents to the grandchildren can be traced. Of 
the four grandparents, three are heterozygous 
(AB, CD, BC) and one is homozygous (CC). 
Since the parents are heterozygous fur different 
alleles (AD father, and BC mother), all eight chil­
dren are heterozygous: BD, AB, AC., or CD. 

Further Reading 
Brown TA. Genomes. 3rd ed. New York, NY: Garland 

Science, 2007 
Cichon S, et al. Varlabflitat Im meruchllchen Genom. 

Dtsch Arztebl 2002; 99:A3091-A3101 
Dausset J, et al Centre d'etude du polymorphisrne 

hurnain (CEPH): collaborative genmc mapping of 
the human genome. Genornics 1990; 6(3): 575-
577 

Feuk L, et al Structural variation in the human ge­
nome. Nat Rev Genet 2006; 7(2): 85-97 (with on­
line links to databases J 

Hinds DA. et al Whole-genome patterns of common 
DNA variation in three human populations. Science 
2005; 307(5712): 1072-1079 

Krebs JE, et al Lewin's Genes XL Sudbury: Bartlett & 
Jones, 2013 

Strachan T, Read A Genetics and Genornics in Medi­
cine. New York, NY: Garland Science, 2011 
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c;enes and Mutation 
Muliltion, a term introduced by H. de Vries in 
1901, refers ID processes that alter the structure 
and biological function of a gene. The discovery 
that mutations also oa:ur in bacteria and other 
microorganisms paved the way ID understand­
ing how genes and mutations arc related. 
When it was recognized that changes (muta­
tions) in genes occur not only spontaneously 
(T. H. Morgan in 1910) but can also be induced 
by X-rays (H. J. Muller in 1927), the mutation 
theory of heredity became a cornerstone of 
early genetics. The study of mutations is im­
portant for several reasons. Mutations CilUSC 
diseases, including all forms of cancer. Without 
mutations, well-organized forms cf life would 
not have evolVl!d. 

A. Transcription and translation In 
prokaryotes and eukaryotes 
The e!'Cl!cts of mutations diffe.r in unicellular and 
multicellular organisms. In cells without a nu­
cleus, such as bacteria (prolwyotes, 1 ), and mul­
ticcllular organisms (eukaryotes, 2) with a cell 
nucleus, their transaiption pattern differs. In 
prolwyotes. the messenger RNA (mRNA) serves 
directly as a template for translation. The se­
quences of DNA and mRNA correspond in a 
strict 1 :1 relationship, thilt is, they are col!near. 
In eukal)'Otic cclls, a primary transcript of RNA 
is lbrmed first. The mature mRNA is formed by 
removing noncoding sections from the primary 
transaipt before it leaves the nucleus ID act as a 
template for the synthesis of a polypeptide (see 
RNA processing, p. 56). 

B. Mutations have a defined site 
The systematic analysis of mutations in micro­
organisms provided the first evidence that cod­
ing DNA and its corresponding polypeptides are 
colinear. Yanofsky et al. (1964) shawed that the 
position af the mutation in the Escheridlia coli 
gene enaxling the protein tryptophan synthe­
tase A corresponds to the position of the result­
ing change in the sequence of amino adds. 
Muliltions are shown at four positions. At posi­
tion 22, phenylalanine (Phe) is replaced by leu­
cine (Leu); at position 49, glutamic acid (Glu) is 
replaced by glutamine (Gin); and at position 
177, Leu is replaced by arginine (Arg). Each mu­
liltion has a defined position. Whether it leads 
ID incorporation of a different amino acid 

depends on hew the corresponding codon has 
been altered. Different mutations at one position 
(one codon) in different DNA molecules are pos­
sible: two different mutations wen! obserVl!d at 
position 211: glycine (Gly) ID arginine (Arg), and 
Gly to glutamic acid (Glu). Normally (in the wild­
type), codon 211 is GGA and codes !Or glycine. A 
mutation of GGA ID AGA leads ID a codon for 
~ine; a muliltion ID GM leads to a codon 
tor glutamic~d. 

C. Bask: types of mutations 
Three different types of mutation, that is, a 
change from the usual or so-called wild-type, 
involving single nucleotides (point mutations) 
can be distinguished: (i) substitution (exchange 
of one nucleotide base for another, altering a 
codon), (ii) deletion (loss of one or more bases), 
and (iii) insertion (addition of one or more 
bases). 1Wo types of substitution are distin­
guished: ITansition (exchange of one purine 
for another purine or of one pyrimidine for 
another pyrimidine) and ITanslltrsion (ex­
change of a purine for a pyrimidine or vice 
versa). A substitution may alter a codon so 
that a wrong amino acid is present at this 
site, but without changing the reading frame 
(missmse mutation). A deletion or insertion 
Ciluscs a shift of the reading frame (/rameshift 
murur:ion). Thus, the sequence that follows no 
lollgl!l' corresponds to the normal sequence of 
codons. No functional gene product is pro­
duced (nonsense mutation). 

D. Different mutations at the same site 
Different mutations may occur at the same site. 
In the CJlanlple in B (position 211). glycine is 
replaced by either arginine or glutamic acid. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New Yorlc, NY: Garland Scien~ 2015 
Lodish H, et al. Molecular Cell Biology. 8th ed. New 

York, NY; W. H. Freeman, 2016 
Sheodure let al. The origins, determlnilnts, and con­

sequences of human mutations. Science 2015; 349 
(6255): 1478- 1483 

Watson JD, et al. Molecular Biology of the Gene. 6th 
ed. New York, NY: Cold Spring Harbor Laboratory 
Press, 2008 

Yanofsky C, et al. On the colinearity of gene structure 
and protein structure. Proc Natl Acad Sd U S A 
1964; 51: 266-272 
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Mutations Due to Base Modlflc.atlons 
A mutation can result from a chemical or a 
physical event that leads to modification of a 
nucleotide base. If this affects the base-pairing 
pattern, it will interfere with replication or 
transcription. A chemical substance able to 
induce such changes is called a mu!Qgm. Mu­
tagens cause mutations in different ways. 
Spontaneous oxidation, hydrolysis, uncon­
trolled methylation, alkylation, and ultraviolet 
(lN) Irradiation result In alterations that mod­
ify nucleotide bases. DNA-reactive chemicals 
change nucleotide bases into different chemi­
cal structures or remove a base. 

A. Deamlnation and methylatlon 
Cytosine, adenine, and guanine each contain an 
amino group. When this group is removed (de­
amination ), a modified base with a different 
base-pairing pattern is the result. Nitrous acid 
typically rem~ the amino group. Spontane­
OU5 deamination of cytosine occurs ;it a rate of 
100 bases per ~u per day (Alberts et il1. 2015). 
This removes the amino group at position 4 
(1 ). The resulting molecule is uracil (2), and 
this pairs with adenine rather than gu;inine. 
Norm;illy, this is efficiently repaired by uracil­
DNA glycosylase. Methylation of the carbon 
atom at position 5 of cytosine results in 5-meth­
ylcytosine. which contains a methyl group at 
position 5 (3). De.amination of 5-methylcytosine 
will result in a changie to thymine, containing an 
~n molecule ;it position 4 instead of m 
;imino group ( 4). Methylation OCCW'S at a rate 
of approximatdy 100 bases per~ per d;iy (Al­
berts et al, 2015). This mutation will not be 
corrected because thymine Is a natural base. Ad­
enine (5) can be deaminated at position 6 to 
form hypox.anthine, which contains an oxygl!n 
molecule in this position instead of an amino 
group(&) and which pairs with cytosine instead 
of thymine. The resulting changie afll!r DNA rep­
lication is a c:ytDsine instead of a thymine in the 
mutant strand. 

B. Depurlnatlon 
Approximately 18,000 purine bases (adenine 
and guanine) are lost per day from DNA in 
eildl cell ( depurination) owing to thermal 
fluctuations (Alberts et ;ii., 2015 ). Depurination 
of DNA involves hydrolytic cleavage of the 
N-glycosyl linkage of deoxyribose to the 

guanine nitrogen in position 9. This leaves a 
depurinated sugar. The loss of a base pair will 
lead to a deletion after the next replication If 
not repaired in time (see DNA repair, p. 74). 

C. Alkylatlon of guanine 
Alkylation is the introduction of a methyl or an 
ethyl group into a molecule. The alkylation of 
guanine involves reaction with the ketone 
group at position 6 to form 6-rnethylguanine. 
This Qllnot fi:>rm a hydrogen bond and thus is 
unable to pair with cytosine. Instead, it will 
pair with thymine. Thus, after the next repli­
cation, the opposite cytosine (C) is replaced by 
a thymine (T) in the mutmt daughter mole­
cule. As a result, this molecule contains m 
abnormal GT pair instead of GC. Important 
alkylating agents are ethylnitrosourea, ethyl­
meth;ine sulfonate, dimethylnitrosamine, and 
N-methyl-N-nitro-N-nitrosoguani<line. 

D. Base analogues 
Base analogues are purines or pyrimidines that 
are similar enough to the regular DNA nucleo­
tide bases to be incorporated into the new 
strand during replication. 5-Bromodeoxyuri­
dine is m analogue of thymine. It contains a 
bromine atom instead of the methyl group In 
position 5. Thus, it can be incorporared inlD the 
new DNA strand during replication. HDWl!Vl!r, 
the presence of the bromine atnm causes am­
biguous and often incorrect base pairing. 

E. Utravlolet-ltght-induced thymine 
dimers 
UV irradiation at 260-nm wavelength induces 
covalent bonds between adjacent thymine res­
idues at carbon positions 5 and 6. If located 
within a gene, this will interfere with replica­
tion and transcription unless repaired. 

Further RHdlng 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York. NY: Gilrlind Science, 2015: 268 
Brown TA. Genomes. 3rd ed. New York. NY: Gmmd 

Sdena. 2fX1l 
Krebs JE. et al Lewin's Genes XL Sudbury: Bartlett Iii 

Jones, 2013 
Strachan T, Read A. Human Molecular Genetics. 4th 

ed. New Yort. NY: Garland Science, 2011 
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Mutations Due to Errors in 
Rep II cation 
Errors occur frequently during replication. If an 
error goes undell!Cted or is not repaired, it will 
result in different types of mutations. Errors in 
replication occur at a rate of approximately 1 
in 105. Proofreading and repair system (see the 
next page) mechanisms reduce this rate to 
approximately 1 in 107 to 1 in 109. An impor­
tant mechanism is replication slippage in re­
gions with repeated nucleotide sequences. 

A. Consequences of errors In repllcatlon 
When an error in replication occurs before the 
next cell division, it might, for example, result 
in a cytosine (C) being incorporared instead of 
an adenine (A) at the fifth base pair, as shown 
here. If the error remains undetected, the next 
(second) division will result in a mutant mole­
cule containing a CG instead of an AT pair at 
this position (blue field). This mutation will be 
perpetuated to all daughter cells. 

B. Repllcatlon slippage 
A different class of mutiltions does not involve 
an alteration of individual nucleotides, but re­
sults from incorrect alignment between allelic 
and nonallelic DNA sequences during replica­
tion. When the templare strand conti!ins short 
tandem repeats, for example, CA repeats as in 
microsatellites (see DNA polymorphisms), the 
newly replicated strand and the template 
strand may shift their positions relative to 
each other (miaosatellite instability). With 
replication or polymerase slippage, leading to 
incorrect pairing of repeats, some repeats are 
copied twice and others not at all, depending 
on the direction of the shift. Thus, one can 
distinguish forward slippage and backward 
slippage in relation to the newly replicated 
strand. Backward slippage of the new strand 
results in the addition (insertion) of nucleoti­
des to the new strand. Forward slippage of the 
new DNA strand results in the loss (deletion) 
of nucleotides from the new DNA. 

C. Functional consequences of 
mutations 
Aside from their molecular type, mutations 
can be classified according to their functional 
consequences (molecular pathology). A princi­
pal goal is to understand the relationship 

between the genotype and the phenotype. 
This is referred to as genor:ype/phenotype rela­
tion (often incorrectly named correlalion ). 
The main class is loss of function of a normal 
allele. Here the gene product is reduced or has 
no function. When both alleles are necessary 
for normal function, but one is inactivated by a 
mutation. the result is called haplolnsuffl­
dtncy. The opposite is an undesirable func­
tional effect of a new gene product resulting 
from a mutation; this is called a dominant neg­
ative effect. Overexpression of a normal gene 
product with undesirable et'fl!cts is caused by 
a gain-of-function mutation. An epigenetic 
change is caused by an alteration other than 
that of the DNA sequence. Dynamic mutations 
result from the abnormal expansion of nucleo­
tide repeats (see p. 84 ). 

Medical relevance 
Mutations cause more than 3,000 known indi­
vidually defined diseases (see OMIM). 
Microsatellite instability is a characteristic fea­
ture of hereditary nonpolyposis cancer of the 
colon (HNPCC). HNPCC is a genetically hetero­
geneous group of causes due to mutations in at 
least seven genes (OMIM 120435, 614331 ). Ap­
proximately 15% of all colorectal, gastric, and 
endometrial carcinomas show microsatellire 
instability. Replication slippage has to be dis­
tinguished from unequal crossing-over during 
meiosis. This is the result of recombination be­
tween adjacent sequences of homologous 
chromosomes. 

Further Reading 
Brown TA. Genomes, 3rd ed. New York, NY; Garland 

Science, 2007 
Krebs JE, et al Lewin's. Genes XL Sudbury: Bartlett 8' 

Jones, 2013 
OMIM. Online Mendelian lnherirance of Man. Avail­
ab~ at http://www.ncbi.nlmnih.gov/omim 

Strachan T, Read A. Hwnan Molecular Genetics. 4th 
ed. New York, NY: Garland Science, 2011 

Strachan T, et al Genetics and Genomics in Medicine. 
New York, NY: Garland Science, 2015 
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DNA Repair Systems 
DNA damage can be recognized and repaired 
by multistEp DNA repair pathways, each de­
voted to specific types of lesions and involving 
many types of repair proteins. Three major 
types of DNA repair are (i) base-excision repair, 
(ii) mismatch repair, and (iii) repair of double­
strand breaks. In addition, single-strand break 
repair and nucleotide excision repair (for re­
pair of bulky lesions distorting the DNA helix) 
exist. 

A. Base~slon repair 
This sysll!m removes 27 to 29 nucleotides of 
the dam.aged strand (-12 or 13 in prokaryotes). 
It recognizes a distorted damaged DNA strand, 
fbr ex.ample, by thymine-thymine dimers In­
duced by ultraviolet light. Three proll!lns, 
XPA, XPB, and XPC in human cells (UvrA, 
UvrB, and uvrc in prokaryotes). detect the 
damaged site and form a repair protein com­
plex. XP-C and XP-G endonudeases cleave the 
damaged strand at two sites. DNA repair syn­
thesis by the po!y(ADP-ribose) polymerase 1 
restores the missing stretch, and a DNA ligase 
clo.o;es the gap. 

B. Mismatch repair 
MiSD1illI:h repair Is an excision resynthesis system 
initiated ata DNA break 100 to 1,000 nucleotides 
aw.r; li"om the mismatch. It corrects errors r:l 
replication (see the previous Pa&'l!~ The most im­
portant mismatch repair proteins In humans are 
MSHt, MSH2, MSH3, illld MSH6; MUil (homol­
ogous to MutH, Mutl., and MutS in bactl!ria); and 
PMS2 (pmtmeiotic segregation 2). MSH2 and 
MU-11 bind to miSD1illI:hed base pairs, whereas 
others c1eavc DNA and remove the strand with 
erroneous bases. DNA polymerase m rq>laces the 
di!mi!ged strand. 

C. Nonhomologous end joining 
Double-strand repair joins the two ends of the 
DNA fblllM'ing a double-strand break. The ends 
bind to specific dimeric proteins of 80 and 90 
kDa (Ku80 and Ku90). Additional repair proteins 
fbrm a repair complex (Artemis consisting of a 
DNA double-strand repairfV(DlJ recombination 
protein that Is mutated in human severe com­
bined immune deficiency, a DNA-dependent 
protein kinase (DNA-PK], and XRCC4 (X-ray 
repair complementing dmctive repair)) and a 

protein binding p53 (seep. 318). In this type of 
repair, bases may be Jost or added. 

D. Double-strand repair by homologous 
recombination 
Homologous recombination repairs double­
strand breaks U5lng se"Rral repair proteins: 
AlM, BRCAl, BRCA2, RAD5l, and others such as 
the Fanconi anemia proteins (see p. 324). ATM Is 
activated in response to DNA damage (1). This 
activates BRCA 1 by phosphorylation at specific 
sites (2i Phosphorylated BRCAl indum homolo­
gous recombination in cooperation with BRCA2 
and RADSt, the mammalian homolo& of the 
Escherlchla coll RecA repair protein (Ji Phos­
phorylated BRCAt is also invulved in transaip­
tion and transcription-coupled DNA repair (4). 
The identical s!srer chromatid Is used to align 
the brokl!n ends and insert missing information. 

Medical relevance 
Three i111JOrtant hell!rogeneous groups of 
excision repair diseases with increased risk fbr 
malignant tumors (see p. 332) result from mu­
tations in genes encoding repair proteins: sev­
eral types of xerodenna pigmentoswn {OMlM 
278700-278780), Cockayne syndrome types A 
and B (OMIM 216400, 1335401 and trichothio­
dystrophy (OMIM 601675). 

Further Reading 
J\lbem B. et al. Molecul.1r Biology or the Cell 6th ed. 

New York. NY: Carland Science. 2015 
Cleava- JE, et al Disorders of nucleotide eJldsioc re­

pair: the senetlc and molecular basis of~ 
ncity. Nat Rev Genet 2009; 10(11): 756-768 

Fishel R. Mismalrh repair.J Biol Chem 2015; 290(44): 
26395-26403 

Hoeijmakm Jl-ij. DNA damage, aging, and c;mcer. N 
Eng! J Med 2009; 361(15): 1-475-1485 

Uu J, et al Cascading MutS and MutL sliding damps 
control DNA dl!Tuslon to minte mmmtch repair. 
Nature 2016; 539(7630): 583-587 

Moscariello M, et al Role for Artemis noclease in the 
repair of radiation-induced DNA doli>le strand 
breaks by alternative end joining. DNA ~ir 
(Arnst) 2015; 31 : 29-40 

O'Driscoll M, et al. The role of double-strand brW 
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Genet 2006; 7(1 ): -45-5-4 

OMIM. Online Mendelian Inheritana! of Man. Avail­
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Venkitaraman AR. Bmst cancer genes and DNA re­
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Transposition 
Transposition refers to parts of DNA that can 
change from one position to another, collec­
tively called tnmsposons (To) or traruposable 
elements, first described by Barbara McClintock 
in 1951. A specific enzyme encoded by the 
ttansposon, ttanspos.ase, mediates the inser­
tion at a new target DNA site. Three examples 
of the different classes of transposons are 
presented. lt'ansposons are a major source of 
genetic variation and play an important role in 
the evolution of genomes. 

A. lmertlon sequences and 
transposons {Tn) 
The host DNA contains a tafie1: site of approx­
imately 4 to 10 base pairs (bp) ( 1). The selec­
tion of the t3rget site of the host DNA is either 
random or selective for particular sites. The 
insertion sequence (IS) consists of approxi­
mately 700 to 1,500 bp, depending on the par­
ticular dass. Its transposase gene encodes the 
enzyme responsible fer transposition. It is 
flanked by inverted repeats of approximately 
9 bp at both ends. This is a characteristic fea­
ture of IS transposition. The JS inserts itself at 
the target site by means of the transposase 
activity (2). Transposons (Tn) may contain 
other genes, such as those for antibiotic resist­
ance, and have direct (3) or inverted (4) re­
peats at either end. Direct repeats are identical 
or closely related sequences oriented in the 
same direction. Inverted repeats are oriented 
in opposite directions. 

B. Replicative and nonrepllcatlve 
transposition 
In replicative transposition (1 ), the donor trans­
poson remains in place and creates a new copy 
of itself; and this inserts into a recipient site 
elsewhere. This mechanism leads to an increase 
in the number of copies of the transposon in the 
genome. It involYes two enzymatic activities: a 
transposase, acting on the ends of the original 
transposon, and resolvase, acting on the dupli­
cated copies. In nonreplicative transposition (2), 
the transposing element itself moves as a 
physical entity directly to another site. 

C. Transposition of retroelements 
Transposition is used by viruses with an RNA 
genome (RNA retroviruses) to insert themselves 

into the host DNA genome (retrotransposition) 
by rew!l'SI! transcription from RNA to DNA (re­
verse transcriptase ). This requires synthesis of 
an RNA copy of the inserted retroelement Ret­
roviruses, including the human immunodefi­
ciency virus (HIV) and RNA tumor viruses, are 
important retroelements. The first step in retro­
transposition is the synthesis of an RNA copy of 
the iruerted retroelement, !Ollowed by reverse 
transcription up to the polyadenylation se­
quence in the 3' long tenninal repeat (LTR). 
Three important classes of mammalian transpo­
sons that unde!iO or have undergone retro­
transposition through an RNA intermediary are 
shown. Endogenous retroviruses (1) are sequen­
ces that resemble retroviruses but cannot inrect 
new cells and are restricted to one genome. 
Nonviral retrotransposons (2) lack LTRs and 
usually other parts of retroviruses. Both types 
contain reverse transcriptase and are therefore 
capable of independent transposition. Processed 
pseudogenes (3) or retropseudogenes lack re­
verse transcript;ise and cannot transpose inde­
pendently. They contain two groups: (I) low 
copy number of J>fD<ESsed pseudogencs tran­
scribed by RNA polymerase II and (ii) high 
copy number of mammalian SINE sequences, 
such as human Alu and the mouse Bl repeat 
families. One in 600 mutations is estimated to 
arise from retrotransposon-mediated insertion. 

Medical relevance 

Transposition may be the cause of structural 
disease-causing changes in a gene. 

Further Reading 
Brown TA. Genomes. 3rd ed. New York, NY: Garland 

Science, 2007 
Krebs JE, et al Lewin's Genes XL Sudbury: Bartlett • 

Jone_,, 2013 
LDdish If, et al. Molecu!M Cell Biology. 8th ed. New 

York, NY: W. H. Freel!WI, 2016 
Mils Rf. l!t al Wl9dl transposable~ are actlYe 

in !Ill! hmnan gmcme7 Tmlds Genet 2007; 23(4): 
183- 191 

Prak Fl', et al. Mobile elements and the human 
gerunne. Nat Rev Genet 2000; 1(2): 134-144 

Reilly MT, et al. The role of tr.msponble elenumts in 
health and disease_, of the central nervous system. 
J Neuroscl2013; 33(45): 17577-17586 

Strachan T, Rrad A. Hwnan Molecular Genetics. 4th 
ed. New York, NY: Garland Science, 2011 
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Trlnucleotlde Repeat Expansion 
Short nucleotide repeats m;iy expand abnor­
lllillly and cause a variety of different diseases, 
Dlilinly of the nervous system. They constitute 
a new cliiss of mutations discovered in 1991. 
These are pathogenic micro.sarellite variants 
that may become unstable (unstable muta­
tions). The human genome contains numerous 
short tandem repeats of three nucleotides (tri­
nucleotides or triplets) or more. If expanded 
abnormally within or near certain genes, they 
interfere with gene expression ( trinucltoticle 
expansion disordtrs). Normally, triplets usually 
occur in groups of 5 to 35 repeats. but this 
varies depending on the site. Although usually 
transmitted stably, they can become unstable 
and expand to pathological lengths. Once the 
normal length has expanded, the number of 
repeats tends to increase when passed through 
the germline. This causes an earlier onset of 
the disease than in the preceding generations, 
an observation called anticipation. 

A. Different types of trinucleotlde 
repeats and their expansions 
Trinudeotide repeats can be distinguished ac­
cording to their location with respect to a gene. 
Very long expansions occur in introns (1 ). The 
increase in the number of these repeats can be 
drastic, up to 1,000 or more repeats. The fU"St 
stages of expansion do not usually lead to clin­
ical signs, but predispose to increasing expilD­

sion of the repeat in the offspring of a carrier 
(premutation). Within the coding regions, in 
exons, expansions are more moderall! (2). How­
ever, their effect is dramatic, as seen in several 
severe neurologic diseases, because they result 
in expiiDded glutamine (CAG) tracts. 

B. Unstable trfnudeotlde repeats In 
different diseases 
Disorders caused by pathological expansion of 
trinucleotide repeats are classified acrording to 
the type of trinucleotide repeat, that is, the 
sequence of the three nucleotides, their loca­
tion with respect to the gene involved, and 
their clinical features. All involve the central 
or the peripheral nervous system. fype 1 trinu­
cleotide diseases are characterized by CAG 
trinucleotide expansions within the coding 
regions of different genes. The triplet CAG 

encoding glutamine usually has approximately 
20 CAG repeats. Thus, approximately 20 gluta­
mine residues occur in the gene product. In the 
disease stall!, the number of glutamine resi­
dues is greatly increased in the protein. 
Hence, the diseases are collectively referred to 
as polyglut:amine disorders. 
fype II trinucleotide diseases are characterized 
by expansions of CTG, GAA, GCC. or CGG trinu­
cleotides within a noncoding region of the 
gene involved at the 5' lITR (untranslated re­
gion of exon 1 [CGG in fragile X syndrome type 
A, FRAXA]), at the 3' end (CGG in FRAXE; CTG 
in myotonic dystrophy), or in an intron (GAA 
in Friedreich ataxia). A brief review of these 
disorders is given on page 364. 

C. Principle of laboratory diagnosis 
The laboratory diagnosis compares the sizes of 
the trinucleotide repeats in the two alleles of 
the gene by Southern blot hybridization (see p. 
70). The schematic figure shows 11 lanes, each 
representing one individual: normal controls 
(lanes 1-3) and patients with Huntington 
chorea (lanes 4-7 and 10). A family is repre­
sented in lanes 7-11: an affected father (lane 
7). an affected son (lane 10), an unaffected 
mother (lane 11 ), and two unaffected children 
(a son, lane 8; and a daughter, lane 9). Size 
markers are shown at the left. Each lane rep­
resents a polyacrylamide gel, and the (CAG) 
repeat of the Huntington locus amplified by 
polymerase chain reaction is shown as a band 
of defined size. The two alleles are shown for 
each individual In the affected individuals, the 
band representing the abnormal allele is 
located above the threshold in the expanded 
region (in practice, the bands may be blurred 
because the exact repeat size varies in DNA 
from different cells). 

Further Reading 
Antonaralds SE, et al Expansion/copy number varia­

tion of trinucleotide (and other) repeat sequences. 
In: Rimoin DI., et al., eds. Emery and Rimoin's Prin­
ciples and Practice of Medical Genetics. 6th ed. 
New York, NY: Elsevier, 2013: 8-9 (e-book) 

Orr Hr, et al. Trinucleotide repeat disorders. Annu 
Rev Neurosci 2007; 30: 575-621 

Strachan T, et al Genetics and Genomlcs in Medicine. 
New Yorlc, NY: Garland Science, 2015 
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Cell Communication 
Multicellular organisms use extensive systems 
by which cells communicate through a vast va­
riety of extracellular signal proteins that medi­
ate specific intra-cell responses, some over a 
long distance. These proteins include extracel­
lular signal molecules, cell surface receptors, 
intracellular receptors, and intracellular signal 
molecules that transmit signals. These regulate 
growth (e.g., embryonic development), cell dif­
rerentiation into one of the approximati:ly 200 
different cell types, the cell cycle, and other 
cellular functions. 

A. Principle of signal transduction 
The transduction of a signal elicits a cell­
spedlic effect. This involves several types of 
interacting proteins. A cell membrane-bound 
receptor, consisting of an extracellular and an 
intracellular portion (called domains), re­
sponds to a signal molecule. The specificity of 
the response is achieved by the binding of spe­
cific signal molecule (called a ligand) to the 
extracellular domain of the receptor. This, in 
turn, activates a series of further signaling pro­
teins downstream. Generally, one activated 
protein activates the next by a specific bio­
chemical reaction, called a si&J!oling cascade. 
Only two are shown here (designated signaling 
proteins 1 and 2), but quite often many more 
are involved. The final steps of a signaling cascade 
reach the target protein and elicit the desired 
cellular response. Extracellular signal molecules 
typically act at very low concentrations, at ap­
proximati:ly t o-8 molar concentration. 

B. Slgnallng between cells 
Different types of cell signals exist Often they 
furm a signal pathway that transmits the signal 
through several relays to the target A signal 
molecule may remain attached to the surface 
of the signaling cell when binding to the target 
cell (1 , contact-dependent signoli~. This type 
of signaling is common in embryonic develop­
ment and in the immune system. In (2). para­
crine si&J!oling, the signal molecule is secreted 
and released into the extracellular space. Here 
it acts over a short distance on cells in the neigh­
borltood. Many growth and differentiation 
!actors act in this manner. Some important 
long-distance signaling is mediated through 
hormones in the blood circulation (3, endocrine 

signllling). In this type of signaling, specialized 
cells, called endocrine cells, secrete a substance, 
called a honnone, into the bloodstream. From 
there, it can reach the target cells at a distance 
in another part of the body. Synaplic signaling 
refers to nerve cells or the junction of nerve and 
muscle cells (4). In this case, a specialized cell. a 
nerve cell (neuron), sends electrical impulses 
along a cellular exti:nsion, the wean, which can 
be quite long. At the end of the ilXllll, a chemical 
signal, called a neurotransmitter; is secreted at 
the junction (the synapse) between the signal­
ing cell (the neuron) and the postsynaptic target 
cell In some cases, the same types of signaling 
molecules are used in paracrine, endocrine, and 
synaptic signaling. but in different contexts of 
selectivity. (Figure adapted from Lodish et al, 
2016.) 
The term honnone is derived from the Greek 
word honnon, meaning to 'spur on'. It was first 
used in 1904 by William Bayliss and Ernest 
Starling to describe the action of a secreted 
molecule. Five major classes of hormones can 
be defmed: (i) amino acid derivatives (e.g., cat­
echolamine, dopamine, thyroxine), (ii) small 
neuropeptides (e.g., thyrotropin-releasing hor­
mone, somatostatin, vasopressin), (iii) proteins 
(e.g., insulin, luteinizing hormone), (iv) steroid 
hormones derived from cholesterol (e.g., corti­
sol, sex hormones), and (v) vitamin derivatives 
(e.g., retinoids [vitamin Al, peptide growth 
hormones). 

Medlul relevance 
Mutations in the genes encoding proteins in­
volved in signal transduction cause a vast array 
of different human genetic disorders. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
JamesonJL Principles of endocrinology. In: Longo DI., 

et al, eds. Harrison's Principles of Internal Medi­
cine. 18th ed. New York. NY: McGraw-Hill, 2012: 
2866-2875 

Lodish H, et al. Molecular Cell Biology. 8th ed. New 
York, NY: W. H. Freeman, 2016 



Signal 
molecule 

Extracellular 
receptor 

c.e1 
membrane 

Cell Communication 87 

Slgnaltransductlon 0 
Intracellular 
part of I/] 
receplDr (/. 

c::::> • c::::> 0 c::::> 0 

Other proteins, 
target proteins 

Gene 
regulatory 
protein 

Intracellular 
signaling 
protein 1 

Intracellular <0.. . 
signaling )J 
protein 2 0 Enzyme 

A. Prindple of signal transduction 

1. Contact-dependent 
signaling 

2. Paracrine signaling 

3. Endocrine signaling 

4. Synaptic signaling 

B. Signaling between cells 

Signal 
-------~ b;,ou~dule 
~ tomembrane 

lQ_____j 
Signaling cell 

Signaling cell 

r=:==l Ho1mone 

~:~:: 
Endocrine cell stream 

0 
Nerve cell 

Axon 

Nairo­
trans­
mltlEr 

0 
Target cell 

0 
Target cell 

0 
Target cell 

Target cell 

-



.. 

88 Eukaryotic Cells 

Haploid and Diploid Yeast Cells 
Budding yeast, the common baker's yeast (Sac­
charomyces etrn'lslae). is an importmt model 
organism that is used widely in genetics. It is 
easy to grow and manipulate. It can differen­
tiate into three distinct ce1l types: two haploid 
and one diploid. It is a single-<:elled eukaryotic 
fungus with a genome of individual linear 
chromosomes enclosed In a nucleus. It con­
tains cytoplasmk organelles such as endoplas­
mic reticulum, Golgi apparatus, mitochondria, 
peroxisomes, and a vacuole analogous to a ly­
sosomc. Approximately 40 different types of 
yeast arc known. Baker's yeast consists of oval 
cells approximately 5 µm in diameter. Under 
good nutritional conditions, a cell can divide 
by budding every 90 minutes. Fission yeast, 
Schizosaccharomyces pombe, has rod-shaped 
cells that divide by elongation at the ends. 
The haploid genome of S. cerevisioe contains 
approximall!ly 6,200 genes in 1A x 101 DNA 
base pairs distributed in 16 chromosomes 
(Coffeau et al., 1996). The genes are involved 
in the following functions: cell structure, 250 
genes (.U:); DNA metabolism, 175 genes (3%); 
transcription and translation, 750 genes (13%); 
energy production and storage, 175 genes 
(3%); biochemical metabolism, 650 genes 
( 11 %); and transport, 250 genes ( 4%). The 
S. etrn'lslae genome is ~compact compared 
with other eukaryotic genomes, with approxi­
mately one gene every 2 kilobasc:s. Nearly half 
of the human proteins known to be defective 
in hereditary disease have amino add similar­
ities to a yeast protein. 

A. Yeast life cycle 
The life cyde of yeast passes through a haploid 
or a diploid phase. Haploid cells of opposite 
types can fuse (mate) to form a diploid cell. 
Haploid cells are ofone of two possible mating 
types, ailed a and a. The mating is mediated 
by a small secreted polypeptide called a phn'­
omone or malill8' factor. A cell-surface receplDr 
recognizes the pheromone secreted by cells of 
the opposite type, that Is, a ce1l rea!ptors bind 
only a factor, and a cell receptors bind only a 
factor. Mating and subsequent mitDtic divi­
sions occur in favorable conditions for growth. 
In starvation conditions, a diploid yeast cell 
undergoes meiosis and forms four haploid 

spores (sporu/alion): two of type a and two of 
type a. 

B. Switch of mating type 
1be switch of mating type (mating-type con­
version) is initiated by a double-strand break 
in the DNA at the MAT locus (recipient) and 
may involve the boundary to either of the 
flanking donor loci (HMR or HM!). This is 
mediated by a HO endonudcasc through site­
specific DNA cleavage. 

C. cassette model for mating-type 
switch 
Mating-type switch is regulated at three gene 
loci near the ccntromerc ( cen) of chromosome 
III of S. cerevisioe. The central locus Is MAT 
(mating-type locus), which Is flanked by led 
HMLa (left) and HMRa (right). Only the MAT 
locus Is active and transcribed Into mRNA. 
Transcription factors regulate other genes re­
sponsible for the a or a phenotype. The HMI.a 
and HMRa loci are repressed (silenced). DNA 
sequences from either the HMI.a or the HMLa 
locus arc transferred into the MAT locus once 
during e.ach cell generation by a specific re­
combination cvc:nt called 1f!J1t amwr.sion. The 
presence of HMRa sequences at the MAT locus 
determines the phenotype of the a cell When 
HMLa sequences ;ire transferred (switched to 
an a cassette). the phenotype Is switched to a. 
A gene is repressed when it Is placed near the 
yeast mating-type sllencer. 

Further Reading 
Albert! B, & al. Molecular Biology of the Cell 6th ed. 
N- York. NY: Garland Science, 2015 

Bots~ D, et al. Yeast as a model organism. Science 
1997; 277(5330): 1259-1260 

Brown TA. Genomes. 3rd ed. N- York. NY: Garland 
Science, 2007 

Goft'eau A. & al. Ufe with 6000 1enes. Sdencc 1996; 
274(5287): 546, 563-567 

Haber JE. A locus control rrgion recuJates yeast re­
combiMtion. Trends Genet 1998; 14(8): 317-321 

Lewin B. <luomosomes IX. Sudbury: Bartlett Ii Jones, 
2008 

Lodlsh H, et al. Molecular Cell Biology. 8th ed. New 
York, NY: W. H. Fl'ecnwl, 2016 
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Cell Cycle Control 
Cell division results in two identical daughter 
cells with an identical set of chromosomes. The 
cell cycle, as first defined by Howard and Pelc 
in 1953, has two main phases: interphase and 
mitosis. An elaborate set of controlling macro­
molecules guides the cell through its cycle. 
Here, control systems can detect and eliminate 
errors, and abandon defective cells. 

A. Yeast cells 
.. Eukaryoti: cells have a similar cell cycle and its 

control. Genetic studies in yeast cells have pro­
vided important insights into cell cycle control. 
Bilker's yeast (Saccharomyces cerevisiae) and 
fission yeast (Schizasaccharomyces pombe) 
have cell cycle control mechanisms that are 
similar to those of higher eukaryotes. 

B. Cell division cyde models in yeast 
Mitotic division in budding yeast (baker's 
yeast) results in one large and one small 
daughter cell. Since a microtubule mitotic spin­
dle forms very early during the S phase, there 
is practically no Gi phase (1 ). In contrast, fis­
sion yeilSt (S. pombe) forms a mitotic spindle at 
the end of the Gi phase and then proceeds to 
mitosis to form two daughter cells of equal size 
(2). Unlike in vertebrate cells, the nuclear en­
velope remains intact during mitosis. An im­
portant regulator of yeast cell division is cdc2 
(cell division cycle 2) protein. The absence of 
cdc2 activity (cdc2 mutants) in S. pombe re­
sults in cycle delay and prevents entry into 
mitosis (3). Thus, the result is a cell that is 
too large and only hilS one nucleus. IncreilSed 
activity of cdc2 {dominant mutant ctfcD) results 
in premature mitosis and cells that are too 
small (wee phenotype, from the Scottish 
word for small). 

C. Cell cyde control systems 
The cell cycle is marked by four phases, G1, M, 
S, and (q. Gt (gapl) is followed by M (mitosis) 
wherein S (synthesis of DNA occurs). When 
mitosis is completed the cell reaches Gi. G1, S, 
and Gi are the interphase. Several different 
proteins and growth factors initiate cell divi­
sion. Other systems detect DNA or cell damage 
and induce various repair systems (see p. 80). 
The eukilryotic cell cycie is driven by cell cycle 
"engines,• which are a set of interacting proteins 

known ilS the cyclin-dependent kinases (c.dks). 
An important member of this family of proll!ins 
is cdc2 (also called Cdkl ). Cell cycle arrest is 
initiated by a variety of genes after DNA damage 
has been detected. The p53 protein (seep. 318) 
plays a leading role in detecting DNA damage 
and subsequent cell cycle arrest 
In early G1 phase, cdc2 is inactive. It is acti­
vated in late Gt by associating with G1 cyclins, 
such as cyclin E. Once the cell has passed the 
Gt checkpoint, cydin E is degraded and the cell 
enters the S phase. This is initiated, among 
many other activities, by cydin A binding to 
Cdk2 and phosphorylation of the retinoblasto­
ma (RB) protein (see p. 326). The cell can pass 
through the mitosis checkpoint provided no 
damage is present Association of Cdc2 (Cdkt) 
with mitotic cyclins A and B activates and 
forms the mitosis-promoting factor. During 
mitosis, cyclins A and B are degraded, and an 
anaphase-promoting complex is formed (de­
tails not shown). When mitosis is completed, 
cdc2 is inactivated by the S phase inhibitor Sicl 
in yeast At the same time, the RB protein is 
dephosphorylated. Cells can progress to the 
next cell cycle stage only when feedback con­
trols have ensured the integrity of the genome. 

Medical relevance 
Murations in one of the many cell cyde control­
ling genes may result in different types of cancer. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

N- York. NY: Garland Science, 2015 
Hartwl!ll IH, Weinert TA. Checlcpoints; centrals th.at 

ensure the order of cell cycle events. Science 1989; 
2-46(4930): 629-034 

Howard A. Pelc s. Synthesis of deoxyribonudeic add 
in normal and irradiared cells and its relation to 
chromosome breakage. Heredity 1953; 6: 261-273 

Lodish H, et al. Molecular Cell Biology. 8th ed. N­
Yorlc, NY: W. H. Freeman, 2016 

Nurse P. A long twentieth century of the cell cycle 
and beyond. Cell 2000; 100(1): 71-78 
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Cell Division: Mitosis 
Mitosis is the process of cell division. This 
tmn, introduced by w. Flemming in 1882, is 
deriVl!d from the Greek word ~ (mites). 
meaning a thread. Threadlike structures in di­
viding cells 'olo'l!re first observed by Flemming in 
1879. In 1884, E. Strasburger coined the terms 
~. metaphase, and anaphase for the dif­
ferent stages of cell division. During mitosis, 
the newly replicated chromosomes are distrib­
uted equally into different parts of a cell and 
then separated into their own cell. This results 
in two genetically identical daughter cells. 

A. Mitosis 
A aill divides in four consecutive phases. In eu­
karyotic cells, eadt aill division begins with a 
phase of DNA synthesis, which lasts approxi­
mately 8 hours (S phasei This is foll<>Wl!d by the 
G;p phase of approximately 4 hours (gap 2) until 
the onset of mitosis (Mi Mitosis in eukaryotic 
cells lasts approximately 1 hour. It follows the 
interphase (G1) of exttemelY variable duration. 
Cells that no longer divide are in the Go ph;ise. 
During the transition from interphase to mito­
sis. the chromosomes bea>me visible as elon­
gated threads: this first phase of mitosis is 
called prophase. The chromosomes contract 
during late prophase to become thicker and 
shorter (chromosomal condensationi In late 
prophase, the nudear membrane disappears 
and metaphase begins. The chromosomes be­
come arranged on the equatorial plate, but 
homologous chromosomes do not pair. In late 
metaphase, during the transition into ana­
phase, the chromosomes divide at the centro­
mere region. The two chromatids of each 
chromosome migrate to opposite poles. and 
telophase begins with the formation of the nu­
dear membranes. Finally, the cytoplasm also 
divides ( cytokinesis ). In early interphase, the 
individual chromosomal structures become 
invisible in the cell nucleus. 

B. Metaphase chromosome 
In 1888, Waldeyl!r CDined the term chromo­
some for the stainable threadlike structures 
visible during mitosis. A metaphase chromo­
some consists of two chromatids (slsttr 
chromatfds) and the centromere, which holds 
them together. The regions ;it both ends of the 
chromosome ;ire the telomeres. The point of 

attachment to the mitotic spindle fibers is the 
kinetochore. 

c. Role al condenslns 
The progressive compaction of chromosomes 
entering mitosis is called chromosome conden­
sation. A mitotic chromosome is ;ipproximately 
50 times shorter during interphase. Theretore. 
it becomes microscopically visible. Oironto­
some condensation is medl;ited by proteins 
called condensins. These consist of five subu­
nits (not shown). Condensins can be visualized 
along a mitotic chromosome. 
When chromosomes are duplicated in S phase, 
the two copies of each chromosome remain 
tightly bound together as sister chromatids. 
They are held together by multiunit proteins 
called cohesins. Cohesins consist of four subu­
nits and are structurally related to condensins. 
They regulate the separation of sister chroma­
tids. Mutations in fission yeilSt cohesins 
interfere with mitosis.) 

Medlcal relevance 
A mutation in any of the five genes encoding 
condensin subunits results in a severe growth 
and malformation syndrome: Roberts syn­
drome (OMIM 268300; Vega et al, 2005). For 
disorders resulting from faulty cohesins, Stt 
p. 246. 

Further Reading 
Alberts B, i:t al. Molecular Biolo1Y or the Cell 6th ed. 

New York. NY: Garland Science, 2015 
Karsenti E, et al The mitotic spind~: a self-made 

machine. Science 2001; 294(5542): 543-547 
Krebs JE, et al l.A?win's Genes XL Sudbury: Bartlett a. 

jonei;, 2013 
Nurse P. The inaedible life and times of biological 

cells. Science 2000; 289(54851: 1711- 1716 
Rieder O. Khodjakov A. Mltmis throulh the micro­

scope: advances in seei111 inside Ii~ dividing cals. 
Science 2003; 300(5616): 91-96 

Tsukahara T, et al. Phosphorylation or the CPC by 
Cdlcl promoll!s chromosome bi-orientation. Nature 
2010; 467(7316): 719- 723 

Uhlmann F. et al. Slster-chromatid separation at ana­
pbase omet is pro!DOled by duvaJe or the cohesin 
subunit Seel. Nat\R 1999; 400(6739): 37-42 

Veg;i H, et al Roberts syndrome Is caused by muta­
tions in ESC02, a human homolog of yeast ECOl 
that is essential for the establishment of sister 
chromlltid mheslon. Nat Genet 2005; 37(5): 468-
470 
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Meiosis In Germ Cells 
Meiosis (derived from µru)(a): to reduce) is ii 

spedi!I type of cell division that in most eukilf­
yotes produces haploid germ cells (eggs ilnd 
sperm cells). This term was introduced by 
Strasburger in 1884 ilnd is derived from a 
Greek word meillling diminution (or matura­
tion division). Meiosis consists of two nuclear 
divisions but only one round of DNA replica­
tion. As a result, the four daughter cells are 
haploid. that is, they contain only one chromo­
some of each pair. 
Meiosis differs fundamentally from mitosis in 
genetic and cytological respects. First, homol­
ogous chromosomes pair ilt prophase of the 
first division. Second, exchanges between ho­
mologous chromosomes (crossiiig-over) occur 
reguliirly. As a result, all new chromosomes 
consist of segments of both maternal ilnd 
paternal origin. The process of creating new 
combinations of genetic information is called 
gmetk recombination. Third, the chromosome 
complement is reduced to half during the first 
cell division, meiosis I. 
Meiosis is ii complex celluli!r and biochemical 
process. The cytologiCillly observable course of 
events and the genetic consequences do not 
correspond exactly in time. A genetic process 
occurring in one phase usually becomes visible 
cytologically at a later phase. 

A. Meiosis I 
A gamete-producing cell goes through two 
cell divisions at meiosis: meiosis I and meiosis 
n. The relevant genetic events-genetic recombi­
nation by means of crossing-over and reduction 
ID the haploid chromosome complement-occur 
in meiosis I. Meiosis begins with DNA replica­
tion. At the beginning of prophase I, the chro­
mosomes are dupliCilted. The pairing allows an 
exchange between homologous chromosomes 
(crossing-over). made possible by juxtaposition­
ing homologous chromatids. At certain sites, a 
chiasma forms. As a result of crossing-over, 
chromosome material of mall!mal and pall!mal 
origin is exchanged between two chromatids of 
homologous chromosomes. AftEr the homolo­
gous chromosomes migrate to opposite poles, 
the cell enters anaphase I. 

B. Meiosis II 
Meiosis II consists of longitudinal division of 
the duplicated chromosomes (chromatids) 
and a further cell division. Each daughter cell 
is hilploid, as it contains one chromosome of a 
pair only. On each chromosome, recombinant 
and nonrecombinant sections Ciln be identi­
fied. The genetic events relevant to these 
changes have occurred in the prophase of 
meiosis I (see next page). 
During meiosis, several meiosis-specific pro­
ll!ins in the cohesion complex ensure correct 
homologous pairing and subsequent separation. 

Medical relevance 
The independent distribution of chromosomes 
(independent assortment) during meiosis ex­
plains the segregiltion (separation or splitting) 
of observable traits according to the rules of 
Mendelidn inheritance (see p. 110). 
Errors in the correct distribution of the 
chromosomes, called nondisjunction, result in 
gametes with an extra chromosome or a chro­
mosome missing, and after fertilization, the 
zygote will have either three homologous 
chromosomes (trisomy) or only one chromo­
some {monosomy) (see chromsomal disorders, 
p. 156, 382). 

Further Reading 
Alberts B, et al, Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
carpenter ATC. Chla.sma function. Cell 1994; 77(7): 

957-962 
Kitajima TS, et al. Distinct cohesin complexes organ­

ize meiotic chromosome domains. Science 2003; 
300(5622): 1152-1155 

Krebs JE, et al Lrwin's Genes XL Sudbury: Bartlett a. 
Jones, 2013 

Moens PB, ed. Meiosis. New York, NY: Academic 
Press. 1987 

Page SL. et al. Chromosome choreography: the mei­
otic ballet Science 2003; 301(5634): 78!>-789 

Petronczki M, et al. Un m&!age 1 quatre: the molec­
ular biology of chromosome segregation in meio­
sis, Cell 2003; 112(4): 423-440 

Whitehouse UIK Towards an Understandlng or the 
Mechanism of Heredity. 3rd ed. London: Edward 
Arnold, 1973 

Zickler D, et al. Meiotic chrolll050mes: integrating 
structure and function. Annu !Irv Genet 1999; 33: 
603-754 
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Meiosis Prophase I 
The decisive cytological and genetic events 
take pbce in the prophase of meiosis I. In 
pro-phase I, exchanges between homologous 
chromosomes occur regularly by crossing­
over. Crossing-over, a term introduced by 
Morgan and cattell in 1912, is an elaborate 
cytological process by which parts of chromo­
somes of maternal and paternal origin 
exchange stretches of DNA. This results in 
new combinations of chromosome segments 
(genetic recombination). 

A. Prophase of meiosis I 
The prophase of meiosis I passes through five 
consecutive stages. The first is the lep!Dlene 
stage. Here the chromosomes fir:st beaime visi­
ble as fine threadliki! structures (only one chro­
mosome pair is shown). Next is zygorene: each 
chromosome is visible as a paired structure, the 
result of DNA replication prior to the beginning 
of prophase. Consequently, each chromosome 
has been duplicated and consists of two identi­
cal chromatids (sister chromatids). These are 
held together at the centromere. Each chrorna­
tid contains a DNA double helix. Two homolo­
gous chromosomes thilt have paired are referred 
to as a bivalent In the pachytme stage, the bi­
valents beaime thickl!r and shorter. In the dip· 
lotene stage, the two homologous chromosomes 
separate but remain attached to each other iii: a 
rew points, each called a chiasma (see next page). 
bl the next phase, dlaldnesis, each of the chromo­
some pair:s has separated further, although they 
still remain attached to each other at the ends. A 
chiasma corresponds to a region at which 
crossing-wer has taken plaa: previously. Ha.v­
evl:l", in liite diakinesis. the chiasmata shift distally, 
called chiasma r.rmninali211tion. The mechanisms 
of meiosis n correspond to those of mitosis. The 
diffi!rent stages cannot be sharply distinguished. 

B. Synaptonemal complex 
The synaptonemal complex, independently ob­
served in spermatocytes by D. Fawcett and 
M. J. Moses in 1956, is a complex structure 
formed during meiotic prophase I. It consists 
of two chromatids (1 and 2) of maternal origin 
(mat) and two chromatids (3 and 4) of paternal 
origin (pat). It initiates chiasma formation and 
is the prerequisite for crossing-over and subse­
quent recombination. Double-strand breaks in 

homologous chromosomes occur prior to for­
mation of the synaptonemal complex. (Figure 
adapted from Alberts et al~ 2015.) 

C. Chiasma fonnation 
Chiasma is the term introduced by F. A. Jans­
sens in 1909 for the cytological manifestation 
of crossing-over during meiotic prophase I. A 
chiasma forms between one chromiltid of a 
chromosome of maternal origin ( chromatids 1 
and 2 in the figure) and one chromatid of a 
chromosome of paternal origin ( chromatids 3 
and 4). Either of the two chromatids of one 
chromosome can cross over with one of the 
chromatids of the homologous chromosome 
(1 and 3, 2 and 4, etc.). 

D. Genetic recombination 
Through crossing-over, new combinations of 
chromosome segments arise (recombination). 
As a result, recombinant and nonrecombinant 
chromosome segments can be differentiated. 
In the figure, the areas A-E (shown in pink) 
of one chromosome and the corresponding 
areas a-e (shown in blue) of the homologous 
chromosome become a-b-C-D-E and A-B-c­
d-e, respectively. 

E. Pachytene and diakinesis under the 
microscope 
Diakinesis under the light microscope (ii) ;md 
pachytene under the electron microscope (b) 
are shown. An extra chromosome 21 (red 
arrow in ii) present in a man with trisomy 
with an unpaired 21. The X and Y chromo­
somes are paired end-to-end (see p. 230). The 
thickl!ned (duplicated) chromosomes and the 
XY bivalent in b are visible. (Photographs pro­
vided by Dr. R. Johannisson, Ulbeck. a from 
Johsnnisson et al, 1983). 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Johannisson R. et al. Down's syndrome in the male. 

Reproductive pathology and meiotic studies. Hum 
Genet 1983; 63(2): 132-138 

Krebs JE, et al I.ewin's Genes XL Sudbury; Bartlett a. 
]One$, 2013 

Miller OJ, Therman E. Human Chromosomes. 4th ed. 
New York, NY: Springer-Verlag, 2001 
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Formation of Gametes 
Gametes (germ cells) are the cells that transmit 
genetic information from one generation to the 
next They are produced in the gonads. In 
felllilles, the process is called oogmesis (forma­
tion of oocytes ), and in males, it is called 
spermatogmesis (formation of spermatozoa). 
Primordial germ cells migrate during early em­
bryonic development from the genital ridge to 
the gonads. Here they increase in number by 
mitotic divisions. The actual formation of germ 
cells (gametDgenesis) begins with meiosis. 
Gametogenesis in males and females differs in 
duration and results. 

A. Spennatogenesis 
Following migration into the embryonic testis, 
germ cells develop into diploid spermatogonia 
and go through mitotic divisions. Primary 
spennatocytes result from the first meiotic di­
vision, beginning at the onset of puberty. At 
the completion of meiosis I, one primary sper­
matocyte gives rise to two secondary sperma­
tocytes. Each has a haploid set of duplicated 
chromosomes. In meiosis n, each secondary 
spermatocyte divides to form two spermatids. 
Thus, one primary spermatocyte forms four 
spermatids, each with a haploid chromosome 
complement The spermatids differentiate 
into mature spermatozoa in approximately 
6 weeks. Male spermatogenesis is a continuous 
process. In human males, the time required for 
a spermatogonium to develop into a sperm cell 
is approximately 90 days. 

B. Oogenesls 
During oogenesis in early embryogenesis, germ 
cells migrate from the genital ridge to the 
ovary form oogonia by repeated mitoses. A pri­
mary oocyte results from the first meiotic di­
vision of ;m oogonium. In hllllliln felllilles, 
meiosis I begins approximately 4 weeks before 
birth. Then meiosis I is arrested in a stage of 
prophase designated dictyotene. The primary 
oocyte persists in this stage until ovulation 
when meiosis I is continued. In primary oo­
cytes, the cytoplasm divides asymmetrically 
in both meiosis I and meiosis II, which results 
in two cells of unequal sizes. The larger will 
form the egg; the smaller cell becomes a 
polar body, not a germ cell. When a secondary 
oocyte divides, one daughter cell becomes an 

oocyte and the other a polar body n. The polar 
bodies degenerate and do not develop. In the 
secondary oocyte, each chromosome still con­
sists of two sister chromatids, which separate 
during meiosis II. At ovulation, the secondary 
oocyte is released from the ovary, and if fertil­
ization occurs, meiosis is then completed. 

Mecllul relevance 
Faulty distribution of the chromosomes (non­
disjunction) during meiosis I or meiosis II is 
the cause of aberrations of the chromosome 
number (seep. 382). 
A polar body mil)' be examined to assess 
whether a genetic abnormality is present in 
the fetus. On rare occasions, a polar body may 
become fertilized. This can give rise to an in­
completely developed twin. 
The mutation rate differs between oogenesis 
and spefllliltogenesis. The difference in time 
in the formation of gametes during oogenesis 
and SPermatogenesis is reflected in the differ­
ence in germline cell divisions. The number of 
cell divisions in spefllliltogenesis and oogene­
sis differs considerably. On average, approxi­
mately 380 chromosome replications take 
place in the progenitor cells of spermatozoa 
by the age of 30 years, and approximately 610 
chromosome replications by the age of 
40 years. Altogether, 25 times more cell divi­
sions occur during spermatogenesis than 
during oogenesis (Crow, 2000). This probably 
accounts for the higher mutation rate in males, 
especially with increased paternal age. In the 
female, an average number of 22 mitotic cell 
divisions occurs before meiosis, resulting in a 
total of 23 chromosome replications. 
Prom a total number of germ cells in the ovary of 
the human fetus at approximately the fifth month 
of 6.8 >< 106, this has been reduced to 2 >< 106 by 
the time of birth and to approximately 200,000 
by puberty. Of these, appraxirnately 400 eventu­
ally go through ovulation. 

Further Reading 
Crow JF. The origins, patterns and implications of 

human spontaneous mutation. Nat Rev Genet 
2000; 1(1 ); 40-47 

Miller OJ, Thennan E. Human Chromosomes. 4th ed. 
New Yorlc, NY: Springer-Verlag, 2001 

Nachman MW, et al Estimate of the mutation ratl! 
per nucleotide in humaru. Genetics 2000; 156(1): 
297-304 
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Programmed Cell Death 
At certilin stages in the development of a mul­
ticellular organism, some cells must die instead 
of ~loping into differentiated cells. This 
process is called apoptosis (programmed cell 
death, derived from the Greek word apo, 
meaning from/off/without, and ptosis, meaning 
fall), il5 suggested by Kerr in 1972. The impor­
tance of this biological phenomenon WilS first 
realized in studies of ii tiny wonn, the soil 
nematode caenorhabditis eleg,uns (see p. 202) . 
Apoptosis is regulated in several apoptosis path­
ways by many proteins, which either induce or 
prevent apoptosis. Apoptosis can be triggered 
from outside the cell ( exninsic piithway) or 
from within the cell (intrinsic pathway). 

A. Importance of apoptosis 
Apoptosis oa:urs IIlilinly during embryonic de­
velopment For example, the digits in the devel­
oping mammalian embryo are sculptured by 
apoptosis (1 ). The paws (hands) start out il5 

spade-like structures. The fonnation of digits re­
quires that cells between them die (here shown 
as bright green dots on the left). More stagger­
ing is the amount of apoptosis in the developing 
vertebrate nervous system. Normally, up to half 
of the nerve cells die soon after they have been 
fonned. In the embryos of mice that lack an 
important gene regulating apoptosis (the gene 
encoding Cilspase 9, see below). neurons prolif­
erall! excessively and the brain protrudes above 
the face (2). (Images from Alberts et al, 2015, 
and Gilbert 81 Barresi, 2016). 

B. Cellular events In apoptosls 
The first visible signs of apoptosis are conden­
sation of chromatin and shrinking of the cell. 
The cell membrane shrivels (membrane 
blebbing), and the cell begins to disintegrate 
(nuclear segmentation, DNA fragmentation). 
Apoptotic bodies of cell remnants form and 
are eliminated by phagocytosis. 

C. Regulation of apoptosis 
Speciillized cysteine-containing i15partilte pro­
teinases, called caspases, activate or inactivate 
each other in ii defined sequence. Binding of a 
ligand, FilS, of a cytotoxic T cell (see section on 
immwie system) to the Fas receptor (also 
called CD95) activates the intracellular adaptor 
protein FADD (Fas-associated death domain). 

This binds to and activates procaspase 8 into 
active caspase 8. Ciispase 8 Ciluses relei15e of 
cytochrome c in mitDchondriil (see p. 232) and 
activates several different effector CilspilSes. 
The mouse and human genomes contain 13 
CilSJ>ilSe genes (1-12). Human caspases 3 and 
6 to 1 o are involved in apoptosis; the others 
are involved in inflammation. Caspase 8 also 
serves as a selective signal transducer for nu­
clear factor kappa B during the early genetic 
response to an antigen. Other regulators of 
apoptosis are members of the Bcl-2 family. 

Medical relevance 
Mutations in genes encoding inhibitors of 
apoptosis or apoptosis-inducing factors Ciluse 
several different types of tumors (see "apcpto­
sis" in OMIM). for example, B-cell lymphoma 
(OMIM 151430) Cilused by a defective bcl pro­
tein due to ii mutation in the BCl2 gene. 

Further Reading 
Albertll B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY; Garland Science, 2015 
Danial NN. Korsmyer SJ. Cell death: citical control 

points. Cell 2004; 116(2): 205-219 
Gilbert SF, Barresi MJF. Developmental Biology. 11th 

ed. Sunderland, MA: Sinauer, 2016 
Hengartner MO. The biochemistry of apoptosis. 

Nature 2000; 407(6805): 770-776 
Hotchkiss RS, et al. Cell death. N Engl J Med 2009; 

361(16); 1570-1583 
Kerr JF, et al. Apoptosis; a basic biological phenom­

enon with wide-ranging implications in tissue 
kinetics. Br J Cancer 1972; 26(4): 239-257 

Koolman J, Roelun KH. Color Atlas of Biochemistry. 
2nd ed. Stuttgart: Thieme, 2005 

Kuida K, et al. ~duced apoptosis and cytochrome 
c-mediated caspase activation in mice lacking 
caspase 9. Cell 1998; 94(3): 325-337 

Nagata S. DNA degradation in development and pro­
grammed cell death. Annu ~ lmmunol 2005; 23: 
853-875 

Su H, et al. ~uirement for caspase-8 in NF-lcappaB 
activation by antigen receptor. Science 2005; 307 
(5714): 1465-1468 
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Cultured Cells 
Cells of animals and plants can live and multi­
ply outside the body in a cell culture. This usu­
ally represents an undifferentiated cell type, 
fibroblilSts. These can be grown into colonies 
of identica.I cells (cell cloning) ilS a source of 
homogeneous cells. This allows experimental 
manipulations that are not feasible in living 
organisms. Use of cell cultures began in 1940 
when W. Earle established a permanent mouse 
cell strain, and T. T. Puck and coworkers grew 
dones of human cells in vitro. In 1965, this led 
to the development of somatic cell genetics. 
CUitured cells in vitro have a finite life span ilS 

cells in vivo, ilS outlined in Genetic Background 
of Aging Processes earlier (seep 34). 

A. Skin fibroblast culture 
A typical cell culture requires a dish with me­
dium at 37"C containing vitamins, sugar, serum 
(containing numerous growth factors and hor­
mones), the nine essential amino adds for ver­
tebrates, and usually glutamine and cysteine. 
The predominant cell type that grows from a 
piece of mammalian tissue in culture is the 
fibroblilSt. To initiate a culture, a small piece 
of skin (2 x 4 mm) is obtained in sterile con­
ditions and cut into smaller pieces, which are 
placed in a culture dish where they attach to 
the bottom (adhesion culture). After about 8-
14 days, cells grow out and form a monolayer. 
They stop dividing because of contact inhibi­
tion (this is lost in tumor cells). When trans­
ferred intn new culture vessels (subcultures), 
the cells will resume growing until they again 
become confluent. With a series of subcul­
tures, several million cells can be obtained for 
a given study. Cultured cells are highly sensi­
tive to increased temperature and do not sur­
vive above approximately 39•c, whereas in 
special conditions, they can be stored alive in 
vials kept in liquid nitrogen at -196°C. They 
can be thawed after many years, or even 
decades, and cultured again. 

B. Hybrid cells 
Cells in culture can be induced tn fuse by ex­
posure to polyethylene glycol or Sendai virus. If 
parental cells from different species are fused, 
interspedfic (from different animal species) 
hybrid cells can be derived. The hybrid cells 
can be distinguished from the parental cells 

by using parental cells deficient in thymidine 
kinase (TK-) or hypoxanthine phosphoribosyl­
transft!rilSe (HPRT-). When cell cultures of pa­
rental type A (TIC-, 1) and type B (HPKT", 2) are 
cultured tngether (cocultivation, 3), some cells 
fuse (4). In a selective medium containing hy­
poxanthine, aminopterin, and thymidine (HAT 
medium; Littlefield. 1964), only fused cells 
with a nucleus from each of the parental cells 
(1 and :Z) can grow. Cells that have not fused 
cannot grow in HAT medium (5). The reason 
for this is that TIC- cells cannot synthesize thy­
midine monophosphate; HPRT- cells cannot 
synthesize purine nucleoside monophosphates. 
The fused cells complement each other. The two 
nuclei of fused cells (heterokaryon) will also 
fuse (6). This forms a hybrid cell (7). These can 
be propatared in a culture for further study (8). 
Studies of hybrid cells have yielded genetic in­
sights intn cell functions, which would not have 
been available otherwise. 

C. Radiation hybrids 
Human chromosome fragments (1) obtained 
from irradiated cells with lethal roentgen doses 
of3 to 8 Gy were fused with rodent cells amtain­
ing intact chromosomes (2~ Some human chro­
mosome fragments will be integrated into the 
rodent chromosomes (3~ Those cells that amtain 
human DNA can be identified by human chromo­
some-specific probes afu!r culture in a selective 
medium. A random selection of human DNA frag­
ments contained in a radiation hybrid panel was 
used to construct long-range maps of chromo­
somes. 

Further Reading 
Alberts B, et al, Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Hayflick L Mortality and immorW!ty at the cellular 

level. A review. Biochemistry (Mose) 1997; 62(11): 
1180-1190 

llttlefield JW Selection of hybdrids from matings of 
fibroblasts in vitro and their presumed recombi­
nants. Science 1964; 145(3633): 709-710 

Lodish H, et al. Molecular Cell Biology. 8th ed. New 
Yorlc, NY: W. H. Freeman, 2016 

McCilrthy LC. Whole genome radiation hybrid 
mapping. lrends Genet1996; 12(12): 491-493 
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The Mendelian Traits 
The scientific foundation for the rules under­
lying inheritance was laid in 1865 by the Au­
gustinian monk Gregor Mendel. He presented 
remarkable observations at the Naturgeschicht­
liche Vereinigung von Brilnn (The Natural His­
tnry Society ofBrUnn/Brno). published in 1866. 
In his work. entitled versuche llber Pjlanzenhy­
briden (Experiments with Hybrid Plants), Men­
del observed that certain traits in the garden 
pea (Pisum satlvum) are inherited aa:arding to 
regular patterns ;md independently of one an­
other. It was not until 1900 that H. de Vries, C. 
Correns, and E. Tschermak independently recog­
nized the importance of Mendel's disaivery fur 
biology. 

A. The pea plant (Pfsum satiwm) 

The garden pea normally reproduces by self­
fertilization. Pollen from the anther falls onto 
the stigma of the same blossom. However, one 
can easily cross-fertilize (cross-pollinate) pea 
plants. The plant (left) consists of a stem. 
leaves, blossoms, and seedpods. In the blossom 
(right). the female and male reproductive or­
gans are visible. The female pistil comprises 
stigma, style, and ovule. The male organ is 
the stamen, comprising the anther and fila­
ment For cross-fertilization, Mendel opened a 
blossom and removed the anther to avoid self­
fertilization. Then he transferred pollen from 
another plant to the receptive stigma directly. 

B. The traits observed by Mendel 

Mendel observed seven characteristic traits: 
height of the plants (lil). location of the blos­
soms on the stem of the plant (2i1). the color of 
the pods (3). the furm of the pods ( 4 ), the form 
of the seeds (5). the color of the seeds (&). and 
the color of the seed coat (7). These traits were 
transmitted in defined proportions to the next 
plant generation. 

Deviations from the Mendelian pattern 
of Inheritance 
Mendelian traits can deviate from the propor­
tions described on the next page. Epistasis is a 
nonreciprocal interaction between nonallelic 
genes. As a result, the effect of one gene masks 
the expression of alleles of another gene. In 
1902, W . Bateson described this phenomenon 

in the reressiVl! gene apterous ( ap) in Drosophila. 
Homozygotes are wingless, but, in addition, 
other genes affi!cting wing morphology, sudt 
as curled wing, are masked (the ap gene is 
epistatic to curled wing). The Bombay blood 
group is another example (Bhende et al., 1952; 
Race and Sanger, 1975). 
Meiotic drive refers to the preferential trans­
mission of one allele over others. As a result. 
one trait occurs in offspring much more fre­
quently than others. Striking examples are the 
t complex of the mouse (-99% instead of 50% of 
offspring of heterozygous t/+ male mice are 
also hell!rozygous) and segregation disorder 
in Drosophila. 
Genomic imprinting (see p. 182) is a further 
cause of deviation from the Mendelian pattern 
of inheritance. 

Medical relevance 

Several thousands of human diseases or their 
disposition for occurrence are transmitted by 
the Mendelian rules of inheritance described 
on the following pages. 

Further Reading 
Bhende YM, et al A "new" blood group character 

related to the ABO sYStem. Lancet 1952; 1(6714): 
903-904 

Brink RA, Styles ED. Heritage from Mendel Madison, 
WI: Unilrersity of Wisconsin Press, 1967 

Corms AF, Monaghan FV. Gregor Mend~'s Experi­
ments on Pl.ant Hybrids. New Brunswick, NJ: Rutg­
ers University Press. 1993 

Griffith i\IF, et al An Introduction to Genetic Analy­
sis. 10th ed. New York, NY: W. H. Freeman, 2015 

Mendel G. Versuche iiber P!lanzeneybriden. Vern 
naturf Ver Brilnn 1866; 4: 3-47 

Race RR. Sanger R. Blood Groups in Man. 6th ed. Ox­
ford: Blackwel~ 1975 

Vogel F, Motulsky AG. Human Genetics. Problems and 
Approaches. 3rd ed. Heidelberg: Springer-Verlag, 
1997 

Weiling F. johann Gregor Mendel: Der Mensch und 
Forscher. II Teil. Der Abl.auf der Pisum Versuche 
nach der Darstellung. Med Genetik 1993; 2: 208-
222 
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Transmission to the Next Generation 
Mendel observed that the traits of the pea 
plant (Pisum satfvum) (desaibed on the 
previous page) were transmitted to the next 
generation acmrding to a defined pattem 
They reappeared in the next generation in cer­
tain ratios (genetic segregation). He provided a 
meaningful biological interpretation, later 
called Mmdel's laws a/inheritance. 

A. Segregation cf dominant and 
recessive traits 
Mendel crossed plants of the parental genera­
tion P with seeds with different shapes (smooth 
or wrinkled) and colors (yellow or green). He 
observed that In the first filial (daughter) gener­
ation, F1. all seeds were smooth and yellow. In 
the next generation, F2, which arose by self-fer­
tilization, the traits observed in the P generation 
(smooth. wrinkled, green and yellow) reap­
peaml. Among 7,324 seeds of one experiment, 
5,474 were smooth and 1.850 were wrinkled. In 
the seeds with different colors (green versus 
yellow~ in a tutal of 8,023 seeds of the F2 gen­
eration, 6,022 Wt!re yellow and 2,001 green. In 
both cases, this mrresponded to a rado of 3:1. 
The only traits, round and yellow, which Men­
del observed in the F1 generation, he called 
dominant. The traits that did not appear in 
the F1 generation (wrinkled or green) he called 
recessive. His observation that a dominant and 
a recessive pair of traits occurring (segregat­
ing) in the F2 generation in the ratio 3: 1 is 
lcnawn ilS the first law of Mendel. 

B. Backcross of an F1 hybrid with a 
parent plant 
When Mendel bilckcrossed the F1 plant round 
with a pilrent plant wrinkled, the recessive 
trait (1), both traits ocCWTed in the next 
generation in a ratio of t :1 (106 round and 
102 wrinkled). This Is called the second law of 
Mmdel. 
The interpretation of this experiment (2) was 
that the F1 plant (round) contains two traits: 
one for round (R. dominant over wrinkled, r) 
and one for wrinkled (r, recessive to round. R). 
This plant is htierozygous (Rr) and therefore 
can form two types of g;imetes (Rand r). 
In contrast, the other plant is homozygous (rr) 
for wrinkled (r). It can form only one type of 
gamete (r, wrinkled). Half of the offspring of 

the heterozygous plant receive the dominant 
trait (R. round), and the other half the recessive 
trait (r, wrinkled). The resulting traits R and r 
were distributed in a ratio of 1:1, or~ each. 
The observed trait is called the phmo(ype (the 
observed appearance of a particular characteris­
tic). 1be mmposition of the two factors (genes) R 
and r. (Rr) or (rr), is called the JmO(ypt. The alti:r­
nativie forms of a trait (here, round and wrinkled) 
are called alleles. They are the result of differrm 
genetic inilrrnation at one given gene torus. 
If the alleles are different, the genotype is het­
erozygous; if they are the same, It is homozy­
gous (this statement is always In reference to a 
single, given gene locus). 
The numbers representing the ratios given in 
part A have been subject of a controversy 
raised by the famous statistician and geneticist 
Sir Ronald Fisher. He suggested in 1936 that 
Mendel's experimental results were too close 
ID be expected when considerina statistical fluc­
tuations. Fisher raised the question whether 
Mendel might have introducrd a hiils in f;iwr 
of the ratios he observed, at least unconsciously. 
Pires and Branco provided ii statistical model 
that could explain the sitlliltion without assum­
ing that Mendel changed his data In an unac­
aptable way. 

Further Reading 
Brink RA, Style; ED. Heritaie from Menck!l M~son. 

WI: University of Wisconsin Press, 1967 
Corms AF, Monaghan FV. Gregor Mendel's Experi­

ments on Plant Hybrids. New Brunswick, NJ: Rutg­
ers University Press, 1993 

Fisher RA Has Mendel's work been ~7 
Ann Sci 1936; 1(2): 115-137 

Griffith AJF, Wessler SR, carroll SB, Doebley JF. An 
Introduction to Genetic Analysis. 10th ed. New 
York. NY: W. H. Freeman, 2015 

Mendel G. Versuche Qber Pnanunhybriden. Verb na­
turf Ver BrQnn 1866; 4 : 3-47 

Pires AM. Branco JA A st.ttistical model to expJ.;Un 
the Mendel-Fisher amtroveny. Stat Sci 2010; 25 
(4): 545-565 

Vogel F, Motulsky N:,. Human Genet:la. Problems and 
Approaches. 3rd ed. Hl!idelberg: Springer-Verlag. 
1997 
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Independent Distribution 
In a further experiment, Mendel obscm:d that 
the two different traits (rowid/wrinlded and 
yellow/green) are inherited Independently of 
each other. Each pair of traits showed the same 
3:1 distribution of the dominant over the re<Es­
sive trait In the F2 generation as he had 
observed previously. The segregation of two 
pairs of traits again occurred In defined ratios. 

A. Independent distribution of two 
traits 
When Mendel aussed plants with round and 
yellow seeds with plants with wrinkled and 
green seeds, only round and yellow seeds 
showed up in the F1 generation. Of 556 plants 
In the ~ generation, the two pairs of traits 
occurred in the fullowing distribution: 315 
seeds yellow and round, 108 seeds yellow and 
wrinkled, 101 seeds green and round, and 32 
seeds green and wrinkled. This corresponds to 
a segregation ratio of 9:3:3:1. This is referred 
to as the lhird Mtndelian law. 

B. Interpretation of the obserwtlons 

Mendel's observations can be sununarized as 
follows. If we assign the capital letter G to the 
dominant gene yellow, a lowercase g to the re­
cessive gene grttn, the capital letter R to the 
dominant gene round, and a lowercase r to the 
recessive gene wrinkled, the following nine gen­
otypes of these two traits can occur: CCRR. 
GGRr, GgRR. GgRr (all yellow and round); GCrr, 
Ggrr (yellow and wrinkled); ggRR, ggRr (&Tern 
and round); and ggrr (&Tern and wrinlcled). The 
distribution of the traits shown In A is the result 
of the formation of gametes of dilferent types, 
that is, depending on which of the genes they 
contain. 
The ratio of the dominant t rait yellow (C) to 
the recessive trait green (g) is 12:4. that is, 3:1. 
Also, the ratio of dominant round (R) to 
wrinkled (r) seeds is 12:4, that is, 3:1. 
The results can be visualized In a diagram 
called the Plmnett square. This Is a checker­
board way of determining the types of zygotes 
produced when two gametes with a defined 
genotype fuse. It WilS first published in a book 
entitled Mendelism in its second edition by 
R.C. Punnett In 1907. 

This square shows the nine different genotypes 
that can be formed in the zygote after fertiliza­
tion. Altogether, there are 9/16 yellow round 
seeds (CRCR, GR<;r, Cr<;R, GRgR, gRCR, GRgr, 
CrgR, gRCr, grGR), 3/16 green round (gRgR, 
gRgr, grgR), 3/16 yellow wrinkled (CrCr, Crgr, 
grCr), and 1/16 green wrinkled seeds (grgr). 
Each of the two traits {dominant yellow versus 
recessive green, or dominant round versus re­
cessive wrinkled) occurs In a 3:1 ratio {domi­
nant versus recessive). 
Mendel's obscl'Viltions differed fundamentally 
from all othet" 19th-century atll!mpts ID undet"­
stand heredity. First, Mendel simplified the ex­
perimental approach by selecting traits that 
could be easily observed; sea>nd, he assessed 
the pattern of transmission from one generation 
ID the next quantitatively; and, third, he pro­
vided a biologically meaningful interpretation 
by noting that each pair of traits was Inherited 
independently of the other pairs of traits in 
predictable pattern. This fundamentally new in­
sight into the process of heredity and its signifi­
cance was not recognized until 1900. Then three 
scientists, Hugo de Vries (Amsterdam). EridJ 
Tsdiennak (Vienna) and Carl Correns (Tilbin­
gen). independently reaignized the fundamen­
tal nature of Mendel's work. 
Today we know that genetically determined 
traits are Independently inherited (segrega­
tion) only when they are located on different 
chromosomes or are far enough apart on the 
same chromosome to be separated each time 
by rea>mbination. Otherwise they might stay 
together (see linkage, p. 116). 

Further Reading 
Brink RA, Styles ED. Heritage from Mendel Madlson, 

WI; UnivenltyofWisconsin Press, 1967 
Edwards AW. Punnett's square. Stud Hist Philos Biol 

Biomecl Sd 2012; 43: 219-224 
Criflitlt AJF, Wessler SR, Carroll SB, Doebley JF. An 

Introduction IX> Gendic Analysis. 10th ed. New 
Yorlc, NY: W. H. Frttman, 2015 

Mendel G. Venuche Ober PO.anzenhybriden. Verb na­
turf Ver Brllnn 1866; 4 : 3-47 

Punnett RC. Mendelism. 2nd ed. cambridge, MA: 
BcrM!s a. Bowes, 1907 

Vogel F, Motulsky AC. Hul!Wl Genetics. Problems and 
Approaches. 3rd ed. Heidelberg: Springer-Ver\aii, 
1997 
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Phenotype and Genotype: 
Application in Genetic Counseling 
Mendel's observations are directly applied 
when assessiiq: a possible risk for the occur­
rence of an inherited human diseilSC in a fam­
ily during genetic counseling. In doing so, one 
examines the genetic relationship of individu­
als presented in a pedigree (pedigree analysis i 
An obsel'Yl!d phenotype could be a disease, a 
blood group, a protein variant, a laboratmy 
result, or any other attribute determined by 
observation. 

.. A. Symbols In a pedigree drawing 
The symbols shown here represent a common 
way of drawing a pedigree in a family. Usually, 
this should include at least three generations. 
Only two are shown here. Males arc shown as 
squares, females as circles. Individuals of un­
known sex (e.g. because of inadequate infor­
mation) are shown as diamonds. In medical 
genetics, the degree of reliability In detennin­
ing the phenotype, lbr example, the pll!5ence 
or absence of a disease, should be stated. In 
each case, it must be stated which phenotype 
(e.g., which disease) is being de.alt with. Estab­
lished diagnoses (data complete), possible di­
agnoses (data incomplete), and questionable 
diagnoses (statements or data dubious) should 
be diffcrcntiatl:d. 

B. Cenotype and phenotype 
The definitions of genotype and phenotype 
refer to a given gene locus. Different forms of 
genetic information at one and the same gene 
locus are called alleles. In diploid organisms­
all animals and many plants-there are three 
possible genotypes with respect to two alleles 
at any one locus: (i) homozygous for two iden­
tical alleles, (ii) heterozygous for the two differ­
ent alldes, and (iii) homozygous li>r the other 
two identical alleles. 
If they can be recognized in the heterozygous 
state, they are called dominant. If they can be 
recognized in the homozygous state only, they 
are recessive. If the two alleles can both be rec­
ognized in the heterozygous state, they are 
designated codominant (e.g., the alleles A and 
B of the blood group system ABO: O is recessive to 
A and B~ The concept5 dominant and reassive 

are attributes of the aa:uracy in observation and 
do not apply at the molecular levl!L 

Medical relevance 
The Mendelian pattern of inheritance provides 
the foundation for genetic counseling of pa­
tients with monogenic diseases. Cl!netic coun­
seling is a communication process relating to 
all aspects related to the occurrence of a genet­
ic disorder, in particular the diagnosis and 
assessment of the potential occurrence of a ge­
netically determined diSCilSC in a family and in 
more distant relatives. The individual affected 
with a disease, who first attracted attention to 
a particular pedigree, is called the index patient 
(or proposita if female, propositus if male). The 
person who seeks information is called the 
consultand. The Index patient and the consul­
tand are very often different persons. 
The goal of genetic counseling is to provide 
comprehensive information about the ex­
pected course of the disease, medjcal care, 
and possible treatments Ill' an explanation, for 
why treatment is not possible. Genetic coun­
sding includes a review of possible decisions 
about family planning as a consequence of a 
genetic risk. Professional confidentiality must 
be observed. The counselor makes no decisions. 
The increasing availability of information about 
a disease based on a DNA test (predictive DNA 
testing) prior to disease manifestation requires 
the utmost care in establishing whether it is in 
the interest of a given individual to have a test 
performed. 

Further Reading 
Griffith AJF, Wessler SR, Carroll SB, Doebley JF, An 

Introduction to Genetic Analysis. 10th ed. New 
York, NY: W. H. Fteemm. 2015 

Harper PS. Prilctic.al Genetic Counselllng. 7th ed. 
London: Edw.ird Arnold. 2010 

~5>n JI. Kopp P. Principles of human 1endics. In: 
Longo DI. et a~ eds. Harrison's Principles of Inter­
nal Medicine. 1 Bth ed. New Yorlc. NY: McGraw-Hlll. 
2012: 48&-509 

Rimoin DI., Pyeritz R, Kotf B, eds. Emery i1nd Rimoin's 
Principles ilnd Pr<lCtlce of Medical Genetics. 6th ed. 
Philadelphia, PA: Elsevier-Oturchill livi111stone, 
2013 ( e-book) 

Speicher M, Antonaralds SE, Motulsky AG, eds. Vo1d 
and Motulslcy's Human Genetics. Problems and 
Approaches. 4th ed. Heiddberg: Springer-Vr:rtag, 
2010 
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Segregation of Parental Genotypes 
The segregation ( disnibution) of the genotypes 
of the parents (parental genotypes) to their off­
spring depends on the combination of the al­
leles present in the parents. Depending on the 
effect of the genotype on the phenotype in the 
heterozygous state, an allele is classified as 
dominant or recessive. Hence, there are three 
basic modes of inheritance: (i) autosomal 
dominant. (ii) autosomal recessive, and (iii) 
X-chromosomal. For genes on the X chromo­
some, it is usually not important to distinguish 
dominant and recessive (see next page). Since 
the Y chromosome bears few disea.se--causing 
genes, Y-chromosomal inheritance can usually 
be ignored with regard to monogenic diseases. 

A. Possible mating types of genotypes 
For a gene locus with two alleles, there are six 
possible combinations of parental genotypes 
(1-6). Here two alleles, blue (bl) and red (r], 
are shown, with blue dominant over red. In 
three of the parental combinations (1, 3, 4), 
neither of the parents is homozygous for the 
recessive allele (red). In three parental combi­
nations (2, 5, &). one or both parents manifest 
the recessive allele because they are homozy­
gous. The disnibution p;ittems of genotypes 
and phenotypes in the offspring of the parents 
are shown in B. In these examples, the sex of 
the parents is interchangeable. 

B. Expected Distribution in the 
offspring of parents with two alleles: 
A and a 
With three of the p;irental mating types for the 
two alleles A (dominant over a) and a (reces­
sive to A), there are three combinations that 

lead to segregation (separation during meiosis) 
of allelic genes. These correspond to the paren­
tal combinations 1, 2, and 3 shown in A In 
mating types 1 and 2, one of the p;irents is a 
heterozygote (Aa) and the other parent is a 
homozygote (aa). The disnibution of observed 
genotypes expected in the offspring is 1 : 1 ; in 
other words, 50% (0.50) are Aa heterozygotes 
and 50% (0.50) are aa homozygotes. 
If both parents are hererozygous Aa (mating 
type 3 in A). the proportions of expected gen­
otypes of the offspring (AA. Aa, aa) occur in a 
ratio of 1 :2:1 (25%:50%:25%). 

C. Distribution of genotypes 
One dominant allele (in the first pedigree, A, in 
the father) can be expected in 50% of the off­
spring. If both parents are heterozygous, 25% of 
the offspring will be homozygous aa. If both 
parents are homozygous-one for the domi­
nant allele A, the other for the recessive allele 
a-then all offspring are obligate heterozygotes 
(i.e., must necessarily be heterozygores). 

Medical relevance 
An attempt to determine the mode of inheri­
tance of a disorder (pedigree analysis) is an 
important fundamental approach in genetic di­
agnostics and counseling. 

Further Reading 
Griffith AjF, Wessler SR, Carroll SB, Doebley JF. An 

Introduction ID Genetic Analysh. 10th m. New 
York, NY: W. IL Freeman, 2007 

Harper PS. Practical Genetic Counselling. 7th ed. Lon­
don: Edward Arnold, 2010 

Speicher M, Antonaraki.s SE, Motulsky AG, eds. Vogel 
and Motulsky's Human Genetics. Problems and 
Approaches. 4th m. Heidelberg: Springer-Verlag, 
2010 

Expected distribution of genotypes in the offspring of different parental genotype combinations 

Parents Offspring Expected genotype proportion 

AAxAA AA 1 (100%) 

AA x Ail AA. Ail 1 :1 (each 50%) 

A;J x kl AA. kl, iii! 1:2:1 (25, 50, 25%) 

AAXilil Aa 1 (100%) 

Ail x aa Aa, aa 1 :1 (50% each) 

aa xiii! aa 1 (100%) 
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Monogenlc Inheritance 
Four types of monogenic inheritance Cilil be dis­
tinguished: au!Dsomal dominilllt, au!Dsomal re­
cessive, X-chromosomal, and Y-chromOSOIIlilL 
Since the human Y chromosome contains no 
general diseilSe-causing genes, it Gin usllillly be 
ignored. In huIDilll pedigree ililillysis, consecu­
tive generations are designated by romm nu­
merals, starting with I for the first generation 
about which some infonnation is available, illld 
Arabic numerals for each individual within a 
generation. or nonoverlapping numbers fur 

.. computer calculations. 

A. Autosomal dominant Inheritance 
Autosomal dominant inheritance has the fol­
lowing characteristics: (i} ilffi!cted individUills 
are directly related in one or more successive 
generations, (ii} both males il!ld females are 
affected in a 1: 1 ratio, illld [iii} the expected 
proportion of affected and unaffected offspring 
of an affected individual is 1 :1 (0.50, or 50%} 
each (1 }. Depending on the type of autosomal 
disease, the first affi:cted individllill will be the 
result of a new muliltion (Z. 3}. In some auto­
somal dominmt disorders, a canier of the mu­
tation does not mililifest the disei!Se. This is 
called nonpenetrance. Tue degree of manifeslil­
tion Cilil vary within a family. This is called 
variable expressivity. 

B. Autosomal recessive inheritance 
Autosomal recessive inheritance has the fol­
lowing characteristics: (i) affected siblings of 
both sexes in a ratio of 1: 1 and (ii} unaffected 
parents. The genotypes of children of hetero­
zygous patients are distributed in a ratio 1 :2:1 
(25% homozygous nonnal, 50% heterozygous, 
illld 25% homozygous affected}. Thus, hetero­
zygous parents have a risk of 25% of affected 
offspring. 
In the examples shown, in pedigree 1, the un­
affected parents (11-3 illld ll-4) must be heti!ro­
zygous; the same holds true for 1-1 illld 1-2 of 
pedigree 2. In pedigree 3 , the ancestors of the 
affected child (IV-2} Gin be traced back to a 
common ances!Dr (either 1-1 or 1-2} of the pa­
rents [Ill-1 and lll-2), who are first cousins 
[parental consanguinity, blood relationship). 
The double line in the pedigree indicates the 
parental consanguinity. 

C. X-chromosomal inheritance 
Since males have only one X chromosome, all 
daughters always inherit the father's X chrorno­
some in addition to one of thetwo X chromosomes 
of their mother. Sons inherit the paternal Y chro­
mosome and one ofthemaremalX chromosomes. 
Thus, the characteristic pattern ofX-diromosomal 
inheritance is: (i) only males are affmed, (ii) af­
fi!cted males inherit the mutilllt allele from the 
mother only, (iii) no male-to-male transmission. 
Therefore, a female who is hetEroz)igous for illl X­
chrornosomal muliltion has a 50% risk of ilil af­
fi!cted son. Heterozygous females may show mild 
manifestations of an X-linked diseilSe il5 a result of 
incomplete X-inactivation (seep. 184}. In isolated 
cases with an X-chrornosomal disorder, it is diffi­
cult to decide whether it results from transmission 
of the mutant illlelefrorn the mother or from anew 
rnuliltion. Therefore, it is important to distinguish 
these three sitlli!tions. 
Females with an affected son and an affected 
brother or with two affected sons must be 
heterozygous and are said to be ob/jgate heter­
ozygotes. Those who may or may not be heter­
ozygous are ftu:ultative heterozygotes (e.g., III-5 
and IV-2}. 

Medlul relevance 
Human diseases following one of these inher­
ililnce patterns are referred to as Mendelian 
disorders (fur a complete list see OMIM). 

Further Reading 
Griffith i\IF, Wessler SR. carroll SB, Doebley JF. An 

Introduction to Genetic Analysis. 10th ed. New 
York, NY: W. H. Ftteman, 2015 

Harper PS. Practical Genetic Counselling. 7th ed. Lon­
don: Edward Arnold, 2010 

Jameson JI, Kopp P. Principles of human genetics Jn; 
Longo DL, et a~ eds. Harrison's Principles of Inter­
nal Medicine. 18th ed. New York. NY: McGraw-Hill, 
2012: 48S-509 

OMIM. Online Mendelian JnheriQru:e of Man. Avail­
able at http:J/www.ncbi.nlm.nih.gov/omim 

Rimoin DI. Pyeritz R, KorfB, eds. Emery and Rimoin's 
Principles and Practice of Medical Genetics. 6th ed. 
Philadelphia, PA: Elsevier-Oturchill livingstone, 
2013 C e-bookJ 

Speicher M, Antonaralds SE, Motulsky N:,, eds. Vogel 
and Motulslcy's H\llllan Genetics. Problems and Ap­
proaches. 4th ed. Heidel1"rg: Springer-Verlag, 2010 
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Genetic Linkage and Recombination 
Genetic linkage refers to ilil exception from in­
dependent assortment of genetic traits. It is 
based on the difference whether two or more 
genes located near each other on the same 
chromosome or not If linked, they are often 
transmitted together, depending how far 
apart they are located. linkage was first 
reported in 1902 by COrrens and then estab­
lished by Bateson ilild coworkers in plililt 
genes. Gene loci located on the same chromo­
some ilild inherited together are called a 
hap/otype. Linkage relates to gene loci, not to 
specific alleles. Synteny (H.J. Renwick in 1971) 
refers to gene loci being located on the same 
chromosome without regard to linkage or the 
distance between them 

A. Detection of recombination 
Recombination results from a cytological event 
(1) that results in genetic result (2). 
Whether neighboring genes on the same pa­
rental chromosome remain together (linked) 
or become separated (recombined) depends 
on whether or not crossing-over (see meiosis, 
p. 94) between two gene loci has occurred. If 
the parental chromosomes harbor two allele 
pairs A/a ilild B/b, their distribution to the 
next generation may differ. Without crossing­
over, the genotypes remain unchililged (non­
recombinililt), ilild with crossing-over, they 
are rearranged (recombinant). 
The genetic result (2) for two neighboring gene 
loci A and B on the same chromosome is one of 
two possibilities: nonrecombinant (gametes 
correspond to parental genotype) or recombi­
nant (new combination). These two possibil­
ities Cilil be distinguished only if the parental 
genotypes are heterozygous (Aa ilild Bb), that 
is. are informative. 

B. Use of genetic linkage 
Genetic linkage has been widely used to assess 
the possible presence or absence of a disease­
causing allele that Cililnot be determined 
directly (indirect genetic diagnosis). 
If the presence of an autosomal recessive or 
X-chromosomal disease-causing mutation 
(disease locus) cannot be recognized, it can be 
deduced from one or several linked loci 
(marker locus). One uses polymorphic alleles 
of one or several marker loci to assess the 

genotype at the disease locus. Two pedigrees 
are shown, one without recombination ( 1) 
and one with recombination (2). 
In the first example (1 ), the father and three 
children (red symbols in the pedigree) are af­
fected {the children are shown as diamonds; 
their genders are ignored). Since all three af­
fected children share the marker allele A with 
each other and their father, this indicates that 
the allele B at the disease locus must be the 
mutant allele. The unaffected children share 
the paternal marker locus a. This would indi­
cate that the disease locus b is not the mutant 
allele. Thus, recombination has not occurred. 
The situation differs if recombination has oc­
curred, as in two individuals shown (2). An 
affected individual has inherited alleles a and 
B from the father, instead of A and B; an un­
affected individual has inherited allele A and 
allele b. This situation can only be observed if 
the father (affected parent) is heterozygous at 
the marker locus {Aa). 

Mecllcal relevance 
DNA analysis of polymorphic marker loci 
linked to a disease locus Cilil be used within a 
family to determine whether unaffected family 
members have inherited the mutant allele 
known to be present in an affected family mem­
ber (indirect DNA genetic analysis). Today, usu­
ally direct remgnition is possible by molecular 
genetic analysis. 

Further Reading 
Ba~n W, et al Experimental studies in the physi­

ology of heredity. Reports l!vo-lut Comm Raya] Soc 
1906; 3; 1-53 

Correns C. Scheinbare Ausnahmen von der Mendel­
sd!en SpaltungSregel fllr Bastarde. Ber deutsch bot 
Ges 1902; 20: 97-172 

Griffith AJF, et al An Introduction to Genetic Analy­
sis. 10th ed. New York. NY: W. H. Freeman. 2007 

Harper PS. Practical Genetic Counselling. 7th ed. 
London: Edward Arnold, 2010 

Speicher M, et al., em. Vogel and Motulsky's Human 
Genetics. Problems and Approaches. 4th ed. 
Heidelberg: Springer-Verlag, 2010 
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Genetic Linkage and Association 
Analysis 
Qµantitative illlillysis of genetic linkaae esti­
mates the distance between two or more loci 
or adjacent DNA regions on the same chromo­
some. The physical distance is expressed in 
number of base pairs, and the genetic distance 
by the frequency of recombination. In contrast, 
genetic association expresses a statistical rela­
tion betwl!en specific alleles and a phenotype. 
Some alleles at different loci are inherited ID­
gether more frequently or less frequently than 
expected by their individual frequencies. This 
is called II~ disequlffbrfum. 

A. LOD score In linkage analysis 
Qµantitative genetic linlcage analysis deter­
mines how often two or more gene loci are 
transmitted IDgether rompared with how olren 
they are separated by recombination. This ratio 
is coJled rm1mbination ftuction, deslgnared by 
the Greek letter theta (9). It expresses the ge­
netic distance. Loci that are not linJced have a e 
value of 0.5. If 9 is zero, the lod are identical. 
Linkage of two gene loci is assumed when the 
probability oflinkage divided by the probability 
of no link.age is equal ID or greater than the ratio 
of 1,000:1 (103:1). The logarithm of this ratio, 
the odds, is called the LOO score. 
The four I.OD score curves (., b, c. d) are a 
graphic representation of linkage analysis: no 
linkage in a; recombination fnction 9 of 0.15 
in b, that is, 15% recombination; unlikely in c; 
and inconclusive in d. (Figure adapted from 
Emery, 1986). 

B. Use of haplotypes in assodaUon 
analysis 
Genetic association analysis determines 
whether certain alleles are inherited more 
frequently than exacted by their individual 
frequency in the population. A deviation Is re­
ferred ID as ~ disequilibrium (W). It can 
be detected by a set of associated polymorphic 
DNA variants (single nucleotide polymor­
phisms (SNPs]; seep. 72). called a haplotype. 
Three SNP mar~rs along a short stretch ofDNA 
(1) from four unrelated individuals are shown 
(chromosomes 1--4~ The three SNPs differ 
by their polymorphic alleles (AJG, T/C. C/G, re­
spectively). This defines four haplotypes (2). 

Genotypingjust three SNPs (TagSNPs) identifies 
the haplotypes (3). fOr example, NJ:. defines 
haplotype 2. (Figure adapted from HapMap. 
2003) 

C. Linkage disequilibrium 
W can be graphically represented by haplo­
type blocks. This compares pairwise all SNPs 
in the DNA region studied. The example 
shows this for 10 SNPs (rs7190220 at the top 
at the left to rs9931018 at the right). The first 
square at the top left shows the relationship 
between 39 and 40 (SNPs rs7190220 and 
rs178023041). The bottom square displays 
pair 39 and 49, and so on. The ID betwl!en 
each pair is shown by a color reflecting the 
strength of W . A red square without a number 
indicates complete linkage, whereas a white 
square points to the absence of linkage. The 
numbers in the squares are percentages be­
tween pairs of loci. In the example shown, 42 
(SNP rs11863156) to 49 (1"59931018) form a 
block of ID between 86 and 100 (bright red 
square without a number). If such a block oc­
rurs in higher frequency in a cohort of patients 
compared with controls, one may assume that 
this region contributes to susceptibility to the 
disease under study. (Figure provided by Tea 
Berulava Essen in 2013). 

Further Reading 
Emery AEK. Methodology in Medical Genetics. 2nd 

m Edinburlh: Churd!ill ~ 1986 
Evseeva ~ et al. Linkage disequilibrium and age or 

HU. region SNPs in relation to classic HU. gene 
alleles within Europe. Eur J Hum Geftet 2010; 18 
(8): 924-932 

Imemational HapMap Consortium. The Intemitional 
HapMip Project. Nature 2003; 426(6968): 789-796 

Ott J. An;i)ysis of Hwnan Genetic Llnkaae. 3rd ed. 
Baltimore, MD: Johns Hopkins University ~ss. 
1999 

Ott J. et al. Genetic linkage analysis in the age or 
whole-genome sequencing. Nat Rev Genet 2015; 
16(5): 275-284 

Strachan T, ~ill A Hwnan Molecular Genetics. 4th 
ed. New York. NY: Garland Science, 2011 

Strachan T, et al Genetia and Genomia in Medicine. 
Nl!'W Yorlc, NY: Garland Science, 2015 
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Quantitative Differences In Genetic 
Traits 
Many phenotypes are not detmnined by 
qualitative difrerences rather than by measure­
ments, for example, body height, blood pres­
sure, and other quantitative traits. In addition, 
interaction with environmental factors may 
occur. They are not determined at a single 
gene locus, but by two, three, or more loci 
(each locus is referred to as quantitative trait 
locus~ This is refem!d to as multifactorial or 
multigenic (pol:ygenic) inheritance. Quantitative 
charadl!ristics have a continuous distribution 
among different individuals. The transmission 
of the underlying genes cannot be recognized 
individually. Francis Calton (1822-1911) in 
1883 introduced the concept quantitatiw genet­
ics in contrast to Mendelian genetics, which is 
based on qualitative differences of phenotypes. 

A. Length of the corolla in Nlartlana 
longiflora 

The plant Nicotiana longifloru is ;in example of 
how the genetic transmission of a quantitative 
trait can be analyzed experimentally. When 
parent plants with avl!rage corolla lengths of 
40 and 90 cm are crossed, the next generation 
(Fi) shows a corolla length distribution that is 
longer than that of the short parent and short­
er than that of the tall parent In the next gen­
eration (F1) the distribution spreads at both 
ends toward long and short If plants from 
the short, middle, and long varieties are 
crossed, the mean distribution in the next gen­
er;ition (f3) corresponds to the corolla length 
of the parental plants. They are short (shown 
on the left), long (right), or average (in the 
middle). This can be explained by a difference 
in the distribution of genes contributing to the 
variation in the trait (Figure adapll!d from 
Ayala 81 Kieger, 1984) 

B. Influence of the number of gene loci 
on a quantitative trait 

Four situations with 1, 2, 3, and 4 lod and two 
allele pairs A and a are shown for the parental 
generation P. The hypothetical genotypes • 
and AA. ••bb and AABB, aabbcc/AABBCC, and 
so on appear uniform in the F1 generation. Jn 
the Fi generation, the number of distinguish­
able groups depends on the number of genes 

involved (one in 1, two in 2, three in 3, four or 
more in 4 ). With lbur loci or more, the differ­
ence in size between the groups is small. It 
begins to resemble a continuous distribution, 
as shown in the bottom of the figure on the 
right The smooth distribution curve corre­
sponds to a bell-shaped normal distribution 
or Gaussian curve. The variance of the pheno­
type (Vp) is the sum of the genetic variance 
(Ye) and the environmental variance (VE). The 
ratio VG/Vy is called heritability. Howew:r, in 
many cases, these types of variance cannot be 
distinguished, especially in humans. 

Medical relevance 
Many relatively frequent diseases and reduced 
health conditions are determined by an inter­
action of quantitative trait loci and additional 
environmental factors. Examples of common 
quantitative genetic characteristics in humans 
are height, weight, eye and skin color, blood 
pressure, plasma concentrations of glucose 
and lipids, intellectual abilities, behavioral pat­
terns. and others. Diabetrs mellitus, high blood 
pressure, coronary heart disease, psychiatric 
disorders, and some congenital malformations 
are disease examples. 
For such disorders, the risk of reoccurrence 
among siblings or in offspring does not follow 
the Mendelian patterns. Rather, this must be 
determined empirically in population studies. 

Further Reading 
Ayala FJ, Kiier jA. Modern Genetics. 2nd ed. Mello 

Park. CA: Benjamin/Cwnmings. 1984 
Falconer DS, Mack.ay 1fl'.:. Introduction m Qµantita­

tive Genetics. 4th ed. London: Longman, 1996 
Griffith l\fl', Wessler SR, Carroll SB, Doebley Jf. An 

Introduction m Genetic Anal)'Sh. 10th ed. New 
York, NY: W. 1l ~emm, 2015 

King R, Ratter J, Motulsky AG. eds. The Genetic Basis 
of Common Disorders. 2nd ed. Oxford: Oxford Uni­
versity Press, 2002 

Macby TR:. The genetic ardtltecture of quantitative 
traits. Annu Riev Genet 2001; 35: 303-339 

Speicher M. Antonmlds SE, Motulsky AG, eds. Vogel 
and Motulsi(,y's Human Genetics. Problems and 
Approaches. 4th ed. Heidelberg: Springer-Verla&, 
2010 
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Distribution of Alleles In a Population 
The distribution of genotypes possible among 
the offspring of different parental genotypes 
considered on p. 1 12 differs according to their 
relative frequency in the population. This is 
part of the field of population genetics, the 
scientific study of the genetic composition of 
populations. A principal goal is to estimate the 
frequency of alleles at different gene loci in 
natural populations (allele frequency, also 
called gene frequency). From this, conclusions 
can be drawn about possible selective influen­
ces that might explain differences observed. A 
population can be characterized on the basis of 
the frequency of certain alleles at various gene 
loci. Today this knowledge is obtained by 
sequencing the whole genome from many 
individuals of a population. 

A. Frequency of genotypes in the 
children of parents with various 
genotypes 
With regard to an allele pair A (dominant) and 
a {recessive). six types of parental genotype 
matings are possible {1 ~). Each of these has 
an expected distribution of genotypes in the 
offspring according to the Mendelian laws, as 
indicated in the figure. This pattern will only 
be observed if all genotypes can participate in 
mating and are not prohibited by a severe dis­
ease. The frequency with which each mating 
type occurs depends on the frequencies of the 
alleles in the population. 

B. Allele frequency 
The frequency of allele designates the propor­
tion of a given allele at a given locus in a pop­
ulation. If an allele accounts for 20% of all 
alleles present (at a given locus) in the popula­
tion, its frequency is 0.20. The allele frequency 
determines the frequencies of the individual 
genotypes in a population. 
For ex.ample, fur a gene locus with two possible 
alleles A and a. three genotypes are possible: AA, 
Ilia, or aa. The frequency of the two alleles togdh­
er (p the frequency of A, and q the frequency of a) 
is 1.0 (100%). If two alleles, A and a. are equally 
frequent ( eadi 0.5), they have the frequencies of p 
= 05 fur allele A and q = 05 fur allele a (1 ). Thus, 
the equation p + q = 1 defines the population at 
this locus. The frequency distribution of the two 

alleles in a population fi>llows a simple binomial 
relationship: (p + q'j'- • 1. Accordingly, the distri­
bution of genotypes in the population corre­
sponds ID ~ + 2pq + q2 - 1.0. The expression ~ 
corresponds ID the frequency of the genotype AA, 
the expression 2pq corresponds ID the frequency 
of the heterozygotes Aa, and q2 corresponds to 
the frequency of the homozygotEs aa. This rela­
tionship is called the Hardy-Weinberg principle. 
When the frequency of an allele is known, the 
frequency of the genotype in the population 
can be determined as fi>llows: given a fre­
quency p of allele A of 0.6 (60%), the frequency 
q of allele a is 0.4 ( 40%, derived from q = 1 - p 
or 1 - 0.6). Thus, the frequency of the genotype 
AA is 036, that of Aa is 2 >< 0.24 = 0.48, and that 
of aa is 0.16 (2). If only the homozygotes H can 
be recognized {e.g., an autosomal recessive in­
herited disease) but not the heterozygotes Aa, 
then q2 (0.16 in this example) corresponds to 
the frequency of the disorder. From p • 1 - g, 
the frequency of heterozygotes (2pq) and of 
normal homozygotes (p2) can also be deter­
mined. 

Medical relevance 
In genetic oounseling, the genotype of an un­
affected sibling of an individual with an auto­
somal recessive disorder can be estimated 
from the genotype distribution 1:2:1. Since 
the unaffected sibling cannot be homozygous 
for the mutant allele, the probability of heter­
ozygosity would be ~ (66%), derived from the 
remaining ratio of 2:1. 

Further Reading 
cavalli-Sfarz.a LI, Bodmer WF. The Genetics of 

Human Populations. San Francisco, CA; W. H. Free­
man, 1971 

Hamilton MB. Population Genetics. Chichester: John 
Wiley a. Sons, 2009 

Kimura M, Ohta T. Theoretical Aspects of Population 
Genetics. Princeton, NJ: Princellln University Press, 
1971 

Kruglyak L Prospects for whole-genome linkage dis­
equilibrium mapping of common disease genes. 
Nill Genet 1999; 22(2): 139-144 

Speicher M, et al, etb. Vogel and Motulsky's Human 
Genetics. Pmblem5 and Approaches. 4th ed. 
Heidelberg: Springer-Verlag, 2010 
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M~M Genotype 
1. of parents of offspr1ng 

AA and AA 1.0 AA 

MM~ 2. AAandAa 0.50 AA 
0.50 Aa 

AA Aa 

M~~ 0.25 AA 
AaandAa 0.50 Aa 3

~0 Aa~aa <> 0.25 aa -
MM~ Aa and aa 0.50 Aa 

4. 0.50 aa 
Aa aa 

5. 
M~~ 

AA and aa 1.0 Aa 

~T~ 6. aa andaa 1.0 aa 
aa 

A. Expected frequency of genotypes In dllldren of parents with different genotypes 

Parents 0.5A 0.5a A• 0.60 a • 0.40 

0.5 A AA Aa A 0.36 0.24 0.25 0.25 
0.6 AA Aa >p 

- -
I c 

0.Sa Aa ilil a 0.24 0.16 
0.25 0.25 0.4 Aa aa >q 

1. I 2. 
Offspring ~ 

p q 

p - 0.50 (Frequency of A) p2 + 2pq + q2 = 1 
q • 0.50 (Frequency of a) 0.36 + 0.48 + 0.16 = 1.0 

B. Allele frequency (AA) (Aa) (aa) 
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Hardy-Weinberg Equlllbrfum 
Principle 
The Mendelian segregation of alleles under 
random mating results in the frequency of gen­
otypes being constant in every new genera­
tion. This is the Hardy-Weinberg equilibrium 
principle, first formulated independently by 
the English mathematician G. F. Hardy and 
the Gennan physician W. Weinberg in 1908. 
HOWl!Vl!r, if mating is not random, the frequen­
cies will increase or decrease. 

.. A. Constant alele frequency 
An autosomal recessive allele (allele •) that 
leads to a severe disorder in the homozygous 
stlte remains undetectable in the heterozy­
gous stite in a population. Only the homozy­
gotes (•) can be recognized because of their 
disease. The frequency of affected individuals 
(homozygoll!s u) depends on the frequency of 
allele • in the population (corresponding to qi 
The frequency of the three genotypes Is detrr­
mined by the binomial relationship (p + q)2 = 1, 
where p represents the frequency of allele A, 
and q represents the frequency of allele 1 (see 
previous page). The homozygous alleles (aa) 
eliminated in one generation by Illness are re­
placed by new mutations. This results in an 
equilibrium between elimination due to illness 
and frequency of the mutition. 

B. Some factors lnfluendng the allele 
frequency 
The Hardy-Weinberg equilibrium principle is 
valid only in certain conditions. First. it applies 
only ff there is no selection for one genotype 
(random mating). Selection for heterozygotes 
will Increase the frequency of the allele with 
a selective advantage (see next page). Second, 
nonrandom matings ( assortative mating) will 
change the allele frequency (proportion of p 
and q). Third, a change in the rate of mutations 
will increase the frequency of the allele result­
ing from mutations. Fourth, in a small popula­
tion. random fluctuation may change the 
frequency. This is called ~c drift. 
Other causes of a change in allele frequency 
may occur. If a population experiences a drastic 
reduction in size (genetic bottle neclc1 fol­
lowed by a subsequent increase In the number 
of individuals, an allele that was previously 

rare in this population may, by chance, subse­
quently become relatively common as the 
population expands again. This is called a 
.{oundB effect. Photograph from Coney Idland 
1938, Weegee, also known as Arthur Felllg). 

Medical relevance 
The frequency of hetero2ygntes for an aulDSOmal 
reressive disorder can be derived from the 
Hardy-Weinberg equation (p + q • n If. for ex­
aiqile, the disease~ is 1 :10.000 (0.01%). 
then <f. 1/10.000 would yield q. 1/100. Since 
2pq oomsponds UJ the heteroz)ogotr frequency, 
this would be 1 :50 since 2pq is 2 x 1 x 1/100. A 
li>uruler eli!ct in some rare auUJsomal recessive 
disorders has frequently been observed in dosed 
human populations. 

Further Reading 
Cavalli-Sforza LI., Bodmer WF. The Genrdcs of 

Human Populations. San Francisco, CA: W . H. 
Frttman, 1971 

Cavalli-Sfor7.a LL. et~- The History and Geography of 
Human Genes. Princeton, NJ: Princeton UnlYenlty 
PreM, 1994 

Hardy GH. Mendelian proportions in a mixrd popu­
lation. Science 1908; 28(706): 49-50 

Jonie LB. Unka&e disequilibrium and the search for 
complex disease genes. Genome Res 2000; 10(10): 
1435-1444 

Kimura M, Ohta T. Theoret!Cill Aspects of Population 
Genetics. Prinaton, NJ: PrincetDn llnMrsity Press, 
1971 
~yak L Prospecls fur whol~nome lillqe dis­

equilibrium mappins of common disease genes. 
Nat Genet 1999; 22(2): 139-144 

Speicher M, et al, ecb. Vogel and Motulsky's Human 

Genetics. Problems and Approaches. 4th ed. 
Heidelberg: Springer-Verlag, 2010 

Weinbel'I W. Ober den Nachweis der VererbunJ des 
Menschen. Jahreshrfte Verein vatertand Naturk 
Wllrttemberg 1908; 64: 3611--382 

Wigginton JE, et al A ~ on exact tests of Hardy­
Weinberg equilibrium. Am J Hum Genet 2005; 76 
(5): 887-893 

ZOiiner S, ~ Haeseler A Popal.ttion History and 
~ Equilibrium. Nature Encydopedla of the 
Human Genomr. Vol. 4. London: Nature Publishi111 
Group,2003: 628- 637 
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Selection for 
heterozygotl!s 
increasesq 

B. Some f1dDn lnlluendng the allele frequency 

Alleles 1 are ellmlnatl!d from 
the populatlon owing to severe 
Illness In homozygotes 11, 

but are replaced by new 
mutation. Equlllb11um results 

Genotypes 

HomOZ)'gOte AA 
Heterozygote t.. 
HomOZ)'gOte 11 

Nonrandom 

Frequency 

mltlng changes the 
proportion of p and q 

Random fluctuation 
In a s1n1ll population 
changes the proportion 
ofp1ndq 
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Geographic.al Differences In Allelk 
Dlsb'ibutlon 
Human populatiollli from different 1c:ographi­
cal re1ions difrer in the frequency of many al­
leles. This is a result of migration of human 
ancestors to different parts of the world during 
human evolution. This genetic diversity is de­
fined by differena!S in the frequency of DNA 
nucleotide sequences and the frequency of cer­
tain alleles at various gene loci. Certain mutant 
alleles may dif'fl:r widely in frequency. There­
fore, autosomal recessive diseases that are 
common in one population may be rare in 
others. This may either be the result of random 
fluctuations of allele frequency of some alleles 
or a selective advantage of an allele. 

A. Different frequencies 

Finland represents an ex;imple of a small pop­
ulation in which several rare recessive diseilSCS 
occur at a much higher frequency than else­
where. The most likely explanation Is a combi­
nation of founder elfect and genetic isolation. 
Three diseases that are dustered In different 
regions of Finland are (1) congenital flat cornea 
(cornea plana 2, OMIM 217300) In the western 
part of the country, (2) the Finnish type of con­
genital nephrosis. a severe renal disorder (OMIM 
256300) in the southwmem part, and (3) dia­
strophic slcelctal dysplasia (OMIM 222600) in 
the southeasn= region. The retZSsive mutant al­
leles in these diseases are identic.11 by descent. 
They must l1'M! arisen independently in the dif­
ferent regiom because the grandparents live pre­
dominantly there. There is no known basis for a 
select:ivl! advantagl! of these mutant alleles in the 
~ to explain their frequencies. The 
dilferent distributions merely reflect the places 
and relative points in time of the mutations. Sim­
ilar examples are IOund in many other regions of 
the world and in other populations. (Figures from 
Norio, 1981~ 

B. Malaria and hemoglobin disorders 

The distribution of the parasitic disease, ma­
laria, overlaps dosely with the distribution of 
difrerent types of hemoglobin disorder (see 
p. 350). Malaria is common in tropical and sub­
tropical regions (1 ). It used to be common 
around the Mediterranean Sea, but here the 
frequency of malaria has been reduced as a 

result of sucx:essful prevention. In the same re­
gions with endemic malaria, .several types of 
hemoglobin disorders are prevalent (2. l). 
fypical ex;imples are sickle cell anemia 
(OMIM 141900) and different types of thalas­
semia (OMIM 187550). In 1954, A. C. Allison 
proposed that individuals who are heterozy­
gous for the sickle cell mutation are less sus­
ceptible to malaria infection. This is the first 
and the best example of a heterozygous selec­
tive advantage known in man. 
The sickle cell mutant has arisen independ­
ently at least four times in different regions 
and has become established as a result of 
selective advantage for heterozygotes. 
Another red blood Cl'll dise;i,e mnfers an advant­
agl! against malaria infection on heli!rozygoll!S: 
gluco.se-6-phosphate dehydrogenase deficiency 
(OMIM 305900~ an X-chromosomal anemia dis­
order leading to severe anemia in hemizygous 
males, whereas heterozygous imales are normal 
and relatively protected against malaria. 
The selective advantage of heterozygotes for 
these genetically detrrrnined diseases is based 
on less favorable conditions for the malaria 
parasite than in the blood of normal homozy­
gotes. The protection of heterozyxotes occurs 
at the expense of affected homozygotes who 
suffer from one of the severe hemoglobin dis­
orders. The benefits are at the population level. 

Further RHdlng 
Allison N:.. 1be distribution al sidde-cdl trait in East 

Africa and elsewhere, and its apparent relationship 
to the incidence of subtcrtian malaria. Trans R Trop 
Med Hyg 1954; 48(4):312-318 

cavalli-Sforza LL, et al. The Histcty and Ceograpt(y of 
Human Gene... Princeton, NJ: Princeton University 
Press. 1994 

Greenwood BM, et al. Malaria. Lancet 2005; 365 
(9469): 1487-1498 

Marshall E. Malaria. A renewt!d assault on an old and 
deadly foe. Science 2000; 290(5491): 428-430 

Horio R. Diseases of Flnlmd and Sancllnava In: 
Rad!schlld HR. ed. BioculturaJ Aspects of Disease. 
New Yorlc, NY: Academic Press, 1981 

Norio R. 1be Annlsh Disease Heritage W: the indMd­
u.al diseases. Hwn Genet 2003; 112(5-6): 470-526 

Weatherall DJ, Qegg JB. lhalassemia-a global public 
health problem. Nat Med 1996; 2(8): 847-849 
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Inbreeding 
Inbreeding in humans refers to matings be­
tween individllills who are closely related to 
each other. If the parents have at least one 
common ancestor in the past two to four gen­
erations, there is an increase in the chance that 
an allele present in the heterozygous state in 
both parents will become homozygous in a de­
scendant. This is referred to as parental con­
sanguinity (being of the ·same blood"). As 
both alleles will be identical, this is called 
identity by descent (IBD). The degree of consan­
guinity can be expressed by two measures: co­
efficient of relationship (r) and the inbreeding 
coefficient (F). The coefficient of relationship (r) 
expresses the degree of consanguinity between 
two individuals. The inbreeding coefficient ex­
presses the probability that two alleles will be 
homozygous in a population. 

A. Simple types of consanguinity 
A mating between brother and sister or father 
and daughter is called incest (1 ). For two alleles 
descending from both parents, here designated 
as A and B, the probability of transmission to 
each of the two offspring. C and D, re§pectively, 
is 0.5 (1 /2). The siblings (C and D) share half of 
their genes, corresponding to a coefficient of 
relationship of 1/2. The chance of homo:eygos­
ity by descent at a given locus in their offspring 
is 1/4 (1/2 each from C and D to E). 
First cousins share 1 /8 of their genes (2), and 
second cousins share 1 /32 of their genes. The 
chance of homozygosity by descent in the off­
spring of first cousins is 1/16. An uncle-niece 
union (3) has a coefficient of relationship of r• 
1/4 because they share 1/4 of their genes. The 
chance of homozygosity by descent in their 
offspring is 1/8. The possibility that an unre­
lated individual E transmits a mutant allele at 
this locus can usllillly be disregarded. 

B. Identity by descent 
IBD refers to regions in the genome that are 
identical because they are derived from a com­
mon anceslDr. For example, for two alleles A 
and B in ancestor I, and C and D in ancestor 
n, the probability of transmission to the next 
generation is 0.5 (1 /2) for each. The same ap­
plies to the next generation with individuals III 
and IV. Finally, the probability of transmission 
from llI to V, and IV to V, is again 0.5 or 1 f2 

each. The number of steps (the probability of 
transmission) from I to lll, and from I to IV, is 
(1/2)2 each. Howevt!r, for individllill V to be 
homozygous, it is required that both alleles 
are transmitted from I to III and to IV. This 
corresponds to (1 f2)4. For individual V to be 
homozygous by IBD, the probabilities (1/2)4 
have to be added and multiplied by the prob­
ability of (1 f2 ), which yields 1 /16. 

Medical relevance 
Consanguinity favors the occurrence of homo­
zygosity for a disease-causing allele present in 
heterozygous parents. First cousins with a coef­
ficient of relationship r of 1 /8 (0.125) have a 
statistical risk for homazygous offspring of 
0312 (3.12%). Although at first, this risk seems 
high, it is not when compared with the risk in 
the general population. The overall risk for a 
newborn to have a disorder of any kind is esti­
mated to be 1 to 2%. Although consanguineous 
marriage is widespread in some populations. 
where it may aa:ount for 25 to 40% of marriages. 
the usllill rate is approximately 1 to 2%. 

Further Reading 
Bittles AH, Neel JV. The costs of human inbreeding 

and their lmplic.ations for variatiOl15 at the DNA 
level. Nat Genet 1994; 8(2): 117-121 

Griffith AJF, et al An Introduction to Genetic Analy­
sis. 10th ed. New York, NY: W. H. Freeman, 2015 

Harper PS. Practical Genetic Counselling. 7th ed. 
London: Edward Arnold, 2010 

Jaber I, et al The impact of consanguinity worldwide. 
Community Genet 1998; 1(1): 12-17 

Turnpenny P, Ellard s. Emery's Elements of Medical 
Genetics. 14th ed. Edinburgh: Elsevier-Churchill 
Livingstone, 2011 
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Twins and Twinning 
In h11111i1I1S, twinning is detected during preg­
nancy by ultrasonography in approxil1liltely 1 
of 40 pregnancies, but in liVI! births in 1 of 80. 
This difference results from the early intrauter­
ine death of one twin and its subsequent re­
sorption (vanishing twin). The frequency of 
twinning varies widely, approxil1liltely 6 in 
1,000 births in Asiil, 1 O to 20 in 1,000 in 
Europe, and 40 in 1,000 in Africa Twins can 
arise from a single fertilized egg (genetiCillly 
identical monozygotic twins, MZ) or from two 
different eggs (dizygotic twins, DZ), a distinc­
tion fU"St proposed by C. Dilreste in 1874. The 
rate of monozygotic twins at birth is relatively 
constant 

A. Types of human monozygolic twins 
Monozygotic twins arise during very early 
stages of embryonic development by splitting 
of the inner cell 11li1SS of the early embryo. 
Three stages in the timing can be distinguished: 
(1) splitting after trophoblast !Ormation, result­
ing in twins with individual amnions but one 
common chorion, (2) splitting after amnion for-
11liltion, resulting in twins in one single chorion 
and amnion, and (3) splitting before !Ormation 
of the trophoblast, resulting in twins each with 
its own chorion and amnion. 
DZ by definition should have ei!ch one chorion 
and one amnion cavity. However, depending on 
the time of splitting, approximately 66% of MZ 
twins have one chorion and two amnions (split­
ting after formation of the chorion at day 5, but 
before !Ormation of the amnion at day 9). 
Approximately 33% of MZ twins have two com­
plete separate chorions and a mmmon amnion. 

B. Pathological mndlUons In twins 
Different structural defects can arise in twins. 
This is three times more frequent in MZ than in 
DZ. The defects can be assigned to three 
groups: ( 1) incomplete or late splitting (Thor­
acopagus, twins joined to various extents). (2) 
shared blood supply by a shunt, (3) absent 
heart in one twin (acardius). Fetal space con­
straints with crowing in the uterus 11li1Y lead to 
different de!Ormities. 

C. Concordance rates in twins 
MZ and DZ differ with respect to their fre­
quency of traits occurring in both (concord­
ance rate). When twins show the same trait, 
they are said to be concordant for that trait; 
when they differ, they are discordant. System­
atic studies of MZ and DZ twins have com­
pared their rate of concordance in an attempt 
to determine the relative contribution of ge­
netic factors in the etiology of complex traits. 

D. Phannacogenetic pattern in twins 
Dizygotic and monozygotic twins also differ 
biochemically. As a result of genetic differen­
ces, many chemica1 substances used in therapy 
are metabolized or excreted at different rates, 
owing to different activities of corresponding 
enzymes. PhenylbutilZOne is excreted at the 
same rate in identical twins, whereas the 
rates of excretion differ between dizygotic 
twins or among siblings (Vesell, 1978). 

Further Reading 
BoOlll5ma D, et al Oassical twin studies and beyond. 

Nat Rev Genet 2002; 3{11): 872-882 
Bouchard 1] Jr, et al. Sources of human psychological 

differences: the Minnesota Study of 1\vins Reared 
Apart Science 1990; 250(4978): 223-228 

Gilbert SF. Developmental Biology. 9th ed. Sunderland, 
MA: Slnauer, 201 o 

Goere K. Taschenatlas der Geburtshilfe. Stuttgart: 
Thieme, 2002 

Hall JG. Twinning. Lancet 2003; 362(9385): 735-743 
Hall JG. Twins. chapter 35. In: Stevenson RE, et al., 

eds. Human Malformations and Related Anomalies. 
3 rd. ed. Oxford University Press, Oxford, 2015 

MacGregor"'· et al Twins. Novel uses to study com-
plex traits and genetic diseases. ltends Genet 
2000; 16{3): 131-134 

Painter JN, et al. Twins and twining. In: Rimoin DI., 
et al., eds. Emery and Rimoin's Principles and Prac­
tice of Medical Genetics. 6th ed. New York, NY: 
Elsevier, 2013 (e-book only) 

Stone JI., et al. The aanlopagus malformation: dilss!­
fication and implications fur surgical separation. 
Brain 2006; 129(Pt 5): 1084-1095 

Vesell ES. Twin studies in pharmacogenetics. Hum 
Genet Suppl 1978; 1(1, Suppl): tS-30 
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Chromosomes and Genes 
In the early 20th century, it was realized that 
ienetic factors, called genes in 1909, and 
threadlike darkly stained structures in the nu­
cleus of eukacyotic cells, called chromosomes in 
1888, came in pairs. However, the sciences of 
cytology and genetics, a term Introduced in 
1906, remained separated. It was in 1912, 
when Thomas H. Morgan and his coworkers 
at Columbia University, New York, recognized 
that genes are located on chromosomes in a 
defined order, a genetic map, as first shown 
by Sturtevant in 1913. 

A. Polytene chromosomes 
The !Our Drosophila chromosomes illustrated 
(chromosomes 1-3, X. and Y) show approxi­
mately 5,000 bands in a chromosome-specific 
pattern of lightly and darkly stained bands. A 
micrographic detail of a chromosome from a 
Drosophila salivary gland shows details of the 
charactl!ristic banding pattern (shown at the 
bottom of A). 
Polytene chromosomes (many threads) occur 
in certain cells and tissues of some insects 
and amphibians contain such chromosomal 
structures. They form as a result of repeated 
DNA synthesis without cell division. These 
chromosomes, first observed in cells of insect 
salivary glands (Drosophila ~/anogaster and 
Oiironomus) by E. G. Balbiani in 1881, also 
show regions of remporary localized enlarge­
ment called Balbiani rings. (Figures adapted 
from Alberts et al, 2015 and Painter 1934). 

B. Functional stages in polytene 
chromosomes 
Expansions (chromosome puffs) appear and 
rea!de at defined positions and developmental 
stages In polytene chromosomes (1 ). The ex­
panded segments represent regions containing 
active genes that are being transcribed. The 
locations and durations of the pulfs reflect 
different stages of larval development. The in­
corporation of radioactively labeled RNA (2) 
demonstrates that RNA synthesis occun in 
these regions as a sign of gene activity 
(transcription). 

C. umpbrush chromosomes In oocytes 
In the oocytes of some animals, fine loops 
protrude from the chromosomes during the 

diplotene phase of meiosis (seep. 94). Because 
of their appearance, they were called lamp­
brush chromosomes by W. Flemming in 1882. 
These are greatly extended chromosome biva­
lents during the diplotene phase of meiosis (1 ). 
A meiotic bivalent consisting of two pairs of 
sister chromatids seen under the light mlao­
scope are held tX>gether at points of chiasma fur­
mation (2). (Microphotograph by Gall, 1956.) 

D. Vlslble transatptlon ol ribosomal 
RNA gene dusters 
Tandem repeats of ribosomal RNA (rRNA) 
genes transaibed in the nucleolus of an am­
phibian, niturus viridescens, are shown here . 
Along each gene, many rRNA molecules are 
synthesized by RNA polymerase I. The growing 
RNA molecules exll!nd from a backbone of 
DNA (MicropholDgraph by Miller, 1973). 

Further Reading 
Alberts B, et al. Molecular Biology oC the ~L 6th ed. 

N- Yorlc, NY: Garland Scien~ 2015 
Ashbumer M, et al. Temporal control of putrlng ac­

tivity in polytene chromosomes. Cold Spring Harb 
Symp Quant Biol 1974; 38: 655-662 

Callan HG. The Croonlan Lecture, 1981. Lampbtush 
chromosomes. Proc R Soc Land B Biol Sci 1982; 214 
(1197): 417-448 

Gall JG. On the submiaosmpic structure of chromo­
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sis. 9th ed. Hew York. NY: W. H. l'reelllilll. 2007 

Krebs JE. et al. Lewln's Genes XL Sudbury: Bartlett • 
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Miller OL Jr. The visualization of genes in action. Sd 
Am 1973; 228(3): 34-42 
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Chromosome Organization 
The structural organization of chromosomes 
differs between interphase and mitosis. OU'o­
mosomes are visible as separate structures 
during mitosis only. During interphase, they 
appear in the cell nucleus as a tangled mass 
called chromatin. The local density of chroma­
tin shows regions of light and dark stain 
through a light microscope. These are referred 
tD as heterochromatin and euchromatin (E. 
Heitz, 1928 ~ Euchromatin is related to attive 
genes, and heterochromatin is relited to inac­
tive genes. 

A. Chromosome fibers 
.. The skdeton of a metaphase chromosome is 

shown in the center, surrounded by a scaffold 
of darkly stained dense fibers (1 ). The chromo­
some has been depleted of histone proteins 
(sec p. 138). The fibers represent a halo of 
DNA (darldy stained threads). A higher magni­
fication (2) indicates that the DNA consists of a 
single continuous thread. (Photographs Paul­
son a Laemmli, 1977). 

B. Levels of chromosome org;mlzatlon 
From the chromosome to its DNA strand, dif­
ferent levels of organization can be distin­
guished in a zoom-like manner. The total 
length of haploid DNA in a dividing human 
cell is approximately 1 m. During mitosis, this 
has to fit into 23 chromosomes of approxi­
mately 3 tD 7 µm each. When a portion of a 
chromosome arm corresponding to 10% of 
that chromosome is magnified tenfold, that 
chromosomal areAI might contain appmxlmately 
40 genes, depending on the part of chromosome 
segment (eight are shown here, 2). Magnifying a 
tenth of that area another tenfold (3) would 
yield a region containing three or four genes 
on average (3 shown). A further tenfold magni­
fication brings this dawn to the level of a single 
gene (41 here shown with 7 exons (E1-E7). The 
Wt level (5) would be that of the nucleotide 
sequence. 

C. Heterochromatin and euchromatin 
In 1928, Emil Heitz observed that certain parts 
of the chromosomes of a moss (Pellia epiphylla) 
remain thickened and deeply stained during 
interphase. He named these structures 
hettrochromatin. Those parts that were less 

densely stained and became invisible during 
lat!! tl!lophase and subsequent intl!rphase he 
called eudtromotin. Subsequent studies showed 
that heterochromatin consists of regions with 
few or no actiW! genes, whereas euchromatin 
corresponds to regions with active genes. (Fig­
ure from Heitz, 1928). 

D. Constitutive heterochromatln at the 
centromen!s (C bands) 
The centromeres of eulwyotic chromosomes 
contain repetitive DNA. called a-sate/Htts. 
They are specific for each chromosome. These 
sequences are visible in the centromeric region 
(constitutive heterochromatin). This can be 
specifically stained (C bands). The heterochro­
matin of the centromeres of chromosomes 1, 9, 
and 16, and of the long arm of the Y chromo­
some, differs In length in different human 
individuals (chromosomal polymorphism). 
(Photograph Verma & Babu, 1989). 

Further Reading 
Alberts 8, et al. Mol«ular Biology of the C~L 6th ed. 

New Yorlc, NY: Garland Science, 2015 
Brown SW. Heterochromatin. Science 1966; 151 

(3709): 417-425 
Grewal SI, et al. Heterochromatln revisited. Nat Rev 

Genet 2007; 8(1): 35-46 
Heitz E. Du Hetrrachromatin der Moose. L Jillub 

Wiss Bot l 928; 69: 762-818 
Krebs JE, et al l..ewin's Genes XL Sudbury: Bartlett a 

Jones, 2013 
Pas.wge E. Emil Heitz and the concept of heterochro­

mat!n: longitudinal cbro- dlffettndatlon 
was m;osnized fifty ye;us agg. Am J Hum Genet 
1979; 31(2): 106-115 

Paulson JR, Laemmli UK. The structure of histcne-d~ 
pleted metaphase chromosomes. Cell 1977; 12(3): 
817-828 

Sumner A. Chromosomes: Organization and Func­
tion. Malden, MA: Blackwell, 2003 

Verma AS, Babu A. Human Chromosomes. New Yort. 
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Functfonal Elements of 
Chromosomes 
The culwyotic chromosome has been viewed 
as a sesraiation device by Benjamin Lewin in 
2008. Three types of structures arc required to 
replicate and be disnibuted at mitosis: (i) se­
quences at the centromerc (CEN); (ii) autono­
mously replicating sequences (ARSs, origins of 
replication); and (iii) sequences at the telomer 
(TEL). The individual connibutions of these 
three types of functioOil) chromosomal ele­
ments have been demonstrated in mutant 
yeast cells (Saccharomyus artvisiat, baker's 
yeast). Using this information, yeast artificial 
chromosomes can be constructed. 

A. Basic features of a eukaryotlc 
chromosome 

The centromert and the two telomeres, one at 
each end. arc distinct hallrmrks of ;i chromo­
some. The centromere attaches a chromosome 
tD the spindle at mitosis. Centromeric ( CEN) 
DNA contains repetitive DNA called a-satellite 
DNA, the most abundant type being long tan­
dem repeats of a 170-base-palr (bp) mono­
meric sequence. The total length of CEN DNA 
ranges from approximately 300 tD 5,000 kb. 
Coned a-satellite fragments hybridize specifically 
to individual chromosomes. This can be used to 
identify individual chromosomes. The subtdo­
meric sequencrs, kx:ared proximal to the tdomer­
ic (TEN) seqllClKrS, mntain sequencr homologies 
shared among .stEsets of other chromosomes (see 
p. 142). Eadt chromosome is char3C.terized by a 
spedftc pattern of daric and light bands (banding 

pilttemi 

B. Autonomously repllcatlng sequences 

ARSs arc required for initiation of eukaryotic 
DNA replication. This can be shown in mutant 
yeast cells. Mutant crlls lacking the gene fur 
synthesis of leucine (Leu) cannot grow in cul­
ture medium that lacks leucine. Even if Leu is 
added. they cannot replicate bee.lose they l;ick 
ARS ( 1 ~ If ARS is transferred along with a gene 
encoding leudne, approximately 5 to 20% of 
cells can replicate, but mitotic segregation is 
defective (2). 

C. Centromeric sequences 

CEN sequences arc required for correct distribu­
tion of replicated chromosomes during mitosis. 

This has been shown by adding yeast CF.N se­
quences to the plasmid in addition tD the Leu 
gene and ARS. ln this case, nearly ~ of prog­
eny can grow on Leu- medium (1) because nor­
mal mitotic segregation takl!s place (2). Thus. 
CEN sequences arc necessary for normal distri­
bution of the chromosomes at mitosis (see p. 
92). 

D. Telomeric sequences 
When Leu- yeast cells arc transfected with a 
linear plasmid containing a Leu gene, and ARS 
and CEN sequences, they still fall to grow (1 ). 
The reason is that the linear plasmid does not 
contain TEL sequences. However, if TEL sequen­
ces are attached to both ends of the plasmid 
(3) before it is incorporated into the cells ( 41 
normal replication and mitotic segregation 
talre place ( 4). In this case, the linearized 
plasmid behaves as a normal chromosome. 
(Figures in B. C. D adapted from Lodsih et al, 
2016). 

Medical relevance 
Losses or rearrangements of subtelomeric 
sequences arc important causes of hllllliln 
developmental disturbances and are found In 
approximately 5% of patients with mental re­
tardation (De Vries et al., 2003; Knight and 
Flint., 2000), 

Further Reading 
Albert B. et al Molecular Biology of the Cell. 6th ed. 

New Yorlc, NY: Garland Science. 2015 
~ l. et al lbe structure and function of yeast 

centromeres. Annu Rev Genet 1985; 19: 29-55 
De Vries BB. et al. Telomeres: a diagnosis at the end 

of the chromosomes. J Med Genet 2003: 40(6): 
385-398 

Kennud ML E!IJineered mammalian chromosomes 
in cellular protrln production: future prospects. 
Methods Mal Biol 2011; 738: 217-238 

Knight SJ, Flint J. Perfect endings: a review of subte­
lomeric probes and their use in dlnlcaJ dlagnosis. 
J Med Genet 2000; 37(6): 401-409 

Lodish H, et al. Molecu!M Cell Biology. 6th ed. New 
Yorlc. NY: W. H. Fl'eellWI. 2016 

Murray AW, Szostak JW. Construction of artilld.11 
chromosomes in yeast Nature 1983; 305(5931 ): 
189-193 

Schueler MG, et al Genomic and genetic definition of 
a functional humm centromere. Science 2001; 294 
(5540): 109-115 
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Nucleosomes 
Nucleosomes are the basic subunit of eukary­
otic chromosomes. Tuey were first delineilted 
by R. D. Kornberg and by Olins ilnd Olins in 
1974. A nucleosome consists of DNA-binding 
proteins thi!t belong to two classes: histones 
and nonhistone proteins. DNA winds ilround a 
nucleosome in ii defined Pilttem. The DNA 
double helix wound around each nucleosome 
allows a tight PiJcking with a DNA packing 
ratio of approximately 1: 1 o,ooo. 

A. The nudeosome, the basic unit of 

.. 
DNA packing 
A nudeosome consists of eight core histone 
molecules (octamer): two copies each of H2A, 
H2B, H3, and H4 (1 ). Around the disk-shaped 
octamer of histones are 140-150 base pairs of 
DNA (147 bp in humans) wrapped around 1.7 
times. Linker DNA of variable length between 8 
and 114 bp links two adjacent nucleosomes 
with each other. It is associated with histone 
H1. 
Each nucleosome is seJlill'ilted from the other by 
50 to 70 bp linker DNA, which yields a repeat 
length of 157 to 240 bp. The firur histones are 
small proteins of 102 to 135 illlllno i!cids. More 
than one-fifth of the illlllno adds of the core his­
tones are either lysine or arginine, two anllno 
acids with basic side chains. Their positive 
charges can neutralize the negatively charged 
backbone of DNA. Each core histone has an 
N-terminal anllnO acid tail extending out of the 
DNA-histone core. For transcription and repair, 
the tight association of histones and DNA has to 
beloosened(see p.180).H4and H3 belong to the 
most conserved proteins in evolution; H2A and 
H2B are present in all euka1yotes, but their 
sequence varies between species. 

B. Three-dimensional strudure 
The three-dimensional structure of the nucle­
osome (shown from above), based an X-ray 
diffraction structure at a high resolution of 
2.8 A, shows DNA wrapped around its histone 
core. One strand of DNA is shown in green, the 
other in brown. The histones are shown in 
different colors in the middle. 

C. Chromatin strudures 
Chromatin occurs in different stages of comPiJC­
tion: condensed (tightly folded), less condensed 
(partially folded). and an extended, unfolded 
form. When extracted from cell nuclei in 
isotonic buffers, chromatin appears as fibers of 
ilpproximately 30 nm in diilmeter. The ame­
sponding electron microscopy photographs on 
the right, obrained by different techniques, 
show the condensed (folded) chromatin as com­
pact 300 to 500 A structures (top), as a 250-A 
fiber when PiJrtially folded (middle), and as a 
"beads-on-a-string" 1 oo-A chromatin fiber 
(bottomi (Electronmicrophotograph from 
Thoma et al, 1979). 

D. Chromatin segments 
Chromatin occurs in segments of variable de­
grees of compaction. This corresponds to the 
third level of organiZiltion, the packing of the 
30-nm fiber. This yields an overall pi!cking 
ratio of 1,000 in euchromatin (about the same 
in mitotic chromosomes) and 10,000-fold in het­
erochromatin in both interphase and mitosis. 
(Image in B from l.ugl!r et al, 1007, with permis­
sion from Dr. 1J Richmond. Figure in D adapted 
rom Alberts et al, 2015 i 

Medlul relevance 
Faulty changes in chromatin structure cause 
different disorders and some forms of cancer 
(see Part III, p. 238, 312). 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Lodish H, et al. Molecular Cell Biology. 8th ed. New 

York, NY: W. H. Freeman, 2016 
Luger K, et al. Crystal structure of the nucleosome 

core partide at 2.8 A resolution. Nature 1997; 
389(6648): 251-260 

Olins AL. Oliru DE. Spheroid chromatin unlts (v bod­
iesi Science 1974; 183(4122): 33ll-332 

Richmond 1J Davey CA The structure of DNA in the 
nudeosome core. Nature 2003; 423(8936): 145-150 

Schaich T, et al, X-ray structure of a tetranucleosome 
and its implications for the chromatin fibre. Nature 
2005; 436(7047): 138-141 

Thoma F, et al. Invol\O\!ment or histone Ht In the 
organization of the nucleosome and of the salt­
dependent superstructures of chromatin. J Cell 
Biol 1979; 83(2 Pt 1): 403-427 
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Packing DNA In Chromosomes 
The totill length of DNA in a eukilryotic cell is 
approxil1liltely 1 m. During mitosis, this needs 
to be packed into chromosomes of approxi-
11liltely 3 to 7 µm in length. This is equivalent 
to packing 401 km of London Underground 
into a suitcilse {Kilkui a. Uhll1lilnn, 2017). The 
packing occurs in ii highly orga.nized manner. 
The chilnge from interphilse to mitotic chro­
mosomes requires a class of proteins called 
condensins. These use energy from adenosine 
triphosphilte (ATP) hydrolysis to coil each in­
terphase chromosome into a mitotic chromo­
some. Two of the five subunits of condensins 
interact with ATP and DNA. The cell cycle 
protein cdc2 (see Cell Cycle Control, p. 90) is 
required for both interphase and mitotic 
condellSiltion. 

A. Model for paddng DNA in chromatin 
Chromosomal DNA is folded and packed in six 
sua:essive levels of hierarchical organization in 
a metaphase chromosome. These levels are 
shown schematically from top to bottom. 
First, a condensed section loops out of a meta­
phase chromosome (1,400 nm). Second, a 
higher lllilgllification of this section shows a 
condensed section of a metilphase chromo­
some (at 700 nm). Third, DNA loops out from 
a chromosome scaffold at 300 nm resolution. 
Fourth, each loop corresponds to the 30-nm 
chrol1li!tin fiber of tightly packed nucleosomes 
shown at the next level below. Fifth, 11-nm 
"beads-on-string form" Sixth, the DNA double 
helix represents the ultimate resolution. (Figure 
adapted from Alberts et al, 2015 and Lodish, 
2016). 

B. Chromosome territories during 
lnterphase 
Individual chromosomes occupy particular ter­
ritories in an interphase nucleus. T. Cremer 
and coworkers (Belzer et ill, 2005) have 
shown that small chromosomes are located 
preferentially toward the center of libroblilst 
nuclei, whereilS large chromosomes are posi­
tioned preferentially toward the nuclear rim. 
MeilSurements along the optical ilXl!S of the 
chromosome territories of hUl1liln chromo­
somes 18 and 19 suggest that the gene-poor 

chromosome 18 is closer to the top or bottom 
of the nuclear envelope than chromosome 19. 
Prob.ably, complex genetic and epigenetic 
mechilnisms act at different levels to establish, 
maintain, or alter higher--0rder chrol1li!tin 
arrangements as required for proper nuclear 
functions. The numbers in (1) on the left indi­
cate different degrees of chromosome decon­
densation (Mento Carlo relaxation steps 200, 
1,000, and 400,000). (Images from Belzer 
et al, 2005, provided by ThomilS Cl'emer, 
Miinchen, Germany). 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed • 

New York, NY: Garland Science, 2015 
Balzer A, et al. Three-dimensional maps of all chro­

mosomes in hwnan male fibroblast nuclei and 
prometaphase rosettes. Pl.oS Biol 2005; 3(5): e157 

Cremer T, Cremer C. Chromosome territories, nuclear 
architecture and gene regulation in mammalian 
cells. Nat Rev Genet 2001; 2(4): 292-301 

Cremer T, Cremer C. Chro!l1050me territorieJ. Cold 
Spring Harb Perspect Biol 2010; 2 (a003889) 

Gilbert N, et al. Chromatin architecture of the human 
genome: gen~rich domains an! enriched in open 
chromatin fibl!rs. Cell 2004; 118(5): 555-566 

Hagstrom KA, Meyer BJ. Condensin and cohesin: 
more than chromosome compactOr and glue. Nat 
Rev Genet 2003; 4(7): 5W-534 
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bricks. Science 2017; 356: 1233-1234 
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397 
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The Telomere 
The telomere at each end of a linear euki!ryotic 
chromosome contains speciillized repetitive 
DNA nucleotide sequen<l!s. These comprise ap­
proximately 2,500 nucleotide repeats (TIAGGG). 
The telomere protects its end of the chromo­
some from joining with other chromosomes. In 
addition. it helps overcome the problem a chro­
mosome has with its ends at replication: since 
DNA synthesis occurs solely in the 5' to 3' direc­
tion, only the 3' to 5' template can be used 
continuously. That is, at the end of the 5' to 3' 
remplate (lagging strand), DNA cannot be syn­
thesized because the fillill RNA primer cannot 
be attached. The unsynthesized bit of single­
stranded DNA at the 3' end would in effect be 
lost at each cell division. A large proli!in-RNA 
complex in the telomere, the relomernse, cirmm­
vmts this problem. The name telomere is derived 
from the Greek words telos (n-&Mt" - end) meros 
(pil>O' - root). 

A. General structure of the telomere 
The telomeres in metaphase chromosomes can 
be specifically visualized by in situ hybridiza­
tion techniques (1). In the terrninal 6 to 10 kb of a 
chromosome, telomere and telomere-associilted 
sequences can be distinguished from areas con­
tlining genes (2). DNA sequen<l!S would form a 
single-stranded end A complex enzyme systi:m, 
telomerase, prevents this. (Image obtained on 29 
August 2016 at www.ucst:edu/). 

B. Replication by telomerase 
sequence-specific DNA-binding proteins at­
tract an enzyme, telomerase. It binds to the 
incomplete 3' end of the single-stranded telo­
meric DNA (1) and elongates it in the 5' to 3' 
direction by DNA synthesis using telomerase 
RNA as a template (2). After the parental 
strand has been extended, the lagging strand 
is completed by conventional DNA polymer­
ases in the 5' to 3' direction (3). 

C. Telomerase strudure 
The RNA of telomerase resembles other re­
verse transoiptases and can synthesize DNA 
using the RNA it contains as a template. Nu­
merous telomerase-associated proteins ("fin­
gers") stabilize the region where telomerase 
RNA served as template for DNA synthesis 
(see Disorders Resulting from Defects in 

Telomeres, p. 242). At the end of a telomere 
the DNA forms a loop (t-loop). Its 3' end dis­
places the 5' end and inserts itself into the 
double-stranded telomeric DNA (not shown). 
Telomerase function is maintained in stem 
cells with high rates of proliferation. In con­
trast, in most other cells types the telomerase 
activity is reduced or absent, and telomeric 
DNA is lost at every cell division. As a result 
telomeres shorten over time. This limits the 
number of times a cell can divide. The cell en­
ters a nondividing state called rep/imtive cell 
senescence. In addition the protective protein 
caps deteriorate. (Figures in B and C adapted 
from Alberts et a~ 2015) . 

Medical Relevance 
See Disorders resulting from Defects in 
Telomeres (seep. 242). 

Further Reading 
Albero B, et al, eds. Molecular Biology of the Cell 

6th ed. New York, NY; Garland Science, 2015 
Armanios M, Blackburn EH. The telomere syndromes. 

Nature Rev Genet 2012; 13(10): 694-704 
Blackbum EH et aL Human telomere biology: A con­
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2015; 350(6255); 1193-1198 

Brady C. Elizabeth Blackbum and the Story of the 
Telomeres. MIT Press, cambridge, Massachusetts, 
2007 

Griffith JD et al Mammalian telomeres end in a large 
duplex loop. Cell 1999; 97; 503-514 

Holohan B et al Telomeropathies; An emerging 
sprectrum disorder. J Cell Biol 2014; 205(3); 289-
299 

Krebs JE, et aL Lewin's Genes XL Sudbury: Bartlett 8t 
jonei;, 2014 

Savage SA, et al. The genetics and dinical manifesta­
tions of telomere biology disorders. Genet Med 
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Chromosomes In Metaphase 
In eukaryotes, the cellular genetic material 
(DNA and associated molecules) is paclcaged 
into chromosomes. Each chromosome contains 
a continuous thread of DNA double helix. The 
term chromosome, derived from the Greek 
word :xp6)µa (chroma color) and aQµa (soma. 
body), a term introduced by w. Waldeyer in 
1888. In prokaryotes, the single chromosome 
usually has a circular structure. In eukaryotes, 
the chromosomes are located in the nucleus at 
defined positions. As fU"St noted by W. Flem­
ming in 1879, chromosomes can be visualized 
under a light microscope during mitosis as 
separate, individual structures. In 1956. 'l]io 
and Levan in Lund, and Ford and Hamerton in 
Oxford established that man has 46 chromo­
somes, not 48, as had been previously as­
sumed. Each organism has a defined number 
of chromosomes with distinct morphological 
appearances (the karyotype). 

A. The metaphase chromosomes 
of man 
A human metaphase is shown here at approx­
imati:ly 1,200-fold magnification. Each chro­
mosome comes as a pair, one derived from 
the mother and one from the father. Each pair 
is defined by its length, position of the centro­
mere, and the size and arrangement of trans­
verse light and dark bands (banding pattern). 
Parts of a chromosome also can be identified 
by its banding pattern. In a typical metaphase 
preparation, approximately 400 to 550 distinct 
bands can be distinguished. In prometaphase, 
the chromosomes are longer than in meta­
phase and show more bands. Thus, for certain 
purposes, chromosomes are also studied in 
prometaphase. Different banding techniques 
exist for demonstrating selected features. 

B. Types of metaphase chromosome 
Each chromosome is classified as submellleen­
tric, metacentric, or acrocentric according to 
the location of its centromere. This appears as 
a constriction and is the point of attachment of 
the spindle during mitosis. The centromere di­
vides a submetacentric chromosome into a 
short arm (p arm, derived from the French 
word petit) and a long ann ( q, next letter 
after p ). In metacentric chromosomes, the 

short and long anns are about the same length. 
The short ann (p) of acrocentric chromosomes 
consists of a gene-free dense appendage called 
a satellite at the end of a stalk (not to be 
confused with satellite DNA). 

C. Karyogram 

A kacyogram is a systanatic visual representation 
of the karyot:ype. It displays all chromosomes in 
homologous pairs, arranged aa:ording to their 
relati~ lengths and the positions of their a:ntro­
meres. Chromosomes are numbered as 22 pairs 
of chromosomes (autosomes, pairs 1-22) in addi­
tion to either two X chromosomes, in females, or 
an X and a Y chromosome, in males (lwyotype 
46,XX or 46, XY, respectively). The 22 pairs of 
autosomes in man are divided into s~ groups 
(A-q The karyotypes of diffi!rent species of ani­
mals show dilferences and similarities depending 
on their evolutionary relationships. 

Medical relevance 
The analysis of chromosomes in metaphase {or 
under certain circumstances in prometaphase) 
is an important tool of diagnostics because ap­
proximately 1 in 400 newborns carries an 
aberration of the normal number or structure 
of a chromosome. 

Further Reading 
caspersson T, et al. Differential binding of alkylating 

fluorochromes in human chromosomes. Exp Cell 
Res 1970; 60{3); 315-319 

Dutrillaux B. Lejeune j. Sur une nouvelle technique 
d'analyse du caryotype humain. CR Acad Sd Paris 
D 1971; 272: 2638-2640 

Ford CE, Hamertcn JI. The chromosomes of man. Na­
ture 1956; 178(4541): 1020-1023 

Krebs JE, et al Lewin's Genes XL Sudbury: Bartlett Iii 
Jones, 2014 

McGowan-Jordan], et al, eds. 2016: An lntrmational 
System for Human Cytogenetic Nomendature. 
Basel, Switzerland: Karger, 2016 

Miller OJ, Therman E. Human Chromosomes. 4th ed. 
New Yorlc, NY: Springer-Verlag, 2001 

Riddihough G. Chromosomes through space and 
time. Science 2003; 301 (5634): 77~802 

Speicher MR, et al Vogel and Motulsky's Human Ge­
netics. Problems and Approaches. Heidelberg: 
Springer, 2010 

'I]io JH, Levan A. The chromosome number of man. 
Hereditas 1956; 42(1-2): 1-6 



Chromosomes Ill Metaphase 145 

.. 
a.7pm • 

i; 

l ' ' 
~D ~· 

' ' """"' ~ . 
~ 

.. • ....... #Pil> r.. '· .. .. .~ 
~ 

,.,.,.. 
• • 

' 
, ..,. : , . 

.,}\ -- \ ,. ""' 
' 

.. ~ ... 
"' 

./ •> .'"" tq , ""--
·" /~ + -t 

A. Mkroscopk 1ppun1nce of met11ph11e chromosomes of m1n 

~-eN 00 
Submetacentric: UU 

Satelll!S ~ 

Acrocentric: LJ LJ 
B. TJpes of meblpluse ch1'11111GH1111! 

lJ 

~i '){ (r~· 
~ ,, 

!\ i Jt .. !! 
2 3 4 s x 

.. ~ i~ l '~ ~!:! '4V Jj ·\a B·· ;J li~ !! • ft 
6 8 9 10 11 12 

j' u ,.. ... li ~f ~' 8! 
13 14 15 16 17 18 

i ~M b 
19 20 21 y 

c. Kllryogrem of die metllphele lnA 



.. 

146 Chromosomes 

The Banclng Patterns of Human 
Chromosomes 
With special :rtainilli ti:chniques introduced in 
1971, a reproducible, chromosome-specific 
pattern of transverse inn:nsively and less in­
n:nsively stained regions (bands) CilJl be visllill­
ized along chromosomes in metaphase or 
prometaphase. This allows assigning structural 
alterations and gene loci to defined regions 
along a chromosome. When Tjio and Levan, 
and Ford and Hamerton, independently in 
1956, derermined the chromosome number of 
man to be 46, many of the chromosome pairs 
could not be distinguished. The complen: set of 
chromosomes of an individllill or a species is 
the karyotype. The chromosomes are arrilllied 
in homologous pairs in a karyoaram. The most 
frequently used type of biinding is G-banding 
(also n:ferred to as Gl'G banding). This name is 
derived from the Giemsa stain, which is ap­
plied to the chromosomal preparation after it 
has been treated with the proteolytic enzyme 
trypsin. Other types of band are Q biinds 
(quinaaine-induced), R biinds (reverse of GJ, 
C bands ( centromeric constitutive heterochro­
matin), T biinds (telomeric), and others (see 
McGowan-Jordan et al, 2016 and Appendix, 
Table 1, p. 403). 

A. Banding patterns and sizes of human 
chromosomes 1 to 12 
A band is defined as part of a chromosome that 
CilJl be cle;irly distinguished from its ;idj;icent 
band and shows staining of different intensity. 
This plate schematically shows the G-banding 
pattern of human chromosomes t to 12 (for 
chromosomes 13-22, and the X and Y chromo­
somes, see next page). At standard resolution, 
approximately 450 individllill biinds can be 
distinguished per haploid set of human chro­
mosomes. With variant techniques a higher 
resolution (800 bands) can be achieved. 
Each chromosome is divided into regions along 
the short (p) arm and the Jong (q) arm The 
regions ue numbered from the centromere to 
the teiomeres. For example, the proximal short 
arm of chromosome 1 begins (next to the cen­
tromere) with region 1. containing a duk and 
a light band, followed by regions 2 and 3. 
Within each region, biinds are also numbered 
proximally to distally (toward the telomerei 

The number of each band is stated directly 
after the number of the region. For example, 
bands 2 and 3 of region 2 are designated 22 
and 23, respectively; bands 1 to 6 of region 3 
are designated 31, 32, 33, 34, 35, and 36, re­
spectively. Each band is designated according 
to its chromosome, chromosome arm. region, 
and band. Thus, 1 p23 indicates region 2, biind 3 
of the short arm of chromosome 1. Additional 
biinds that become visible with higher resolu­
tion are indicated by a decimal: if one additional 
biind can be distinguished in 1 p21, this region is 
designated as 1p2. tp212, 1p213, and so on. 
This system is outlined in detail in McCowan­
jordan et al. (2016~ The size of each chromo­
some in million base pairs is given below eadt 
chromosome. 

Medical relevance 
The banding pattmt is used to define the loca­
tion of structural chromosomal aberrations 
and the location of genes as defined by light 
microscopy on a chromosome (for the Inip of 
gene loci relevant for mongmic disorders, see 
p. 392i 

Further Reading 
Ford CE. Hamerton JL The chromosomes or l!Lln. 

Nature 1956; 178(4541): lOW-1023 
Gardener RJM, et ~- Chromosome Abnormalities and 

Genetic Counselins. 4th ed. Oxford: Oxilrd Uni~r­
sity Pres.s, 2012 

Gersen Sl, !(eagle MB, fds. The Principles of Oinical 
cytogenetia. 2nd ed. TOCDWa, NJ: Humana Press, 
2005 

McGowan-Jormn J. et al, eds. ISCN 2016: An Inter­
national Systnn for Human Cytollenetit Nomencla­
ture. Basel, Switzertand: ~. 2016 

Mikhail FM. Chromosomal Basis of Inheritance. In: 
Rimoin DI., et al, eds. Emery and Rimoln's Princi­
ples and Practice of Medic.al Genetics. 6th ed. New 
York, NY: Elsevier, 2013 (e-book) 

Miller OJ, Therm.n E. Human Chromosomes. 4th ed. 
New York, NY: Springer-Verlag, 2001 

Seabright M. A rapid banding tedmique for hwnm 
chromosomes. Lancet 1971; 2(nJt): 971- 972 

Tjio jH. Levan A. The chromosome number of man. 
Hereditas 1956; 42(1-2): 1-6 
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Karyotype of Man and Mouse 
The 22 chromosome pairs of Iniln are arranged 
in seven groups (A-G): group A consists of 
three pairs, chromosomes 1 to 3, which are 
li!rge submetacenttic chromosomes; group B 
(chromosomes 4-5) consists of two pairs of fairly 
long submetacenttic chromosomes, which are 
slightly smaller thi!n group A; members of 
group c (dlromosomes 6-12) are all submeta­
centric; members of group D {chromosomes 13-
15) are all acrocentric; members of group E 
(dlromosomes 16-18) are all submetacenttic; 
members of group F (chromosomes 19-20) are 
all metacentric; i!Dd members of group G ( chro­
mosomes 21-22) are all sDlilll acrocenttic chro­
mosomes. In addition, the X i!Dd Y chromosomes 
do not belong ID a group. 

A. Banding patterns of human 
chromosomes 13 to 22, X. and Y 
The scheiniltic representation of the hUini!n 
karyotype is continued from the previous page. 

B. Karyotype of the mouse 
The mouse (Mus musculus) has 20 chromo­
some pairs, each with a specific bi!Dding 
pattern (1 ). All chromosomes except the X 
chromosome are acrocentric, with the centro­
mere at the very end. 
Varli!Dt strains of mice have a karyotype with 
metacennic chromosomes. These are the result 
of centric fusion between two acrocennic 
chromosomes (2). The example shows fused 
chromosome pairs 4 and 2 (4/2); 8 and 3; 7 
and 6; 13 and 5; 12 and 10; 14 and 9; 18 and 
11; and 17 and 16. Chromosome pairs 1, 15, 
and 19 are unchanged, as in the standard kar­
yotype. The fused chromosomes are present in 
all mice of this particular population. They rep­
resent an example of chromosome evolution 
by fusion. (Photographs: 1 from 'Il'aut, 1991; 
2 provided by Dr. H. Winking, Liibeck, 
Germany). 

Human chromosome nomendature 
An elaborate system of nomencli!ture to de­
scribe also complex chromosome changes in a 
brief formula is described in the International 
System for HUinilD Cytogenetic Nomencli!ture 

(ISCN 2016; McGowan-Jordan et al.). The most 
important examples are listed in the Appendix, 
Table 2 (see p. 404). 
Examples of Nomendature Usage: 
46,XX, norinill female karyotype; 46,XV, nor­
mal Inille; 47,XXV, an extra X chromosome in 
a Inille karyotype; 45,X, a missing X or Y chro­
mosome; 47,XV,+21, an extra chromosome 21 
in a Inille karyotype; 2q, Inilterial missing from 
the long arm of chromosome 2 (a +indicates 
extra Ini!terial): 1(2:5Xq2t;q3t). reciprocal 
tri!Dslocation between chromosome 2 and 5 
with breakpoints at 2q21and5q31; 1(13q14q), 
a centric fusion of chromosome 13 and chromo­
some 14; del, a deletion; dup, a duplic;ation; inv, 
ilD inversion; ins, insertion; ins(5;2Xp14;q21), 
insertion of region q21 of chromosome 2 into 
region p14 of dmnnosome 5; mat-, pat-, matEmal/ 
paternal origin; der, derivative chromosome in a 
structural change; I, isochromosome; r, ring­
shaped chromosome; h, heterochromatin. 

Further Reading 
Gersen SL, Keagle MB, eds. The Principles of Oinic.al 

Cytogenetics. 2nd ed. Totowa, NJ: Humana Press, 
2005 

Miller OJ, Therman E. Human Chroll1050rnes. 4th ed. 
N- York, NY: Springer-Verlag, 2001 

McGowan-Jordan J. et al, eds. JSCN 2016: An Inter­
national System for Human Cytogenetic Nomenda­
tutt. Basel, SWitzertand: ~. 2016 

Schwartz s, et al. Chromosome disorders. In: Longo 
DI., et al., eds. Harrison's Principles and practice of 
Intmlal Medldne. 18th ed. New Yorlt, NY: McGraw 
Hill, 2012: 509-518 

Traut W. ChroIDDSomeIL Klassische und molekulare 
Cytogenetik. Heidelberg: Springer-Verlag, 1991 
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Preparation of Metaphase 
Chromosomes for Analysis 
Cl!romosomes can only be: analyzed when a 
cell is in meta phase (or occasionally promc:ta­
phase ). These are usually obtained from pe­
ripheral blood lymphocyte cultures. For special 
purposes, metaphases can also be obtained 
from cultured skin fibroblasts, cultured amnio­
cytes from amniotic fluid, and cultured cho­
rionlc cells from chorionic villi. From the bone 
marrow, cells in metaphase can be directly 
obserwd without culture. Peripheral blood 
lymphocytes grow in a suspension culture 
wr having been stimulated to divide by phy­
tohemagglutinin, a plant lectin that induces 
cell division in T-lymphocytc:s. The lite span of 
lymphocytes is limited to a few cell divisions. 
However, by exposing the culture to Epstein­
Barr virus, they can be transformed into a lym­
phoblastoid ce11 line with permanent growth 
potential (seep. 102). 

A. Chromosome analysis from blood 
Five principal strps are required: (i) lympho­
cyte culture, (ii) harvest of meta phase chromo­
somes, (iii) chromosome preparation, (iv) 
staining with special dyes that stain chromo­
somes (and chromatin), and (v) analysis by mi­
croscopy, which is now assimd by computer 
analysis. 
Approximately 2 to 3 mL of whole blood with 
heparin added to approximatdy one-tenth of 
the blood volwne is needed. Heparin must be 
added to prevent blood dotting. Phytohemag­
glutinin-stimulated lymphocyte culture for 
approximatl!ly 72 hours at 37'C yields meta­
phases after two cell divisions. Cells reaching 
mitosis are arrestl!d in metaphase by adding a 
colchidne derivative (colcemld) for 2 hours 
prior to hanest. The culture is then terminated 
and the cells in metaphase are harvested (1). 
At lwvest, the culture solution is centrifuged 
(2). Hypotonic potassium chloride solution 
(0.075 M) is added for 20 minutes (3), after 
which a fixative solution (3:1 mixture of meth­
yl alcohol and glacial acetic acid) Is added (4). 
The fixed cells are taken up in a pipette, 
dropped onto a clean, wet, fat-free glass slide 
suitable for microscopic analysis, and air-dried 
(5). The preparation is treated according to the 
type of bands desired (6), stained (7), and the 

slide is covered with a aJVl!r glass (8). Suitable 
metaphases are located under the microscope 
at approximately 100-fold magnification and 
are subsequently examined at approximately 
1,250-fold magnification (9). More than one 
cell has to be analyzed. Depending on the pur­
pose of the analysis, between 5 and 100 meta­
phases (usually 10- 20) are examined. Some of 
the metaphases are photographed under the 
microscope and subsequently can be: cut out 
from the photograph (karyotyping). In this 
way, a karyogram can be obtained from the 
photograph of a metaphase (10). The time 
needed for a chromosome analysis varies de­
pending on the problem, but it is usually 3 to 4 
hours. Analysis and karyotyping time can be 
considerably shortl!ned by computer proce­
dures. The karyogram can be obtained by 
computer-assisted analysis. 
Additional methods for chromosomal analysis: a 
variety of methods exist that do not use mc:ta­
phase chromosomes for analysis. Examples aR 

interphilse fl~ in situ hybridization 
(HSHi compal'itM! gc:nonK hybridization (CGH; 
see p. 218), fiber FISH, cluumosome sorting by 
flow cytomc:try, and others. 

Medical relevance 
Cytogenetics with chromosomal analysis Is an 
important tool in the diagnosis of genetic dis­
orders that can be diagnosed by light micro­
scopy. Under given circumstances, metaphase 
analysis can be replaced by molecular techni­
ques, for example, array a;H (see p. 21si 

Further Reading 
Arakaki or, Sparlcies RS. Microtechnique far culturing 

leukDcytes from whole blood Cytogenetics 1963; 
2: 57-60 

Gosden JR, ed. Chromosome A!Wysis Protocols. 
Methods in Moleailar Biology. Vol. 29. lbCDwa, 
NJ: Humana~ 1994 

Miller OJ. Thmnan E. Human Chromosomes. 4th ed. 
N~ Yorlr. NY: Springer-Vrriag. 2001 

Moorhead PS, et at. Chromosome pteparations of 
leukDcytes cultured from human peripheral 
blood. Exp Cell Res 1960; 20: 613-616 

SchWiIUcher HG, et al. eds. Methods in Human Cy­
toaienetics. Berlin: Springer-Verlag, 1974 

Sumner T. Chromosomes. Organization and Function. 
Oxford: Blackwell, 2003 
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Fluorescence In Situ Hybridization 
Fluorescence in situ hybridization (FISH) anal­
ysis combines cytogenetic methods with DNA 
molecular analysis (molecular cytogenetics ). 
DNA is denatured (made single-stranded) and 
the resulting single-strand hybridized with a 
single-stranded probe that only hybridizes at 
complementary sequences. In-situ hybridiza­
tion was introduced by Mary-Lou Pardue and 
Joseph Gall at Yale University in 1969. It has 
developed into a variety of molecular genetic 
techniques that are applied to chromosome 
preparations in metaphase or interphase nu­
clei, an approach called molecular cytogenelics. 
Conventional metaphase chromosomal analy­
sis can detect the loss or gain of chromosomal 
material of approximately 4 million base pairs 
or mere, whereas FISH analysis can detect 
much smaller rearrangements. 

A. Principle of FISH 

Metaphase chromosomes er interphase cells 
fixed on a glass slide (fn situ) are denatured 
(1 a) into single-stranded DNA (:Z). A DNA probe 
(1 b) labeled to allow recognition of its site of 
hybridization to a specific site (3). This is visual­
ized byfluorescena: in dark-field microscopy by 
a fluorescent-dye-labeled antibody labeled with 
biotin ( 4 ). To this primary antibody, a seamdary 
antibody (here, a biotinylated antiavidin anti­
body) is attached (5). The resulting signal is 
amplified by attaching additional labeled anti­
bodies (6). 

B. FISH analysis in metaphase 
Two metaphase chromosomes 22 have hybri­
dized to a probe specific for the centromeric 
region of chromosome 22 (green signals) and 
chromosomal region 22q11 (red signals). The 
two red signals indicate normal presence of 
this region in each chromosome. In case of a 
deletion, this signal would not be present and 
indicate the loss in the affected chromosome. 
In case of a duplication, there would be three 
red signals. All other metaphase chromosomes 
are stained dark blue by DAPI ( 4',6-diamidino-
2-phenylindole). 

C. lnterphase FISH analysis 
An interphase nucleus shows two green and 
three red signals. The three red signals indicate 
the presence of three chromosomes 21 in 

trisomy 21 (probes specific for chromosome 
region 21q22.13). The green signal is due to 
cchybridization with chromosomal regions 
13q14.2. 

D. FISH analysis of a translocation 
This shows a reciprocal translocation between 
the long arm of chromosome 8 and the short 
arm of chromosome 4. This yields two deriva­
tive chromosomes, der4 and der8, resulting 
from the translocation. The region embracing 
the breakpoint on 8 at q24 was labeled by a 
170-kilobase yeast artificial chromosome. As a 
result, three signals are visible: one over the 
normal chromosome 8, one over the altered 
chromosome 8 (der8), and one over the altered 
chromosome 4 (der4). Centromere-spedfic 
probes identify the four chromosomes involved. 
(Photograph courtesy of HJ Ulded<e, Essen.) 

E. FISH of a complex rea1Tangement 
In this partial metaphase, the short arm of 
chromosomes 5 (Sp) is stained in green and 
the long arm (Sq) in orange. The short arm of 
chromosomes 11 ( 11 p) is stained in blue 
and the long arm (1 lq) in red. A reciprocal 
translocation between chromosome 5 and chro­
mosome 11 is indicated by a derivative chromo­
some 11 (Tl) and a derivative chromosome 5 
(T21 which in addition has a pericentric inver­
sion. The probes used hybridize specifically to 
the chromosome arms involved. The other chro­
mosomes are counterstained by DAPI. (Photo­
graphs in B: courtesy A Scheduilrat 81 G. Siegert, 
Leipzig; in c: AK. Teichmann, Leipzig; in D: H.J. 
LOdecke, DOsseldorf, formerly Essen, and in E: G. 
Schwanitz. Bonn). 

Further Reading 
(assidy A, Jones J. DellelopmenU in Ill situ hybridisa­

tion. Methods 2014; 70(1): 39-45 
Jensen E. Technical review: in situ hybridization. 

Anat Rec (Hoboken) 2014; 297(8): 1349-1353 
Liehr T, et al. The currmt state of molecular cytoge­

netics in cancer diagnosis. Expert Rev Mol Diagn 
2015; 15(4): 517-526 

Pinke! D, et ill Cytogenetic malysls using quantita­
tive, hlgh-sensitivity, fluorescence hybridization. 
Proc Natl Ac.ad Sci U SA 1986; 83(9): 2934-2938 

Ried T, et al. Cl!romosome painting: a useful art. 
Hum Mal Genet 1998; 7(10): 161~1626 

Speicher MR. carter NP. The new cytogenetics: blur­
ring the boundaries with molecular biology, Nat 
Rev Genet 2005; 6(10): 782-792 
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Multicolor Fluorescence In Situ 
Hybridization (ASH) Identification of 
Chromosomes 
Computer-based methods can identify each 
chromosome pair individually and detttt 
small rearrangements that escape conventional 
metaphase analysis. When sets of chromosome­
spedfic probes hybridize to an entire chromo­
some or parts of a chromosome, the result is 
referred ID as chromosome painting. To increase 
the number of chromosomes that can be differ­
entiall!d at one time, a combination of labels 
(DNA probes that are labeled with more than 
one type of fluorochrome) and diffi!rent ratios 
of labels are applied. The resulting mba!d colors 
are detectable by aummated digital Image anal­
ysis. 1Wo approaches have proved particularly 
useful: multiplex fluorescence in situ hybridiza­
tion (FISH; Speicher et al. 1996) and spectral 
karyotyping (Sdutldc et al., 1996i Other ap­
proaches and modifications exist, tor example, 
the use of artifidiilly extended DNA or chroma­
tin fibers (fiber FISHi 

A. Multicolor FISH 
Multicolor FISH (Speicher et al, 1996) uses sets 
of chromosome-specific DNA probes, which 
are hybridized to denatured metaphase chro­
mosomes. Each probe is contained in a yeast 
artificial chromosome and labeled with a 
combination of DNA-binding fluorescent dyes 
specific tor each chromosome. Five different flu­
orophores can produce 24 different colors for 
image analysis by epifluorescence microscopy 
using a ~coupled device (CCD) camera. 
An image of each chromosome in a pseudomlor 
is displayed by appropriate computer software. 

B. Spectral karyotyplng 

Spectral lwyotyping (SKY; Schrtlck et al., 
1996) combines optical microscopy, Fourier 
spectroscopy, and CCD imaging. 
First, all 24 human chromosomes ( chromo­
somes 1- 22, X. and Y) are separated by flow 
sorting and labeled with at least one, but possi­
bly as many as five fluorochrome combinations 
(SKY probesi Following DNA denaturation, the 
SKY probe is hybridized to a denatured (single­
stranded) met.aphase chromosome preparation 
at 37-c for 24 to 72 hours. 
An inlEri!rometrr and a CCD camera (Spectra­
CUbe) are coupled to an epifluorescence micro-

scope to visualize the SKY probes. The emitted 
light is sent through a Sagnac inll!ri!rometer 
illld lbcused ontD the CCD camera. In this YQJ, 
an inll!rferogram based on the optical path differ­
ence of the divided light beam is measured lbr 
each pixel ri the image. The resulting unique 
spectral "signature" of each chromosome based 
on the raw spectral inbmation is displayed as 
an RGB (red, green, blue) imaale of the metaptwe 
and is used tor autmnilted chromosome classifi­
cation. During this process, a discrell! false culor is 
assigned to all pixrls of the image with identical 
spectra. revealing structural and numerical chro­
mosome aberrations, Spectral lwyotyplng has a 
wide range of diagnostic applications in d inical 
and canrer cyt:ogenetics. 

Medical relevance 
computer-assisted cytogenetic analysis is 
widely used to identify structural chromoso­
mal aberrations below the resolution power 
of light microscopy. 

Further Reading 
Chrombios. Molecular Cyl:ogenetlcs. Multicolor FISH. 

Available at http:/fwww.dlrombios.com/cms/ web­
slte.php. Alxessed November 24, 2016 

lmatakii G, et al. Chromosome malysls usln& spectral 
lwyotyping (SKY). ~ Biochl!lll Biopbys 2012; 62 
(1): 13-17 

Liehr T, ed. AllOttSCrllCI!! In Situ Hybridization (ASH). 
Heidelberg: Springer-Ve~ 2010 

Liehr T, et al. Multicolor ASH probe sets and their 
applications. Histol Histopathol 2004; 19(1): 229-
237 

Miller OJ, lbennan E. Human Chromosomes. 4th ed. 
NNI York. NY: Sprinser-Verlaa. 2001 

Ried r. et al. Chromosome painting: a usdul art. 
Hum Mo! Genet 1998: 7(10 ): 1619-1626 

Schrik:I< E, et al Multicolor spectral karyotyping of 
human chromosomes. Science 1996; 273(5274): 
494--497 

Speicher MR. et al. ICMyotypina human chromo­
somes by combinamrial multi-fluor FISH. Nat 
Genet 1996; 12(4): 368- 375 

Uhrig S, et al. Multiplex-FISH for pre- and postnat.al 
diagnostic applications. Am J Hum Genet 1999; 65 
(2): 448-462 
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Aneuploldy 
Anniploidy, a term introduced by T~ckholm in 
1922, is a deviation of the normal chromosome 
nwnber. It leads to loss or gain of one or sev­
eral individual chromosomes from the diploid 
set. A loss is called monosomy, a gain is called 
trlsomy. Both result from nondisjunction at 
meiosis (seep. 94). Nondisjunction was discov­
ered 1913 in Drosophila melanosmttr by c. B. 
Bridges, who coined the tmn. 

A. Trlsomy In Datura stramonlwn 
A. F. Blakeslee (1874-1954) in 1922 described 
phenotypic effects of trisomy in a plant, Datum 
slTUmonium, the common thorn apple Oimson 
wt?ed, also called Devil's snare~ Capsules of 
plants with three copies of one of the 12 chro­
mosomes had a characteristic appearance 
(phenotype). This suggested that each of the 
12 chromosomes of this plant had its own 
genetic content that differed from all others. 
(Figure adapted from Blakeslee, 1922). 

B. Trisomy In the mouse 
Specific phenotypic effects of different autoso­
mal trisomies can also be observed in mice. In 
the 1970s, A. Gropp and <DWDrkrrs determined 
a specific developmental profile of morpholog­
ical changes and malformations for each tris­
omy for one of the 19 pairs of autosomes (1). 
Embryos with a monosomy died very early, 
within the first 8 days of the 21-day gestation. 
lhe intrauterine survival time depended on 
the chromosome that was trisomic. For tris­
omy 2, 15, 3, and 7, the intrauterine survival 
time was the shortest (10-12 days); and for 
trisomy 13, 14, 16, 18, and 19, it was the lon­
gest (18-20 days~ The phenotypes also varied, 
depending on the chromosome present in trip­
licate. In a mouse embryo with trisomy 12 (2) 
or trisomy 19 at birth (3), the brain shewt!d 
different types and degrees of malformations 
compared with a normal control. The trisomic 
mice were generated by breeding mice with 
translocations among various chromosomes. 
Figures in 1: Gropp, 1982; 2 and 3 provided 
by Dr. H. Winking, Ulbeck, Germany). 

C. Nondlsjundlon In meiosis I or II 
Nondisjunction may occur during either meio­
sis I or II. During meiosis I, one daughter cell 
will receive two chromosomes instead of one, 

whereas the other daughter cell receiVl!S none 
(in the opposite figure, only one pair of chro­
mosomes is shown). As a result, gametes will 
be formed carrying either two chromosomes 
(dlsomy) or none (nullisomy), instead of one 
each. If nondisjunction occurs during meiosis 
II, the first meiotic division (see p. 96) is 
normal. However, during the second meiotic 
division, one daughter cell will receive two 
chromosomes (becoming disomic), and the 
other will receive none (nullisomic~ After 
fl!n:ilization, a disomic gamete gives rise to a 
trisomic zygote, and a nullisomic gamete gives 
rise to a monosomic zygote. 

D. Common types of numerical 
abe1Tatlons 
Three states of aneuploidy can be distin­
guished: (I) trisomy (three chromosomes), 
(ii) monosomy (one chromosome instead of 
t\Yo ), and (ill) triploidy and tettaploidy (all chro­
mosomes present in triplicate or quadruplicate), 
Triploidy does not result from nondisjunction at 
meiosis, but from one of a variety of other proc­
esses. Two sperm cells may have penetrated the 
egg (dispcnn,y), the egg or sperm may have an 
unreduced chromosome set as a result of resti­
tution in the first or second meiotic division, or 
the second polar body may have rewiited with 
the haploid egg nucleus. With dispermy, two of 
the three sets of chromosomes will be of pater­
nal origin. resulting in 69,){YY, 69.XXV. or 69, 
xxx. 
Further Reading 
Avery JV;;, et al. Blakeslee: lhe Gl!llus Dat:ura. New 

York, NY: Ronald Press Co., 1959 
Blakeslee AF. Variations in Datura d~ to changes in 

chromosome number. Am Nat 1922; 56(642): 16-31 
Bridges CB. Non-dl.tjunctlon of the sex chromosomes 

of Drosophlla. J Exp Zool 1913; 15(4): 587- 606 
Bo~ A. et al. Cytosenetia of p~ncy wastaae. 

Am Hum Gena 1985; 14: 1-57 
Epstrin q. Dawn syndrome (trisomy 21~ In: Scriver 

Cll, et al, eds. The Metabolic and Molecular Bases 
of Inherited Disease. 8th ed. New Yorlc, NY: 
McGraw-HUI. 2001: 1223-1256. Av.ilable at 
www.onunbld.com 

Gropp A Value of an animal model for trismny. 
Vm:hows Arch A Pathol Anat Histol 1982; 395(2): 
117-131 

Tackholm G. Zytx>logische Studien fiber die Gattung 
Raso. /Id Hort Bergiani 1922; 7; 98-381 
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Chromosome Translocatlon 
In cyrogenetics, translocation refers to a struc­
tural change involving a break in the chromo­
somes involved. It results in a change in 
position of a part of (or a whole) chromosome 
from its usual location to another, without 
changing the rota! number of chromosomes 
or genes. Usually, a translocation is a reciprocal 
event, one part being exchanged with another. 
A special type of translocation, the fusion of 
two acrocentric chromosomes, is called a Rob­
ertsonian translocation, after W. R B. Robert­
son who first observed it in insects in 1911. 

A. Redprocal translocatlon 
A reciproc;al translocation between two dtro­
mosomes is called balanced when it results in 
loss or gain of part of a chromosome. 
During meiosis, the normal homologous chro­
mosomes and the chromosomes are involved 
in the reciprocal translocation pair. Each of the 
chromosomes pairs with its homologous part­
ner. However, the translocation chromosomes 
cannot pair directly but form a quadriradial 
configuration. The distribution of the deriVil­
tive chromosome can result in three outcomes: 
(i) alternate, (ii) adjacent-1, and (iii) adjacent-2. 
Alternate segregation results in chromosomally 
balanced gametes. Adjacent-1 and adjacent-2 
are unbalanced. 
In a4jacent-1 segregation. the gametes receive 
a normal chromosome and a translocation 
chromosome. The translocation chromosomes 
are unbalanced because parts are missing or 
added. 
In the rare ac!facent-2 segregation, homologous 
centromeres go to the same pole. This produ­
ces two generally more extreme types of 
unbalanced gamete (1:3 and 0:4 segregation). 

B. Centric fusion of acrocentrlc 
chromosomes 
Robertsonian translocations (centric fusion) in­
volve either a pair of homologous or two 
nonhomologous acrocentric chromosomes. In 
homologous fusion during meiosis, only disomic 
and nullisomic gametes are produced. Fusion of 
nonhomologous acrocentric chromosomes is 
much more mmmon. Chromosome 14 and chro­
mosome 21 (1) are most frequently involved in 
centric fusion (in -1in1,000 newborns). When 

the long arm of chromosome 21 (21q) and the 
long arm of chromosome 14 (14q) fuse ID form 
chromosome 14q21q (2). four types of gamete 
can be formed: normal. balanced, disomic, or 
nullisomic for chromosome 21 (3). After fertil­
iz.ation, the mrresponding zygotes contain only 
one chromosome 21 (nonviable monosomy 21). 
a normal chromosome mmplement, a balanced 
chromosome mmplement with the fused chro­
mosome. or three chromosomes 21 (trisomy 21). 

Medical relevance 
Chromosomal translocations are a common 
cause of chromosomal imbalance in offspring 
and an increased risk fumilial occurrence in 
siblings. Some translocations are more com­
mon than expected by chance. Nearly 90% of 
translocations with a breakpoint in chromo­
some 11q23 also involve chromosome 22q11. 
A similarity of DNA sequence resulting from 
genomic duplication events may predispose 
to such aberrations (see Part II, Genomic 
Disorders, p. 236). 

Further Reading 
Gersen SL. Keagle MB, eds. The Principles of Oinical 

Cytogenetics. 2nd ed. 'lbtowa, NJ: Hulllill1a Press, 
2005 

Harper P. Practical Genetic Counseling. 7th ed. 
London: Edward Arnold, 2010 

Miller OJ, lberman E. Human Chromosomes. 4th ed. 
New York, NY: Springer-Verlag, 2001 

Rooney DE, Czepulski BH, eds. Hulllill1 Cytogenetics, 
A Practical Approach. 2nd ed. OXford: OXford Uni­
versity Press, 2001 

Schinzel A Ca~ogue of UnbalilllCed Chromosome 
Aberrations in Man. 2nd ed. Berlin: De Gruyter, 
2001 
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Structural Chromosomal Abemltfons 
Sttuctura1 chromosome abnonnalities result 
from one break or several breaks that disrupt 
the continuity of a chromosome. The break 
may ocrur at any stage of the cell cycle. If it 
occurs during the G1 stage and remains unre­
paired during S phase, it will involve both 
chromatids as a chromosome break, visible at 
the next metaphase stage. When the break 
occurs during G;z, it will be present in one 
chromatid of the next metaphase (chromatid 
break~ The principal types of structural chro­
mosomal aberration as observed in human in­
dividuals are deletion, duplialtion, irrvtnion. 
isochromosome, and the special case of a ring 
chromosome. 

A. Deletion, duplication, and 
lsochromosome 
Olromosomal deletion (deficiency) arises from 
a single break with loss of the distal fragment 
(terminal deletion, 1) or from two breaks and 
loss of the intl!IVl!lling segment (interstitial de­
letion, 2). In molecular terms, terminal deletions 
are not terminal because telomeric sequences 
do not contain genes (see p. 136). Duplications 
(3) oa:ur mainly as small supernumerary chro­
mosomes. Approximately half of these small 
chromosomes are derived from chromosome 
15, being inverted duplications of the pericen­
trlc region (inv dup (15]~ These represent one of 
the most common structural aberrations in 
man. An isochromosome (4) is an invertl!d du­
plication. It arises when a normal chromosome 
divides transversely instead of longitudinally 
and is then composed of two long arms or of 
two short arms. In each case, the other ann is 
missing. 

B. Inversion 
An inversion is a tSO«gree change in direc­
tion of a chromosomal segment caused by a 
break at two different sites, followed by reun­
ion of the inverted segment. Depending on 
whether the renttomere is involved, a perian­
tric Inversion (the rentromere lies within the 
Inverted segment) and a paraantric inversion 
can be differentiated. 

C. Ring chromosome 

A ring chromosome arises aftrr two breaks 
with the loss of both ends, followed by joining 

of the two newly resulting ends. Since its distal 
segments have been lost, a ring chromosome is 
unbalanced. 

D. Aneusomy by recombination 
When a normal chromosome pairs with its in­
version-carrying homolog during meiosis, a 
loop is created in the region of the inversion 
(1 ). When the inverted segment is relatively 
large, crossing-over may ocrur within this re­
gion (2~ In the dt1ughter cells, one resulting 
chromosome will contlin a duplic;1tion of seg­
ments A and B and a deficiency of segment F 
(li whereilS the other resulting chromosome 
lacks segments A and B and has two segments 
F (4). 

E. A ring chromosome at meiosis 

A ring chromosome at mitosis and meiosis is 
often unstable and is frequently lost or dupli­
cated. Ring chromosomes tend to generate 
new variants of derivative chromosomes, all im­
balanced. If crossing-ovi:r oa:urs during meiosis, 
a dicentric ring can be created. At the following 
anaphase, the ring breaks at variable locations 
as the centromeres go to different poles. The 
daughtt:r cells will receive different parts of 
the ring chromosome, resulting in deficiency In 
one cell and duplication In the other. Ring chro­
mosomes may be dicentric. 

Medical relevance 

Structural chromosomal aberrations are an im­
portant group of human dl!Yl!lopmental disor­
ders. Structural chromosomal rearrangements 
occur with a frequency of approximately 0.7 to 
2.4 per 1,000 in mentally impaired individuals. 
Small supernumerary chromosomes are ob­
served approximately once in 2,500 prenatal 
diagnoses. 

Further Reading 

Gu S, et ii. Mechanisms filr complex chromoso111ill 
insertions. PlDS Genet 2016; 12(11): e1006446 

Madan IC. Paraooitric ~ioru: a ttView. Hum 
Gend 1995; 96(5): 503-515 

Schimel A. Catalogue of Unbalanced ChromOdOme 
Aberrations in Man. 2nd ed. Berlin: De Gruyter, 
2001 
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Ribosomal RNA and Protein Assembly 
Ribosomes are large ribonucleoprotein par­
ticles (RNPs) composed of two-thirds RNA 
and one-third proteins. Here the genetic infor­
mation contained in messenger RNA (mRNA) 
and transfer RNA is decoded for protein syn­
thesis. All proteins produced by a cell at any 
given time are called the proreome. The total 
number of different proteins ~uired for eu­
karyc~ is estimated to be 90,000. Ribosomes 
are the products of individual genes, the ribo­
~ genes. 

A. Structure and components of 
rfbosomes 
Ribosomes in prokaryotes and eukaryotes con­
sist of two subwrlts, a larger one and a smaller 
one. The size of a ribosome is expressed by its 
sedimentation coefficient (70 S in prokaryotes, 
80 S in eukaryotes). The sedimentation coeffi­
cient is a measure of the rate of sedimentation 
in an ultracentrifuge of a molecule suspended 
in a less dense sohlent; it is measured in Sved­
berg writs (S); values are not additive. 
The prokaryote small subunit is 30 s and the 
large subunit is 50 S in size. The prokarycte 
ribosome is composed of three different ribo­
somal RNA (rRNA) molecules (5, 35, and 165 S 
in size) and 34 proteins. A bactr!riai cell con­
tains approximately 20,000 ribosomes, which 
account for approximately 25X of its mass. 
The 30-S subunit, containing a large 16-S rRNA 
and 21 proteins, is the site where genetic infor­
mation is decoded. It also has a proofreading 
mechanism The 50-S subunit provides pepddyl 
transferase activity. The entire ribosome has a 
molecular mass of 2.5 million daltons (MDa). 
The larger eukaryotic ribosome (80 s, 4.2 MDa) 
consists of a 40-S subunit and a 60-S subwrlt 
The 60-S subunit contiins 5-, 5.8-, and 28-S 
rRNAs (120, 160, and 4,800 bases, respectivdy) 
in addition ID 50 proteins. The 40-S subunit has 
18-S rRNAs (1,900 bases) and 33 proll!ins. Bac­
tl!rial 30- and 50-S ribosomal subunit structures 
have been rt!<Dgnized at 5-A resolution. 

B. From gene to protein 

Transcription and processing of the primary 
transcript (splicing) takes place in the nudeus. 
RNA in the nudeus is bound to nudear 
RNA-binding proteins for stabilization. The 
mature RNA is released from the nucleus into 

the cytoplasm, where it associates with ribo­
somes for translation into the corresponding 
sequence of amino acids. 

C. Nudeolus and synthesis of ribosomes 

The nucleolus is a morphologically and func­
tionally spedfk region in the cell nucleus In 
which ribosomes are synthesized. In a male, 
the rRNA genes (200 copies per haploid ge­
nome) are transcribed by RNA polymerase I 
to form 45-S rRNA precursor molecules. After 
the 45-S rRNA precursors have been produced, 
they are rapidly packaged with ribosomal pro­
teins (from the cytoplasm~ Before they are 
transferred from the nucleus to the cytoplasm, 
they are cleaved to form three of the four rRNA 
subunits. These are released into the cytoplasm 
with the separately synthesized 5-S subunits. 
Here they form functional ribosomes. lWo 
types of small RNAs have important functions. 
Small nuclear RNAs (snRNAs) are a family of 
RNA molecules that bind specifically with a 
small number of nuclear RNPs (snRNPs, pro­
nounced "snurps"). These play import.ant 
roles in the modification of RNA molecules 
after transcription (posttranscriplional modifi­
cation). snRNAs base-pair with pre-mRNA and 
with each other during the splicing of RNA. 
Small nudeolar RNA molecules assist In 
processing pre-rRNAs and in assembly of 
ribosomes. (Flgures adapted from Alberts al, 
2015~ 

Medtcal relevince 
Mutations in genes encoding small ribonucleo­
proteins cause diffemlt human disorders. A 
variety of chemical compounds occurring nat­
urally as poisons or synthetic products are 
used for cancer therapy by inhibition of 
transcription or translation. 

Further Reading 
Agalacov SC. et a1. Slructure of the Sl 5,S6,S18-rRNA 

complex; assembly of the 30S nl>osome central do­
~n. Sdl!!D<r 2000; 288(5463): 107-113 

.Alberts B, et al. Mok!rular Biology of the Cell 6th ed. 
New York, NY: Garland Science, 2015 

Berg JM, et al. Biochemistry. 7th eel New Yortr, NY: 
w. H. Freeman, 2012 

Lodlsh H. et al. Molecular Cell Biology. 8th ed. New 
York, NY: W. IL Freeman, 2016 
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Stages of Transaiption 
Transaiption (see p. 52) occurs in different 
sta&es. RNA polymerase II transaibes protcin­
codin& genes and many noncodin& RNAs. For 
this purpose, the DNA double helix is transi­
ently opened, and the template strand is used 
to direct synthesis of an RNA strand. This proc­
ess starts and ends at a defined site. The RNA 
strand Is synthesized from the 5' end to the 3' 
end by RNA polymerase IL 

A. Transcription by RNA polymerase II 
Transcription occurs in four stages. The first 
step of transaiption is temp/att recognition 
with binding of RNA polymerase n to a specific 
sequence of DNA molecules known as the pro­
moter (1 ). The double helix then opens, and an 
initiation complex makes the template strand 
ilVililable for base pairing. Initiation (2) begins 
with synthesis of the first RNA molecules at 
the Initiation complex. Initiation requires 
sewral other protl!ins, which are collectively 
referred ID as activators and transcription fac­
tors. Elongution {3) begins when the RNA poly­
merase enzyme moves along the DNA, thereby 
extending the RNA chain. As it moves, DNA 
helicases unwind the DNA double helix. The 
DNA that hii!S been transcribed rewinds into 
the double helix behind the polymerase. At 
lamination (4), the RNA polymer.ise Is removal 
from the DNA. At this point. the fixmation of the 
unstable primary transaipt is ~ Since it 
is unstable, it is immediatl!ly translall!d in prokilr­
)00!5 and modified (proa!SSed) in euJcacyores (see 
p. 56). All processes are mediated by the complex 
inter.!ction of a variety of enzymes {not shown). 

B. Polymerase-binding site 
The polymerase-binding site defines the start­
ing point of transaiption. At the termination 
site, it is dosed again (rewinding). kterial 
RNA polymerase binds to a specific region of 
approxi111i1tely 60 base pairs (bp) of the DNA. 

C. Promoter of transafptlon 

A promoter is a DNA sequenre that specifies the 
site of RNA polymerai;e binding from which tran­
scription is initiatl!d. The promoter is organized 
into sewral regions with sequenre homology. In 
eulracyo~. transcription of protein-coding genes 
begins at multiple sites, often extEndlng hun­
dreds af base pairs u~tream. A specific DNA 

sequence of appraxiinab!ly 4 to 8 bp is locall!d 
approximately 25 ID 35 bp upstream (in the 5' 
direction) of the gl!lle. Since this sequence Is 
nearly the same In all organisms, it is called a 
consensus ~. One such sequence is called 
the TATA bOIC because it contains the sequence 
TATA (or T)AA(or T'ffA/G. It is highly conserved 
in eYO!ution. In proka!ytes, the promoter con­
tains a consensus sequence af 6 bp. TATMT 
(;iho called a Pribnow bale ilftr:r its dlscoven:r~ 
locall!d 10 bp alxM: the stilting point Another 
region of conserved sequencrs, 1TGACA, is lo­
call!d 35 bp upstream of the gene. These sequen­
ces are referred to as the -10 box and the - 35 
box, respectively. 

D. TranKrlption unit 
A transcription unit is the segment of DNA 
between the sites of initiation and termination 
of transaiption. 

E. Determining transcription start sites 
A segment of DNA suspected to contain a tran­
saiption start site can be analyzed using the 
nuclease St protection assay. Endonudeii!Se Sl, 
an enzyme present in the mold AsperglUus or­
yzae, cleaves single-stranded DNA and RNA. 
but not double-stranded DNA or RNA There­
fore, a DNA fragment that is denatured and 
mixed with total RNA from cells containing 
the gene to be analyzed will hybridize with 
cognate RNA and form a DNA/RNA heterodu­
plex. Following digestion with St, all slngle­
stranded DNA will be removed, allowing the 
relevant DNA to be identified. 

Medical relevance 
Changes in regulatory DNA sequences are 
causes of human genetic disorders. 

Further Reading 
Alberts B, et ill. Molecular Biology or the Cell 6th eel. 

New York. NY: Galland Science, 2015 
Krebs JE, et al Lewin's Genes XL SUdbury: Bartlett a 

Jones, 2013 
l.odish H, et ill. Molecular Cell Biology. 8th ed. New 

York, NY; W. H. Freeman, 2016 
Strachan T, et al Genetics and Genomics in Medicine. 

New York, NY: Gar1and Science, 2015 
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Bask Principles of Gene Control 
ReguJ.tory DNA sequences are regions that bind 
to DNA-specific proteins (transcription factors 
[TFs)) and regulate gene activity. Two types are 
distinguished: promoters and enhancers. The 
binding of TFs at the promoter Is the most im­
portant mechanism for regulating gene activity. 

A. Co115e11sus sequences at the 
promoter 

The DNA sequence at promoters is well con­
served in evolution. Owing to their functional 
importance, they do not tolerate mutiltional 
cha~s. In prokaryotes, two important regula­
tory sequena:s are 35 and 10 nucleotide base 
pairs upstream (in the 5' direction) of the 
starting point of transcription (Pribnow, 1975). 
The -to site (TATA box) is 5'-TATAAT-3'. The -
35 sequence is 5'-TATT-GACA-3' (1). Mutations 
at diffi!rent sitl!s upstream of a gene have differ­
ent effects, depending on their contribution to 
transcription at a precise location (2). (Figure 
adapted from Rosenberg A Court,1979). 

B. Assembly of general transcription 
factors 
In eukaryotes, the TATA box in the promoter 
region is located approximately 25 to 35 base 
pairs (bp) upstream of the transcription start 
site (1 ). Several other promoter- proximal ele­
ments (different TFs) are involved in regulating 
gene activity. General TFs associate in an 
ordered sequence. First, mID (transcription 
factor D for polymerase II) binds to the TATA 
region (2). The TATA box is recognized by a 
small, 30-kD;i TATA-binding protein (TBP), 
which is part of one of the many subunits of 
mm (the bending of the DNA by TBP is not 
shown here). Then TFIIB binds to the complex 
(3). Subsequently, other TFs (mlH, followed by 
TFllE) and RNA polymerase II (Pol II), escorted 
byTFDF,join the complex and ensure thatPolII 
is attached to the promoter (4). Pol II is acti­
vated by phosphorylation, and transcription 
can begin (5). Other activities of TI'llH involvi: 
a helicase and an ATPase (adenosine triphos­
phatase). The site of phosphorylation is a 
polypeptide tail, in which the serine (S) and 
threonine (T) side chains are phosphorylated. 

C. RNA polymerase promoters 
Eukaryotic cells contain three RNA polymer­
ases (Pol I, Pol n, and Pol III). Each uses a differ­
ent type of promoter. RNA polymerase II is a 
550-kDa complex of 12 subunits. It requires a 
TF complex (TI'llD, see B) that binds to a single 
upstream promoter (1). RNA polymerase I has 
a bipartite promoter, one part 170 to 180 bp 
upstream (5' direction) and the other from ap­
proximab!ly 45 bp upstream to 20 bp down­
stream (3' direction). The latter is called the 
care promoter (2). Pol I requires two ancillary 
factors: UPEt (upstream promoter element 1) 
and Slt . RNA polymerase Ill uses either up­
stream promoters or two internal promoters 
downstream of the transcription start site (3). 
Three TFs are required with internal pro­
moters: mIIA (a zinc finger protein, see p. 
170), n:nm (a TBP and two other proteins). 
and TI'IJIC. 
Pol I is located in the nucleolus and synthesizes 
ribosomal RNA. It acmunts for approximately 
50 tD 70% of the relativi: activity. Pol II and Pol 
Ill are located In the nucleoplasm (the part of 
the nucleus excluding the nucleolus). Pol II 
represents 20 to 40% of cellular activity. It Is 
responsible for the synthesis of heterogeneous 
nuclear RNA. the precursor of mRNA. Pol Ill is 
responsible for the synthesis of transfer RN.As 
and other small RN.As. It contributes only 
minor activity of approximately 10%. Each of 
the large eukaryotic RNA polymerases (500 
kD;i or more) has 8 to 14 subunits and is 
more complex than the single prolcaryotic 
RNA polymer01se. 

Further Reading 
Alberts B, l!t al. Molecular Biology of the Cell 6th ed. 

New York. NY: Garland Science. 2015 
Krebs JE, et al Lewin's Genes XL Sudbury: Bartlett a. 

Jones, 2013 
Loclish H, et al. Molec:ular C.ell Biology. 8th ed. New 

Yorlc, NY; W. H. Freeman, 2016 
Pribnow D. Nucleotide sequence of an RNA polymer­

a5e bindini site ilt an earty 17 promoter. Proc Nati 
Acad Sci US A 1975; 72(3): 784-788 

Rosenbe11 M, Court B. Rqulatory sequences In­
volved In the promotion and termination of RNA 
transcription. Annu Rev Genet 1979; 13: 319-353 
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Regulation of Ciene Expression In 
Eukaryotes 
The tmn ,ent exprtssion refers to the entire 
process of decoding the genetic infonnation 
of active genes. When genes are active 
(expressed) throughout the life: of a cell or an 
organism, they show constitutive expression. 
Those genes that are transcribed only under 
certain drcumsrances, in specific cells or at 
specific times, show conditional l!Xpr'eSSion. 

A. ~ of control 
SChematically, one can distinguish four levels 
at which gene expression in eukaryotes is 
regulated at The first, and by far the most im­
portant, is primilfY control of the initiation of 
transaiption. Second, processing of the tran­
script to mature messenger RNA (mRNA) can 
be rcgula~ at the level of the primilry RNA 
transaipt by altemati'lll! splicing (see D ). Third, 
gene control is possible at the level of trans­
lation by mRNA editing (see B). F1nally, at the 
proll!in level, posttranslational modifications 
can determine the activity of a protein. A 
newly recognized form of gene expression 
control ls RNA interference (see p. 174). 

B. RNA editing 
RNA editing modifies genetic information at 
the RNA level. An important example is the 
gene encoding apolipoprotein (Apo) B-100, 
which is involved in lipid metabolism (OMIM 
107730). It encodes a 512-lcDa protein of 4,536 
amino acids. This is synthesized In the liver 
and secreted into the blood, where It trans­
ports lipids. Apo B-48 (250 lcDa), a functionally 
related shorter form of the protl!ln with 2, 152 
amino acids, is synthesized in the intestine. An 
intestinal deaminasc converts a cytosine in 
codon 2,152 CAA (glutamine) to uracil (UAA). 
This change results in a stop codon (UM) and 
thereby tenninatl!s translation at this site. 

C. Long-range gene activation by an 
enhancer 
The tenn mhanctr rerers to a DNA sequence 
that stimulates the initiation of transcription. 
Enhancers act at a distance from the gene. 
They may be located upstream or downstream 
on the same DNA strand (ds-acting) or on a 
different DNA strand (mms-acting). Enhancer 

effects are mediated by sequence-specific 
DNA-binding protl!ins. One model suggests 
that DNA forms a loop betwl!en an enhancer 
and the promoter. An activator protein bound 
to the enhancer, for example, a steroid hor­
mone, could then come into contact with the 
general transcription factor complex at the 
promoter. Enhancer elements provide tissue­
spedfic or time"ilependent regulation. 

D. Alternative RNA spllcfng 
Diffi:rent forms of mRNA are usually obtained 
from the same gene by alternative splicing. 
This is an important mechanism for generating 
multiple protein lsoforms from a single gene. 
The resulting proteins differ slightly in their 
amino add sequence. This may result in small 
functional dl!Jerences. Quite often, these dif­
ferences are restricted to certain tissues, as 
schematically shown here for the caldtonin 
gene (OMIM 114130). The primary transcript 
for the calcitonin gene contains six exons. They 
arc spliced into two different types of mature 
mRNA. One type, calcitonin. consisting of 
exons 1 to 4 (excluding exons s and 6), is pro­
duced in the thyroid. The other, consisting of 
exons 1, 2, 3, 5, and 6 and excluding exon 4, 
encodes a calcitonin-like protein in the hypo­
thalamus ( caldtonin gene related product). 
Altemati'lll! splicing dearly represents an evo­
lutionary advantage because it allows for a 
high degree of functional flexibility. 

Medlcal relevince 
Human genetic disorders may result from de­
fective splicing or DNA changes in regulatory 
sequences (promoters and enhancers). 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: C.11md Science, 2015 
Gravdey BR. Altmiativr splicing: increllin& diwnlty 

in the protmmic world. limds Genet 2001; 17(2): 
100-107 

Kttbs JE. et al Lewin's Genes XL SUdbwy. Bartlett Ill 
Jones, 2013 

Lodi!h H, et al. Molecular Cell Biology. 8th ed. New 
York, NY: W. H. Freeman, 2016 

Modrek B. Lee CA A genomic view of altemativ.: 
splicina. Nat Genet 2002; 30(1): 13-19 

OMIM. Menddlan Inheritance of Man. Available at 
www.ncbi.nlm.nih.y.cv/omim 
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DNA-Protein Interactions 
Regulatory DNA sequences exert their control 
function by interaction with specific DNA­
binding proteins. Regulatory proteins serving 
as transcription factors recognize spedfic 
DNA sequences by a precise tit of their surface 
to the DNA double helix. 

A. Binding of a regulatory protein to 
DNA 
Gene regulatory proteins recognize DNA se­
quence information without affi:cting the hy­
drogen bonds within the helix. Each base pair 
represents a distinctive pattern of hydrogen 
bond donors (shown in the rectangle in red) 
and hydrogen acceptors (shown in the rectan­
gle in green). These proteins bind to the major 
groove of DNA. A single contact of an aspara­
gine (Asn) residue of a gene-regulatory protein 
with a DNA base adenine (A) is shown here. A 
typical area of surface-to-surface contact in­
volves 1 O to 20 such interactions, resulting in 
high specificity. 

B. Spedftc DNA-protein Interaction 
The a-helix of a DNA-binding regulatory pro­
tein recognizes spedfic DNA sequences. Many 
bacterial repressor proteins are dimeric, and 
therefore an a-helix from each dimer can in­
sert itself into two adjacent major grooves of 
the DNA double helix (recognition or se­
quence-reading helix). This structural motif is 
called a helix-turn-helix motif because two 
helices lie next to each other. The eXi1111ple 
shows the tight interaction of the bacterio­
phage 434 repressor protein with one side of 
the DNA molecule over a length of 1.5 turns. 

C. Zinc finger b"anscription facton 
Several eul<aryotic regulatory proteins harbor 
regions that fold around a central zinc atom 
(Zn2'-) to fonn a structural motif resembling a 
finger (hence, zinc tingeri The basic zinc finger 
motif consists of a zinc atom connected to four 
amino acids of a polypeptide chain. The three­
dimensional structure on the right consists of 
an antiparallel JI-sheet (amino adds 1-10i an 
a-helix (amino acids 12-24~ and the zinc con­
nection. Four amino adds-two cysteines at po­
sitions 3 and 6 and two histidines at positions 
19 and 23-are bonded to the zinc atom and 

hold the carboxy (COOH) end of the a-helix to 
one end of the JI-sheet 

D. Zinc finger binding to DNA 
The a-helix of each zinc finger can contact the 
major groove of the DNA double helix and es­
tablish specific and strong interactions over 
several turns in length. Extraordinary flexibil­
ity in gene control has been acquired during 
evolution through adjustments to the number 
of interacting zinc fingers. Zinc finger proteins 
serve important functions during embryonic 
development and differentiation. 

E. Hormone response element 
Some DNA-binding proteins act as signal 
transmitting molecules. The signal may be a 
honnone or a growth factor that activates an 
intracellular receptor. Steroid hormones enter 
target cells and bind to specific receptor pro­
teins. Three views of the glucocorticoid receptor 
and its binding to DNA are shown here. The 
dimeric glucocorticoid receptor consists of two 
polypeptide chains (honnone response element). 
Each is stabilized by a zinc ion connected to four 
cysteine side chains (1). The skeletal model 
shows the binding of the dimeric protein to 
the DNA double helix (2). The space-filling 
model (3) shows how tightly the helix of each 
dimer of this protein (brown above, red below) 
fits into two neighboring major grooves ofDNA 
(shown in red and green). (Figures adapted from 
Alberts et al, 2015, and I..odish et aL 2016). 

Medical relevance 
Defective function of transcription factors 
causes certain developmental disorders, for ex­
ample, Waardenburg syndrome type 1 (OMIM 
193500), Waardenburg syndrome type 2A 
(OMIM 193510) by mutations in MITF (micro­
phthalmia-associated transcription factor; OMIM 
156845~ or canCl!I" (see 11'53 gene, p. 318} 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Berg JM, et al. Biochemistry. 7th ed. New York, NY: 

W. H. Freeman, 2012 
Lodish H, et al. Molecular Cell Biology. 8th ed. New 

York, NY: W. H. Freeman, 2016 
OMIM. www.ncbi.nlm.nlh.gov/omim 
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Other Forms of Transcription Control 
A number of DNA-binding proteins control 
eukaryotic transcription il5 activators or re­
pressors. Tuey are characterized by different 
structural motifs. The specific DNA-protein 
binding usllillly involves noncovalent interac­
tions between atoms in an a-helix of the bind­
ing domain of the protein and atoms on the 
outside of the major groove of the DNA double 
helix. Approximately 2,000 transcription factors 
are encoded by the hUllliln genome. Exilmples of 
impoltlnt classes of DNA-binding domains are 
(i) howodomain proteins containing a 180-
base-j>ilir (bp) sequence that is highly conserved 
as a howobalc in evolution (see section on 
Genes in Embryonic Development, p. 198), 
(ii) zinc finger proteins (see the previous page). 
(iii) leucine-zipper proteins (see below), and {iv) 
IJIJSic helix-loop-helix (bHUI) proteins {see the 
previous page). 

A. Leucine zipper and basic helix-loop­
helix protein 
Most DNA-binding regulatory proteins have a 
dimeric structure, which allows ii dUill func­
tion: one part of the molecule recognizes spe­
cific DNA sequences, and the other stabilizes 
the molecule. One frequently occurring class 
of proteins has a characteristic structural 
motif ca.lied a /eucine zipper. The name is de­
rived from its basic structure. A typica.l leucine 
zipper protein consists of a dimer with a peri­
odic repeat of leucine every seven residues. 
The leucine residues are aligned along one 
face of each a-helix and interact with the 
DNA at adjacent miljor grooves (1 ). In bHUI 
proteins, the DNA-binding helices at the N­
termina.l near the DNA are separated by 
nonhelical loops {2). 

B. Altematlve combinations 
Leucine zipper proteins and bHUI proteins 
often exist in alternative combinations of 
dimers consisting of two different monomers. 
This drami1tically increases the number of 
combinatorial possibilities. In higher eukar­
yotes, leucine zipper proteins often mediate 
the effect of cydic adenosine monophosphate 
( cAMP) on transcription. Genes under this type 
of control contain a cAMP response element 
(CRE), which is a palindromic 8-bp recognition 

sequence. A protein of 43 kDa binds to this 
target sequence. It is therefore known as the 
CKE-binding protein. I.eucine zipper proteins 
were first described in 1988 by Landschulz 
et al, in 1988. 

C. Actiwtion by steroid hormone 
Transcriptional enhancers are regulatory re­
gions of DNA that increase the rate of 
transcription. Binding of a hormone receptor 
complex to a specific DNA sequence, a hor­
mone response element, activares an enhancer. 
This activates the promoter, and transcription 
begins. Numerous genes in milmmalian devel­
opment are regulated by steroid-responsive 
transcription. 

D. Detection of DNA-protein 
interactions 
DNA-protein interactions can be detected by a 
DNase I footprinting ilSs.ay (1). This is based on 
the observation that DNA is protected from 
digestion by nucleases at the protein-binding 
site, whereilS DNase I outside the binding site 
digests DNA. The protected protein-binding 
sites of DNA appear as missing bands (foot­
print) after separation of the DNA fragments 
by gel electrophoresis. The electrophoretic mo­
bility shift assay, or band-shift assay (2), is 
bi!Sed on the principle that a DNA-protein 
complex retards the speed at which a fragment 
migrates in gel electrophoresis. (Figures bi!Sed 
on Alberts et al, 2015, and I.odish et a~ 2016). 

Medical relevance 
Mutations in a bHUI protein-coding gene, 
TWIST {OMIM 601622), cause acrocephaly-syn­
dactyly syndrome type ID (Saethre-Chotzen 
syndrome, OMIM 101400). 

Further Reading 
Alberts B, et al. Moletular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Landschulz WH, et al. The leut:ine zipper: a hypothet­

ical structure common to a new class of DNA bind­
ing proll!ins. Scieru:e 1988; 240(4860): 1759-1764 

Lodish H, et al. Molecular Cell Biology. 8th ed. New 
York, NY: W, IL Freeman, 2016 

OMIM. Mendelian Inheritance or Man. Available at 
www.ncbi.nlm.n!h.gov/omim 
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Noncodlng RNAs 
Small noncoding RNAs regulate gene expres­
sion and protect the genome from invading 
foreign RNA molerules. Different types can be 
distinguished on the basis of their structure 
and function: microRNAs (miRNAs) and short 
interfering RNAs (siRNAs). A third type, Piwi­
assodated RNAs are restricted to germ cells. 
More than 1,000 different miRNAs regulate 
approximately one-third of human protein­
coding genes. siRNAs serve in a defense 
function and gene control by inducing mRNA 
degradation or translational repression (RNA 
interference, RNAi). 

A. Short interfering RNA 
RNAi, discllVl!red in 1978, is induced by siRNA. 
This typicillly consists of 21 to 23 nucleotides 
of double-stranded RNA (dsRNA) with a 2-bp 
overhang at both ends, and with high specific­
ity for the nucleotide sequence of the target 
molecule: an mRNA. 

B. RNA-Induced silencing complex 
siRNA interacts with proteins that have heli­
case and RNA nuclease activity, resulting in 
an RNA-induced silencing complex (RISC). 
RISC is a sequence-specific nuclease with heli­
case and RNase activity to cleave RNA. The 
helicase unwinds the dsRNA, and the RNA 
endonuclease cleaves it 

C. Degradation of double-stranded RNA 
As part of defense system. foreign dsRNA (1), for 
example, from some RNA viruses, is bound to a 
double-stranded specific protein complex with 
helicase and RNA endonuclease activity, cillled a 
dicer (2). dsRNA is unwound by the helicase ac­
tivity. The neighboring single-stranded RNA 
(red arrows) is degraded by a specialized ribo­
nudease Ill in the RISC (3). The resulting short 
fragments (red arrows) are then rapidly de­
graded by cellular nucleases ( 4). 

D. Transcriptional gene silencing 
Transcriptional gene silencing targets mRNA by 
RNAi. A protein complex forms an RNA-induced 
transcriptional silencing complex. It binds com­
plementary RNA transaipts as they emerge 
from RNA polymerase 11 and cleaves it., resulting 
in continued repression of the target gene. 

E. Functional effect of RNAi 
RNAi can be used for intentional silencing of a 
selected gene to assess its normal function. In 
this example, a gene in the developing worm 
caenorhabditis tltgans (see p. 202) is silenced. 
dsRNAi targeted to a specific gene was pro­
duced by inserting the transcript into a 
plasmid ~or in two orienl:il.tions, sense and 
antisense (1 ). The noninjected embryo devel­
oped normally (Za). The injected dsRNA on the 
other hand interfered with normal mRNA pro­
duction (Zb ). The degrading effect of the 
dsRNA is visualized by fluorescence in situ hy­
bridization of a labeled probe of mRNA from 
the target gene. The probe hybridizes to the 
normal, noninjected embryo (purple on the 
left, 21) but not to the injected embryo (2b ), 
whose target gene mRNA has been destroyed. 
(Figures in A-D modified from McManus 8i 
Sharp, 2002, and Kil:il.bwalla 8i Ruprcht., 2002; 
in E from Lodish et al, 2016). 

Medical relevance 
Since RNAi can selectiVl!!y silence any gene, 
possibly one with a harmful mutation, it 
holds promise for future developments toward 
use in therapy. 

Further Reading 
Alberts B, et al. MoleruLar Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Fire A. et al Potent and spedflc genetic Interference 

by double-stranded RNA in caenorhabditis ele­
gans. Nature 1998; 391(6669): 806-811 

Ghildiyal M, et al. Small silencing RNAs: an expand­
ing universe. Nat Rev Genet 2009; 10(2): 94-108 

Grosshans H, et al. Molecular biology; the expanding 
world of small RNAs. Nature 2008; 451(7177): 
414--416 

Kitabwalla M, Ruprecht RM. RNA interference-a new 
weapon against HN and beyond N Engl J Med 
2002; 347(17): 1364-1367 

llm LP, et al Vertebrate microRNA genes. Science 
2003; 299(5612): 1540 

Lodish H, et al. Molecular 00 Biology. 8th ed. New 
York, NY: w. H. Freeman, 2016 

McManus MT, Sharp PA. Gene silencing in mammals 
by small interfering RNAs. Nat Rev Genet 2002; 3 
(10): 737-747 

Strachen T, et al Genetics and Genomics in Medicine. 
New York, NY: Garland Science, 2015 
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176 Regulation of Gene Function -------
Targeted Ciene Disruption 
Targeted gene disruption refers to expcrimen­
t;il inactivation of a gene to investigate its 
function in higher organisms. In a "knockout• 
animal, usually mice, the gene under study is 
Inactivated In the germline by disrupting it 
(gene knockout). The effects can be studied at 
different embryonic stages and aft:er birth. This 
knowledge am be used to understand the ef­
liects of mutations in homologous human 
genes as seen in human genetic diseases. A 
variant of knockout is known as gene knoclc­
in. ln this case, the targeting construct contains 
a nonnal gene that is introduced either in ad­
dition to or instead of the gene to be studied. 

A. Preparation of embryonic stem cells 
with a knockout mutation 
The target gene is disrupted (knocla!d-out) in 
yeast or embryonic stem (ES) cells of a mouse 
by homologous recombination with an artifi­
cially produced nonfunctional allele. The oola­
tion of ES cells with a disrupted gene requires 
positive and negative selection. 
To the DNA from the target gene (1). a bacterial 
gene conferring resistance to neomycin (M011) 
is added (2). In addition, DNA containing the 
thymidine kinase gene (tk') from herpes siin­
plex virus is added to the gene replacement 
construct outside the region of homology and 
Introduced into ES cells (J). Since the selective 
medium contains the positive and the negative 
selectable marla!rs, neomycin and gandclovir 
(an analogue of the nucleotide guanine). cells 
following nonhomologous recombination (4) 
and homologous recombination (5) containing 
the targeted gene can be distinguished. Ran­
dom insertion in other genes (6) results in 
cells which die (8). Gene-targeted insertion 
en although rare, allows cells to grow in the 
selective medium and multiply (9). 
Nonreaimbinant cells and cells with nonhomol­
ogous recombination at random sites CilllilOt 

grow in this medium beci!use they remain sen­
sitive to neomycin, whereas recombinant cells 
are resistant (positiVI! selection). The gene en­
coding thymidine kinase (tk'") confers sensitivity 
to ganddovir. Since nonhomologously recombi­
nant ES Cl!lls contain the tk'" gene at random 
sites, they are sensitiVI! to ganddovir and can­
not grow in its presence (negative selection). 

Only cells that have undergone homologous re­
combination can survM! beGiuse they contain 
the gene for neomycin resistanCI! (neoJI) and do 
not contain the tic' gene (5). 

B. Transgenic mouse 
ES cells from a mouse blastocyst are oolated 
(1) aft:er 3.5 days of gestation (of a tot;il of 
19.5 days) and translerred to a cell culture 
grown on a feeder layer of irradiated cdls 
that are unable to divide (2~ ES cells hctrro­
zygous for the knockout mutation are added 
(3~ They will be intergraded at a homologous 
site, although rarely. These ES cells are derived 
from a mouse that is homozygous for a differ­
ent coat color (e.g., black) from that of the 
mouse that will develop from the blastocyst 
(e.g., white). The recombinant ES cells are In­
jected into the recipient blastocyst ( 4). The 
early embryos are transplanted into a pseudo­
pregnant mouse (5). Those offspring that have 
taken up ES-derived cells are chimeric, that is, 
consisting of normal cells and cells with an 
altered gene. The transgenic mice can be rec­
ognized by black coat color spots on a white (or 
brown) background(&). The chimeric mice are 
then backcrossed to homozygous white mice 
(7). Black offspring from this mating are heter­
ozygous for the disrupted (mutant) gene (8). 
By further breeding of the heterozygous mice 
(9), some of their offspring. the knockout mice, 
will be homozygous for the disrupted gene, as 
visualized by their new coat color. (Figures 
adapted from Alberts et aL 2015, and Lodish 
et aL 2016~ 

Medlcal relevance 
Comparison of the genotype and phenotype of 
a knockout mouse with a corresponding 
human genetic disease may yield infonnation 
about the effects of a mutation, in particular 
during embryonic development. 

Further RHding 
Alberts B, et .ii. Molecular Biology of the Cell 6th ed. 

New York, NV: Carland Science, 2015 
Capecchi MR. Taril!ted sene replacement Sd Am 

1994; 270(3): 52- 59 
Lodish H, et .ii. Molecular Cell Biology. 8th ed. New 

York, NV: W. H. Freermn, 2016 
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178 Epigenetic Modifications 

DNA MethylaUon 
Methylation of DNA influences the functional 
stall! of regulatory regions without changing 
the nucleotide sequence, referred to as f!Pille­
netic modification. Methylated regions are not 
transcribed, whereas regions free of methyla­
tion are present in promoters and enhancers of 
expressed genes. The site of methylation is cy­
tosine. In position 5, the H atom can be replaced 
by a methyl group to yield 5-methylcytosine (5-
meC; see p. 76). Heritable methylation oa:urs at 
CpG dinucleotides. Celtlin enzyme pathways 
set. maintain, or erase DNA methylation 

A. Maintenance of DNA methylation 
DNA methyltransferase 1 (DNMTI, OMIM) main­
tains the methylation pattern in somatic cells. It 
adds methyl groups to the newly synthesized 
DNA strand. The methylall!d sill!s in the parental 
DNA (1) serve as ll!mplates for correct methyla­
tion of the two new strands after replication (2). 
This ensures that the previous methylation pat­
rem is correctly maintained at the same sites as 
the parental DNA (3). 

B. De now DNA methylatlon 
DNMI3A (OMIM 602769) and DNMI"A3B (OMIM 
602900) add methyl groups at new positions to 
both strands of DNA Unmethylall!d DNA (1) is 
methylall!d by these enzymes in a sill!-specific 
and tissue-specific manner (2). Targeted homozy­
gous disruption of the mouse DNMJJA and 
DNM13B genes results in severe developmental 
defects. DNMl3C protects male germ cells from 
transposon activity (not shown). 

C. Recognition of methylated DNA 
Certain restriction enzymes are methylation­
sensitive (1 ). The enzyme Hpall cleaves DNA 
only when its recognition sequence 5'-CCGG-
3' is not methylated (2). In contrast, Mspl 
recognizes the same 5'-CCGG-3' sequence irre­
spective of methylation (3). This difference can 
be used to distinguish the methylation pattern 
for diagnostic purposes. Other methods identi­
fy methylated regions by applying sodium 
bisulfite, which deaminates cytosine to uracil, 
whereas 5-meC remains unchanged. 

D. Human DNMTJB gene and mutations 
Mutations in the human gene DNM13B encod­
ing type 3B de novo methyltransf"erase causes 

!CF syndrome type 1 (immunodeficiency, cen­
tromeric chromosomal instability, and facial 
anomalies; OMIM 242860). The centromeres 
of chromosomes 1, 9, and 16 are unstable. 
The human DNMT3B gene (1) consists of 23 
exons spanning 47-kb DNA. Six exons are sub­
ject to alternative splicing. The protein (:Z) has 
845 amino acids with five DNMT motifs (I, IV, 
v, IX, X) in the C-tenninal region. The arrows 
point to six different mutations. One mutation 
(3) changes an A into a G in codon 809, that is, 
GAC (Asp) to GGC (Gly). which results in a re­
placement of asparagine (Asn) by glycine (Gly). 
Both parents are heterozygous for this muta­
tion, Multiradiate chromosomes with multiple 
p and q arms are typical in lymphocytes in IQ" 
syndrome, here derived from chromosomes 1 
and 16 shown in R banding (4). (Figure 
adapll!d from Xu et al, 2005 ). 

Medical relevance 
Aside from the example given in part D, 
aberrant methylation patterns resulting from 
mutations encoding enzymes responsible for 
methylation and demethylation are involved in 
several developmental abnormalities and 
tumors. 

Further Reading 
Baran j, et al. The DNA methyltrarurerase DNMTIC 

protects male genn eel~ from transposon activity. 
Science 2016; 354(6314): 90~912 

Hagleitner MM, et al Oinical spectrum of immuno­
deficiency, centromeric instability and facial dys­
morphlsm (!CF syndrome). J Med Genet 2008; 45 
(2): 93-99 

HilllSen RS, et al. The DNMTIB DNA methyltransfer­
ase gene is mutated in the !CF immunodeficiency 
syndrome. Pree Natl Acad Sci U SA 1999; 96(25): 
14412-14417 

Robertson KD. DNA methylation and human disease. 
Nat Rev Genet 2005; 6(8): 597-010 

Sch!lbeler D. Function and Information amtent of 
DNA metllylation Nature 2015; 517(7534): 321-
326 

Smith ZD, et al. DNA methylation: roles in mamma­
lian dew!lopment. Nat Rev Genet 2013; 14(3): 
204-220 

Strachan T, et al. Genetics and Genomics in Medicine. 
New York, NY: Garland Science, 2015 

Xu GI., et al Ouvmosome instability and immunode­
ficiency syndrome caused by mutations in a DNA 
methyltransferase gene. Nature 1999; 402(6758): 
187-191 
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Revenlble Changes In Chromatin 
Structure 
Chromatin can ~ume one of two almnative 
stages: open (euchromatfn). associated with an 
active transaiptional stare, or closed (hetero­
chromatin). inactive. In difrerentiall:d cells, the 
local transcriptional stare Is permanent, where­
as In other regions, it is reversible. Reversible 
changes (chromatin remodeling) are key events 
In gene regulation. The local structure of dlro­
matin is an ~ state. Chromatin remod­
eling is an acti111e, reversible process by whidl 
hislllnes of the nudeosomes are displaced 
from the DNA molecule lD make genes accessi­
ble for replication or transcription 

A. Hlstone modifications 
Multiple changes In chromatin structure occur 
In the N-tenninal tails of histones H3 and H4. 
There are several sites for epigenetic modifica­
tion by methylation, acetylation (adding acetyl 
groups). or phosphorylation. Exampll!S are 
shown for histones H3 (1) and H4 (2). Trime­
thylation (Me3) oflyslne (K) in H3 ln position 4 
(H3K4Me3) and acetylation (Ac) ln position 27 
(H3K27 Ac) is associared with active promoters, 
H3K4Met (one CH3 group) and H3K27Ac oc­
curs with active enhancers. 
Active chromatin is acetylated at the lysine res­
idues of H3 and H4 histones. Inactive chroma­
tin is methylall:d in H3 at the lysine positiou 9 
(H3K9Me3) and at other lysine residues 
(H3K27Me3) Lys-9 in at other lysine residues. 
Thus, multiple modifications can occur and in­
fluence each other. Combinations of different 
signals are called the histone code. (Data 
based on Strachan et al, 2015, and B. Hors­
themke, pers. communication.) 

B. Hlstone acetylation and 
deamylation 
Acetylation of core hislllnes occurs during DNA 
replication and activation of certain genes. 
Major targets are lysines in the N-rerminal tails 
of H3 and H4. Active genes are acetylall:d di­
rectly in nucleosomal histones. Acetylation is 
mediated by histone acetyltransferases, which 
are part of a large activating complex (1 ). The 
acetyl groups can be removed in a reversible 
process, deacetylation (2). mediated by deacety­
lases (hlslllne deacetylases), which are associ-

ated with repressors. Aa!tylases are assoclall:d 
with gene activators. Deacetylation and methyl­
ation may be connected. TWa methyicy1Dsine­
binding proteins, MeCPt and MeCP2, selectively 
bind to methylated DNA. Transcriptional repres­
sion by the methyl-CpG-binding proteins 1 and 
2 involves histone deacetylation in a multipro­
tein oomplex. (~s in B and C adapred from 
Lodish et al, 2016~ 

C. Chromatin remoclellng 
Several different activator promns can reverse 
the "gene-off' state of oondensed heterochro­
matiJL These are specific DNA-binding oontrol 
elements that are able lD Interact with multi­
protein compleJll:S. The activator proteins bind 
to a mediator protein. As a result, chromatin 
becomes decondensed and the gene assumes 
the "gene-on" state. General transoiption 
factors and RNA polymerase assemble at the 
promoter and initiate transaiption 

Medlcal relevance 
Dysregulated chromatin states form a newly 
recognized group of chromatin disorders, (see 
p. 238). Mutations of the MECP2 gene on Xq28 
(OMIM 300005) cause Rrlt syndrome (OMIM 
312750). 

Further Reading 
Amir RE. et ii. Rett syndrome is caused by mutations 

in X-linked MECP2, encoding met:hyl-CpG-bindi111 
prolein 2. Nat Genet 1999; 23(2); 185-188 

llidanore WA. et al ~rturbations of chromatin 
structure in hwu.n gmetic dise;ase; recent advan­
ces. Hum Mot Cenet 2003; 12(Spec No 2): R207-
R213 

Chahrour M, et ~- MeCP'.2, a key contributor to neu­
rological disease, activates and represses transaip­
tion. Science 2008; 320(5880): 1224-1229 

Lodish H, et al. Molecular Cell Biology. 8th ed. New 
Yorlc, NY: W. H. Freeman. 2016 

Moog U. et al. Neurodevelopmental disorders in 
males related to the gene c.iusing Rett syndrome 
in females (MECP2). Eur 1 Paediatr Neural 2003; 7 
(1 ): 5-12 

Pmonis A. Epiaendics as a unifying principle in the 
amology or complex traits and diseases. Nature 
2010; 465(7299): 721-727 

Strachan T, et al Genetia and Genomia in Medicine. 
New Yortc, NY: Garland Science, 2015 
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Genomic Imprinting 
Genomic imprinting is ilD epigenetic process 
leading to parent-of-origin specific gene expres­
sion of just one allele, but not the other. It occur.; 
in placental mammalian and IIlill'SUpial genomes 
only. The inherited imprint patll!rn is main­
tained during cell division It is erased ilnd rees­
tablished in the primordial genn cells according 
ID the sex of the developing embryo. Imprinting 
is assumed ID have evolved in mammals in re­
sponse ID intrauterine competition for resources 
(parental conflict hypothesis). Natural selection 
acts differently on maternal ilnd pati:mal ge­
nomes. Presumably, it favors a balilnce between 
preserving maternal resources ilnd fetal growth. 
Approximati!ly 75 imprinted genes in the 
human genome are known. Most occur in clus­
ll!rs where they are regul.all!d by imprinting 
control regions. 

A. The importance of two different 
parental genomes 

In the 1980s, it was shown that normal devel­
opment in mice requires a contribution from 
both parental genomes. When from a normal 
zygote ( 1 ) the pronucleus of female origin is 
replaced by another male pronucleus (andro­
genote. 2). it fails to complete preimplilntation. 
The rare few that reach postimplilntation de­
velop abnormally ilnd do not progress beyond 
the 12-somite stage. In contrast, a normal zy­
gote develops nonnally (3). If the male pronu­
cleus is replaced by ilnother female pronucleus 
(gynogenote, 4). approximately 85% of gynoge­
notes develop normally until preimplilntation. 
However, subsequently, the extraembryonic 
membranes do not develop properly and the 
embryo dies at or before the 40-somite stage. 
(Figure adapted from Sapienza Bi Hall, 2001 ). 

B. Requirement for a maternal and a 
paternal genome 

A naturally occurring humiln androgenetic 
zygote is a hydatidifonn mole (1 ). This is an 
abnormal placenta containing two sets of pa­
ti:rnal chromosomes and none from the moth­
er. Implilntation takes place, but ilD embryo 
does not develop. The placental tissues develop 
milDY cysts (2). In a naturally occurring gyno­
genetic zygoll!, when only maternal chromo­
somes are present, an ovarian teratoma with 
milDY different types of fetal tissue develops 

(3). No placental tissue is formed. In triploidy, 
a relatively frequent fetal human chromosomal 
disorder (see p. 382), extreme hypoplasia of 
the placenta and fetus is observed when the 
additional chromosomal set is of maternal 
origin (4, 69.XXX). (Photographs provided by 
Professor Helga Rehder, Marburg and Wien). 

C. Nonnal and Disturbed Imprint 
Patterns 
The epigenetic changes responsible for imprinting 
occur in early ernbryogenesis. The imprint pattern 
typically presents in somatic cells aawding to 
parental origin of the chromosomes. The nonnal 
remaJe imprint patlml is shown by a red square 
(1 ~ It is erased in primordial germ cells. It is rees­
tablished in germ cells. Thus, the zygoll! receives 
the proper imprint patll!rn This is maintained 
through all subsequent cell divisions. Failure of 
imprint erasure (2) results in an erroneous im­
print patll!m This results in developmental disor­
ders, Prader-Willi syndrome, and Angelman 
syndrome {see Imprinting Disorders, p. 258~ Fail­
ure of imprint establishment {3) or imprint main­
tenance ( 4) lilcewise results in an aberrant imprint 
patlml. Such errors may result in familial occur­
rence of these two d~opmental disorders. (Fig­
ure adaptd from Horsthemke, 2010~ 

Medlcal relevance 
Failure in imprint erasure, establishment, or 
mainll!Ililnce causes an important hererogene­
ous group of imprinting clisonfers (see p. 258). 

Further Reading 
Barton SC, et al. Role of patrmal and maremal ge­

nomes in mouse d~lopment. Nature 1984; 311 
(5984); 374-376 

Catalogue of Parent of Origin Efkcts. l.JnMrsity of 
Otago. Available at http://jgc.otago.ac.nzfhcme.html 

FergusorrSrnlth At:.. Genomic Imprinting: the emer­
genre of an epigenetic paradigm Nat Rev Genet 
2011; 12(8): 565-575 

Horsthemke B. Mechanisms of imprint dysregula­
tion. Am J Med Genet C Semin Med Genet 2010; 
154q3); 321-328 

Peters J. The role of genomic imprinting in biology 
and disease: an expanding view. Nat Rev Genet 
2014; 15(8): 517-530 

Reik W, et al. Genomic imprinting: parental influence 
on the genome. Nat Rev Genet 2001; 2(1): 21-32 

Sapienza C, Hall JG. Genetic imprinting in human 
disease, pp. 417-431. In: Scriver CR et al., eds. The 
Metabolic and Molecular Bases of Inherited Dis· 
ease. 8th ed. New York: McBraw-HW, 2001 
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Mammalian x Chromosome 
Inactivation 
In miUllIIlals, most genes on one of the two X 
chromosomes in every cell of fclllilles are in­
activated at random This results in dosage 
compmsution, which equalizes the dosage of 
X-chromosomal gene products In XX and "JN 
cells. X-inactivation is initiated from an X­
inactivation center, a cis-acting region on the 
X chromosome under the control of the XlST 
gene (OMJM 314670) located at Xq132. In 
early embryonic development, a noncoding 
RNA (Xist, X-inactivation specific transcript) si­
lences one of the X chromosomes in cells with 
two or more X chromosomes by methylation 
and histone modifications. 

.. A. X chromatin 
Small, darkly staining bodies were described 
by Barr and Bertram in 1949 in the nerve 
cells of female cats (1. 3), but not in males 
(2). In 1954, Davidson and Smith described 
similar structures as drumsticlcs In peripheral 
human blood leukocytes (4). X chromatin is 
visible as a dark density in the nudei of oral 
mucosal cells (5). 

B. Scheme of X inactivation 
The llliltemal Xist gene is expressed from the 
morula sUgl:: onward. It follows a r;indom per­
IIlililcnt X-inactivation pattern involving either 
the m.ternal DI" the patunal X chromosome, 
stably transmitted to all daughter O!lls. 

C. Mosaic pattern of expression 
In 1961, Mary F. Lyon described a mosaic dis­
tribution pattern of X-linked coat colors in fe­
male mice as a manifestation of X Inactivation 
(1 ). Fingerprints of human females heterozy­
gous for X-linlced hypohidrotic ectodcrmal 
dyspLuia (OMIM 305100) also show a mosaic 
pattern of areas with normal sweat pores 
(black points) and areas without normal 
swe;it pores ;is in ;iffected males (2). In cell 
cultures from females heterozygous for X­
chromosomal HGPRT (hypoxanthine-guanine 
phosphoribosyltransferase) deficiency (OMIM 
308000), the colonies are either HGPRT- or 
HCPRT'"(l). 

D. X-inactlvation profile 

Genes in defined regions of the human X chro­
mosome are not activated. An X-inactivation 
proftle established by Carrel and Willard 
in 2005 revealed that 458 (75%) genes are 
inactivated and 94 (15%) regularly escape inac­
tivatio1L In addition, 65 genes (10%) are inacti­
vated in some females, but not in others. Thus, 
25% of X-llnked human genes are not regularly 
inactivated, and 10% exhibit an interindividual 
inactivation pattera To the left (a) of the x 
chromosome, nine vertical lanes represent 
nine rodent/ human cell hybrids. Genes ex­
pressed on the inactive X chromosome are 
shown in blue; silenced genes are shown In 
yellow. The right (b) illustrates the level of ex­
pression in the inactive X chromosome . 

E. Ewlutlonary strata on the X 

The hullliln X chromosome harbors strilta (S1-
S5) of different evolutionary origin and time 
(seep. 230). 

Medical relevance 
Deviation ftom the random dtoia of either the 
maternal or paternal X chromosome to be inacti­
vated may lead to mild dinical manifestations in 
heterozyg"Ous fcmaJes for an X-<hromosoma! mu­
tation (OMIM 300087). 

Further Reading 
carrel l, Willard HF. X-inactivalion profile rewals ex­

tensive vaNl>ility in >t-linked gene expression in 
fenlilla Nill\lre 2005; 434(7031): 400-404 

Cnase A. et al Xlst lOCillization and function: new 
insights from multiple levels. Genome Biol 2015; 
16: 166 

Lyon MF. Gene action in the X-dlrorn.osome o( the 
mouse (Mus musculus L). Nature 1961; 190: 372-
373 

Migeon BR. Studies of skin fibroblasts from 10 fami­
lies with HGPK!' ddidency. with reference in X. 
chromosomal lnactivatioo. Am J Hum Genet 
1971: 23(2): 199-210 

Paswge E. Fries E. X chromosome inactivation in X­
linmt hypoh!drotic ectodermal dyspiasia. Nat New 
Biol 1973; 245(141); 58-59 

ThomJ>JOn MW. Genetic lmpllatioru of hetl!ropyk­
nosis of the X chromosome. Can J Genet Cytol 
1965: 7: 202-213 
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Cellular Slgnal Transdudlon 
Multicellular organisms use a broad repertoire 
of signaling molecules for communication be­
tween and within cells (see p. 86). The specific 
binding of an extracellular signaling molecule 
(ligand) to its receptor on a target cell triggers a 
specific response. This is followed by a series of 
mutually activating or inhibitory molecular 
events, called a signal transduction pathway 
(or signaling pathway). 

A. Main lnb'acellular slgnal functions 
Growth factors are important signaling mole­
cules comprising a large group of secreted pro­
teins (1 ). Each binds with high specificity to a 
cell surface receptor protein (2). This activates 
intracellular signal transduction proteins (3) 
and initiates a cascade of activations of respon­
sive proteins (often by phosphorylation) that 
act as second messengers (4). Honnones are 
small signaling molecules (5) that arrive 
through the bloodstream. They enter the cell 
either by diffusion or by binding to a cell sur­
face receptor (6). Some honnones bind to an 
intranuclear receptor (7). Activated transcrip­
tion factors (8) together with cofactors initiate 
transcription (9). Prior to transcription, an 
elaborate system of DNA damage recognition 
and repair mechanisms (10) checks DNA 
integrity (cell cycle control, 11). Cell division 
proceeds if faults in DNA structure have been 
repaired; if not, the cell is sacrificed by apop­
tosis (cell death, 12). (Agure adapted from 
Lodish et al, 2016). 

B. Receptor tyrosine kinase family 
Receptor tyrosine kinases (RTKs) are a major 
class of cell surface receptors. They consist of 
a single transmembrane protein with an ex­
tracellular N-tenninal part, a transmembrane 
part, and an intracellular C-tenninal part. The 
intracellular domain contains the tyrosine kin­
ase domain. RIK ligands are growth factors 
that control a wide variety of functions in 
growth and differentiation. RTK receptors 
share structural features but differ in function. 
The extracellular, ligand-binding domains of 
lmCs conrain cysteine-rich regions. In certain 
IITICs, the binding domains resemble immuno­
globulin (lg) chains (lg-like domains), which 
are known for their ability to bind other mol­
ecules (see p. 296). The nine members of the 

JmC family shown from left to right are as fol­
lows: 
EGFR (epidermal growth factor, OMIM 131550) 
and its ligands transmit signals in a variety of 
cellular functions, such as cell proliferation, 
differentiation, motility, and survival. 
IR (insulin receptor, OMIM 147670, seep. 276). 
FGFR 1. 2, 3 (fibroblast growth factor receptor 
1. OMIM 136350; FGFR2, OMIM 176943; 
FGFR3, OMlM 134934; see p. 340), a family of 
receptors for fibroblast growth factors (FGF) 
involved in cell proliferation, differentiation, 
skeletal development, angiogenesis, and other 
functions. 
PDGFR (platelet-derived growth factor recep­
tors, type A, OMIM 173490; type B, OMIM 
173410; and type C. OMIM 608452) are recep­
tors for platelet-derived factors (PDGF) required 
for angiogenesis and blood vessel functions. 
REf (rearranged during transformation, OMIM 
164761, seep. 250). 
v-erbB (a viral oncogene, a homo log to the 
human ERBB2 gene, OMIM 164870). (Figure 
adapted from Brinvanlou Iii DilmelL 2002). 

Mecllcal relevance 
Mutations in genes encoding lUKs may result 
in a proliferative signal in the absence of a 
growth factor and cause errors in embryonic 
development and differentiation (congenital 
malformations) or cancer. R'TK mutations 
cause a group of important human diseases 
and malfonnation syndromes. The phenotypes 
due to the mutations differ according to the 
particular type of RIK involved and the type 
of mutation. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Brivanlou AH. Darnell Jl\[r. Signal transduction and 

the control of gene expression. Science 2002; 295 
(5556): 813-818 

Lodish H, et al. Molecular Cell Biology. 8th ed. New 
York, NY: W. H. Freeman, 2016 

Robertson SC, et al. RTIC mutltions and human. 
Trends Genet 2000; 16: 265-271 

Tata JR. One hundred yeMS of hormones. EMBO Rep 
2005; 6(6): -490--496 
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~~~~~~~~~~~~-

Heterotrimerlc G Proteins 
Heterotrimeric gignosine triphosphate (GIP) 
binding proteins, or just G proteins, are a fam­
ily of guanine nucleotide binding proteins in­
volved in tnnsmitting extracellular signals into 
the cdl by means of a G protein coupled 
receptor (GPCR~ Binding of its ligand to the 
receptor on the surface of a responding cell 
causes a conformational change in the struc­
ture of the receptor. Titls induces a cascade of 
intracellular activations and inhibitions of pro­
teins, which transmit the signal bJ the nudeus. 
There it induces or inhibits the transaiption of 
a target gene. Activation may be achieved by 
inhibiting an inhibitor. Signal transduction 
by GPCRs mediates most external signals such 
fur vision, taste, and smell (see p. 370). 

A. Receptor tyrosine kinase 
The binding of a ligand activates a ll!Cl!ptor ty­
rosine kinase (see the previous page) by dime­
rization of two neighboring transmembrane 
proteins. As a result, Intracellular tyrosine resi­
dues are phosphorylated, This activall!S another 
target protein and further signal transduction 
events. 

B. Ci protein coupled rueptors 
G proteins are trimeric guanine nucleotide 
binding proteins with subunits, a, p, and y. 
They act ilS molecular switches between an in­
active ind a brief •ctive stilte. Jn their inactive 
state, the a subunit is bound to guanosine di­
phosphate (GDP). Upon binding of its ligand, it 
is activated, and the a subunit binds to GTP. 
This will induce a physiological effect by bind­
ing to an effector molecule. The a subunit is a 
GTPase. It rapidly hydrolyzes the bound GTP to 
GDP. As a result, the a subunit and the p y 
complex reunite and form the inactive G pro­
tein. Therefore, the dissociated, active stilte of 
the a subunit and the jJ y complex is short­
lived. If the rapid reversal to the inactive state 
is delayed or impossible beciuse of a toxin 
or ii mutation, normill function is ~rely 
impaired. Approximatrly half of all known 
drugs cause their effects through GPCRs. 
The a subunits of mammalian G proteins form 
a l.arge family of signaling molecules that bind 
bJ a wide variety of effector proteins. Approx­
imately 25 mammalian a subunits, 5 p subu­
nits, and 12 y subunits have been identified. 

GPCRs traverse the cell membrane seven 
times back and forth (therefore they are also 
called serpentine receptors). 

C. Cyclic adenosine monophosphate 
G proteins regulate cyclic adenosine mono­
phosphilte (cAMP) in some signaling pathways. 
cAMP (3',5'-cAMP) contains a phosphilte group 
bound to the sugars· and 3' carbons in a cydic 
structure. 

D. Degradation of cydlc adenoslne 
monophosphate 
A signil can r•pidly increase the cAMP concen­
tration. It is formed by adenylitr cyclise. cAMP 
activates a protein kiDilse A Phosphodiesterase 
rapidly degrades cAMP into inactive AMP. This 
effect regulates more than 100 signaling proteins. 

Medical relevance 
Otolera toxin inhibits GTP hydrolysis and in­
duces a permanently active state. In epithelial 
cells of the gastrointestinal trilct, this causes a 
massive emux of water and chloride ions. 
Pertussis toxin (whooping cough) inhibits ad­
enylate cyclase (inhibitory G protein, Gil and 
prevents the a subunit of the inhibitory G pro­
tein from interacting with receptors. 
Severil endocrine disorders result from 
mutations of genes encoding GPCRs or the G 
proteins themselves (see Appendix, Tible 3, 
seep. 40si 

Further Reading 
Alberts B, et al. Molecular BioloiY of the Cell 6th m. 

NNi York. NY: Garland Science, 2015 
Clapham DE. Mutations in G protE!n-linked recep­

tors: novel insights on disease. Cell 1993; 75(7): 
1237-1239 

Lodish H, et al. Molecular Cell Biology. 8th ed. New 
York. NY: W. H. Freeman, 2016 

Newley SE, van AN!: I. Guanine nucl~-bindi111 
proteins. In: Epstein q, et ill, eds. Inborn Errors of 
~lopment The Molecular Basis of <llnical Dis­
orders of Morpho&enesis. 2nd ed. Oxford: Oxford 
Uni111ersity Press, 2008: 1258-1276 
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TGF II and Wnt/11-Catenln Signaling 
Pathways 
Tramfonning growth factur P (TGFP) and wing­
less (Wnt)/P-carenin signal transduction path­
ways are importilnt examples of signaling 
systems involved in a variety of dew:lopmental 
processes and cellular functions. 

A. The Transforming growth factor II 
signaling pathway 
The TGfP superfamily indudes more than 30 
structurally relatrd secretrd dimerlc polypep­
tides that regulate different biologiQJ proc­
esses involving growth and differentiation. 
Binding to a dimeric transmembrane protein 
as a receptor activates a heterodlmerlc com­
plex consisting of two copies each of receptors 
type II and type I (only one copy of each is 
shown). A constitutively phosphorylated re­
ceptnr type n phosphorylates the glyaigen 
synthase (GS) domain and activates the recep­
tor type I. As a result. members of the Smad 
family of transcription factors berome serine­
phosphorylated ;md form a complex with a 
nonphosphorylatrd mmmon Smad (Co-Smad). 
Smad 4 moves inlD the nucleus and binds with 
DNA-binding proteins to initiate transcription 
(Srnad-dependent, canonical signaling). Non­
Smad signaling pathways (noncanonical) may 
involve the Ras-MAPK (mitogen-activated pro­
tein kinase) pathway (seep. 252). 
The TGfl3 superfamily has important roles in em­
bcyoriic cleYelopment, di!Jerentiation, organogm­
esis, self-renewal and maintenance of slm1 cells 
in their undifferentiated stilge, selection of cell 
differentiation lineage, and suppression of carci­

nogenesis. TGfP is one of the oldest signaling 
pathways, having arisen approximately 13 billion 
years ago. before the diwrgaice of arthropods 
and Vl!rtl!brates (see p. 26). (Figure redrawn 
from Desmtte et al, 200:i). 

B. Wnt/jkatenln signaling pathw.iy 
Wnt are cysteine-rich extracellular signaling 
glycoproteins regulating cell fate, growth, and 
differentiation processes. Wingless ( wg) is a 
Drosophila segment-polarity mutant (see p. 
196). The vertebrate ortholog is Wnt (derived 
from wingless and int-1, a mouse gene). It reg­
ulates P-catenin (in Drosophila Qlled armadil­
lo) which Interacts with other proteins to acti­
vate target genes. The receptor for Wnt is a 

se\'l!n-transmembrane recepmr named frizzled 
with a coreceplDr IRP6, low-density lipopro­
tein (IDL; see p. 284) receptDr related protein. 
Binding of Wnt to frizzled activates a protein 
called dishtvtlled (Dsh). Dsh inhibits a protein 
kinase, GS kinase-3 (GSK3). In the absence of a 
Wnt signal, JJ-catenin is phosphorylated by 
GSK3, APC, and axin (a scaffolding protein) 
and then degraded (not shown). When frizzled 
is activated by Wnt binding. unphosphorylatrd 
JH;atenin aa:umubtes and migrates into the nu­
cleus, binds transcription factors lymphoid en­
hancer f.ictor, 1EF, Tel', (T-cell factor) and others, 
and regulates Wnt target genes. Of the at least 
three Wnt-actiV311!d pathways downstream of 
Dsh, the main (canonical) pathway is shown 
here. Different Wnt signals hav!! roles In develop­
ment, for example, for gastrulation, brain dew:l­
OPinent, limb patterning. and organogl!nesis. 
(Figure adapted from Alberts et al, 2015). 

Medical relevance 
Dysregulated TGFJ3 signaling oa:urs in carcino­
genesis and as a cause of Marf.m syndrome (see 
p. 342). Mutations in APC occur in em: of human 
can=s of the CXJlon (see p. 320). WNT4 (OMIM 
603490) is a potential OVilcy-detmnining geni: 

with mutations resulting disorders of mullerian 
duct development 

Further Reading 
~ KM, Waterman ML TCl'/IEFs and Wnt sii­

nalins in the nucleus. Cold Spring Harb Pttspect 
Biol 2012: 4( 11 ): a<l07906 

Desaltte V, et al. An introduction to the transforming 
growth factor p(T(;F-P) signaling pathway. In: Ep­
stein q , et al., eds. Inborn Errors of Development 
The Molecular Basis of Clinical Disorders of Mor­
phogenesis. 2nd ed. Oxlbrd: Oxford University 
Press, 2008: 358-368 

M<lssagul J. TGfll signalling in contl!xt. Nat Rev Mal 
Cell Biol 2012; 13(10): 616-630 

Moon RT, et al. WNT and lkatenin sigNlling: ~ 
eases and therapies. Nat Rev Genet 2004; 5(9): 
691-701 

Moses HI. et al. The~ and early d;iys of TCF­
p: a historical perspecti~. Cold Spring Harb ~­

spect Biol 2016; 8(7): a021865 
OMIM-Online Mendelian Inheritance of Man. Availa­

ble at www.ncbi.nlm.nihgov/omim 
Sheldahl LC, et al. The Wnt (wingless-type) signaling 

pathway. In: Epstein q, et al, eds. Inborn Errors of 
~loprnmt The Molecular Basis of Clinical Dis­
orders of Morphogenesis. 2nd ed. Oxford: Oxford 
Uni~rsity Press, 2008: 33D-335 
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Hedgehog and TNF Signal Pathways 
A family of secreted proteins (~racrinc f;ic­
tors) c.alled ~g conveys signals required 
in many developmental processes, in particular 
vertebrate limb and neural differentiation. The 
gene IJed&l!hog (hh) in Drosophila is a segment 
polarity gene (see p. 196) encoding a 
transaiption factor with both activating and 
repressing functions in concert with other pro­
teins. Mutmt hh flies resemble hedgehogs 
owing to visible spikes on their surfaces. The 
genomes of vertebrates contain three hedge­
hoJ genes: sonic, desert, and Indian lltdgehog. 
Tumor necrosis factors (TNFs; OMIM 191160) 
are macrophage-secreted cytokines with cyto­
taxlc effects. TNFa is involved In two main sig­
naling pathways: (i) kinase and transcription 
factor activation ~thway and (ii) cas~se acti­
vation in the cell death {apoptosis) pathway 
(seep. 100). TNFa belongs to a large family of 
29 TNF receptors (TNFRs) and 18 TNF ligands 
in humans. 

A. lhe hedgehog signaling pathway 
More than 12 genes form a network. The 
hedgehog (Hh) signal, secreted as a 45-kDa 
precursor protein, is the ligand for a trans­
rnembrane receptor protein named patched 
(Ptch, PTCH In humans; OMIM 601309). 
Patched responds to ligand binding by negative 
control on another transmembrane protein 
called smoothened (Smo, SMOH in humans; 
OMIM 601500). Smoothened. a protein with 
seven hydrophobic membrane-spanning do­
mains, acts as a hedgehog signal transducer. 
Without the sjgna.I, a microtubule-bound 
group of proteins (Costa! 2, a kinesin-like pro­
tein, and Fused, a serine-threonine kinase) is 
attached to a 155-kDa effector protein a. Two 
other proteins, PKA (a protein kinase) and 
Slimb, cleave Ci Into two fragments, one of 
which represses transcription of hedgehog­
responsive genes. Binding of the Hh signal ID 
Ptch suppresses the inhibitory function of Ptth 
on Smo. This inhibits the action of PICA and 
Slimb. As a result, Costal 2 and Fused are phos­
phorylated and they activate a. Activated Ci 
moves into the nucleus and initiates transcrip­
tion together with coactivator cyclic adenosine 
monophosphate binding protein (CREB/CBP) 
and other faCIDrs. 

B. Tumor necrosis factor-a signal 
transduction 
The TNF ligands and their receptors are trimer­
ic proteins. The extracellular moiety of TNFRa 
consists of two to eight similar structural mo­
tifs of elongated shape stabilized by disulfide 
bridges. Binding of TNFa to the receptor acti­
vates the transcription factor NF-KB (nuclear 
factor kappa B). This causes the recruitment 
of an intracellular signal protein {receptOr­
interacting pro~in kinase). adaptDr proteins, 
TRAF2 ('rnF-receptor-associated factor 2), and 
a death-domain protein (TRADD). (Figures 
adapted from Gilbert, 2010, and Alberts et al, 
2015). 

Medical relevance 
Mutations and deletions in more than 1 O 
human ienes in the hedgehog gene network 
result in a group of mali>rrnation syndromes 
(see Appendix. Table 4. p. 406). Mmtions and 
polymorphisms in TNFa are associated with 
numerous disorders, for example, rheumatoid 
arthritis, asthma, colitis ulcerosa, and others. 

Further Reading 
Alberts B, et ~- Molecular Biology of the Cell 6th ed. 

New York. NY: Garland Science, 2015 
Gilbert SF. Developmental Biology. 9th ed. Sunder­

land, MA: Slnauer, 2010 
Cohen MM. The hedgehog signaling network. Chap­

ter 27. In: Epstein's Inborn Errors ofDellll!lopmetll 
3rd ed. Erlck5on RP, et al., eds. Oxford UnlYerslty 
Press, 2016 

Karin M. Nuclur fmor-kappaB in cmc:er develop­
ment and progmsion. Nature 2006; 441(7092): 
431-436 

Lum L, Beachy PA. The Hedgehog ruponse network: 
sensors, switches, and routers. Science 2004; 304 
(5678): 1755- 1759 

OMlM-Online Mendelian lnhmtanc:e of Man. Availa­
ble at www.ncbi.nlm.nih.p/omim 

Schneider PL Signaling by TNF and rHltm llpnds. 
Chapter 58. In: Epstein's lnbom Errors of Devrlop­
menl 3rd ed. Erickson RP, et al., eds. Oxford Uni­
versity Press. 2016 



Hedgehog and TNF Signal Pathways 193 

Patched (Ptth) 

Inactive 

Mlcn>­
tubule l ~ c No tnlnscr1ptlon 

Repressor Hedgehog-
DNA 

Nucleus responshle gene 

A. lb1 heclg1hog (Hh) sfgnallng pathwlf 

rn 
Binding 

TNFa 
receptor 
(trimeric) 

Signal and adaptor 
proteins 
RIP, T11AF2, TRADD 

Nucleus 

B. TNFusfgl'lllllng pathway 

Extracellular 

+ 0 -+ c9Actnmed 
TAll:l kinase ! t"ytosol 

~___,__.~Phosphorylation 

hdl lcln;ise 1'11 phosphorylated 

hell NF-dle~NMdl ...... ~ 
;ictM!ed hdl degraded 

Migration lnto nucleus 

8
+ 

Cth'lctivators (CBP, others) C-: Transafptlon 

DNA binding N F-Kll target genes 



.. 

194 Genetic Signal Pathways 

The Notch/Delta Slgnallng Pathway 
Notch signaling detennines cell specification 
(e.g., neurogenesis, myogenesis, heiniltopoie­
sis). embryo patterning, and morphogenesis 
of various tissues in the developing vertebrate 
and invertebrate embryo. Notch signals are 
transmitted by direct interaction of a sending 
and a receiving cell. A receptDr, Notch, and dif­
ferent types of ligands, called the DSl group 
(Delta, Serrate, Lag-2 ligands). mediate the sig­
nal. Notch activation involves regulated pro­
teolytic cleavap: at three sites of the receptor. 

A. Transmission of a Notch slgnal 
Both the ligand and the receptor are single­
pass transmembrane proteins and both require 
proteolytic cleavage (not shown for the ligand 
in the schematic figure). The first proreolytic 
cleavage oa:urs in the Irons Golgi network by 
a furin-like convertase. Notch is 0-glycosylated 
by a glycosyltranferase, fringe, which adds a 
single fucose to some serines, threonines, and 
hydroxylysines. Binding to its ligand induces 
the next two proteolytic cleavages. The Notch 
tilil migrates to the nucleus and binds to the 
Iniljor effector of Notch signaling: the CSL 
protein. Binding with other gene regulatory 
proteins induces transcription of Notch­
responsive target genes. 

B. Lateral inhibition by Notch signaling 
A characteristic function of Notch signaling is 
lateral inhibition in nerve cell development of 
Drosophila. Nerve cells arise as isolated single 
cells within a sheet of epithelial precursor cells. 
cells detennined to develop into nerve cells 
use the Notch signal pathways to inhibit the 
same cell fate in their neighboring cells. If this 
fails, a fatal excess of nerve cells causes embry­
onic death. 

C. The Drosophila mutant Notch 

Notch is a mutant phenotype in Drosophila 
me/anogaster, described by T. H. Morgan in 
1917. Female heterozygotes exhibit a notch of 
varied size in the distal part of their wings. 
Hemizygous males die during embryonic de­
velopment from hypertrophy of the nervous 
system. 

D. Notch filmily of receptors 
Notch receptors constitute a large family of 50 
surface proteins in mammals. The protDtype is 
the Drosophila Notch (dNotch). consisting of 36 
epidermal growth factor receptor (EGFR)-like 
tandem repeats in the extracellular domain. 
Other features are three cysteine ( cys )-rich re­
peats, LNR (lin-12/Notch-related region), and a 
signal peptide (SP) at the N-terrninal extracel­
lu1ar part. The intracellular domain contains 
six ankyrin repeats (ANK), flanked by two nu­
clear localization signals (NIS). Humans have 
four slightly different types of Notdt receptors: 
hNotch 1--4 (the smaller Caenorhabditis elegrins 
notch receptors Lin-2 and Glp-1 are not shown). 

E. DSL family of Notch ligands 
The Notch ligands likewise comprise a large 
family of cell surface proteins classified either 
as Delta or Serrate ligands. They contain multi­
ple EGFR-like repeats in the extracellular do­
mains, an N-terminal DSL-binding motif, and 
an SP. 

Medical relevance 
A wide variety of human diseases resu1t from 
disrupted Notch signaling, for example, Alagille 
syndrome (OMIM 118450), which is caused by 
mutations in the gene encoding jagged 1 or 
NOTCH2; spondylocostal dysplasia (OMIM 
122600, 271529), resulting from mutations in 
the delta-like 3 (DLJ.3) gene; and aortic valve 
disease (OMIM 109730). resulting from muta­
tions in NC11'CH1(OMIM190198). 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Krantz ID, et al. Spectrum and frequency of jaggedt 

(JAGt) mutations in Alagille syndrome patients 
and their families. Am J Hum Genet 1998; 62(6): 
1361-1369 

Luca VC, et al Structural biology. Structural basis for 
Nottht engagement of Delta-like 4. Science 2015; 
347(6224): 847~53 

MiyamotD A. Weinmasttt G. The notth signaling 
pathway. In; Epstein's Inborn Errors of Develop­
ment 3rd ed. Erickson RP, et al, eds. Oxford Uni­
versity Press, 2016 

OM IM-Online Mendelian Inheritance or Man. Availa­
ble at www.ncbi.nlm.nih.gov/Omim 
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Embryonic Development Genes In 

Drosophlla melanogaster 
A morphologic.al pattern underlies the develop­
ment of multicellulilr organisms. In the Droso­
phila embryo, different groups of genes are 
expressed at defined stages of development 
and det:l!mline a segmental body plan of the 
growing embcyo. lWo main axes are detmnined: 
anb!rior- postl!rior orieni.Eort and dorsal-ventral 
polarity. Then the segmental pattern of the em­
bryo is established, and, finally, the head, the 
thorax with~ and antennae. and the abdomen. 
Homologous gmes direct the developmental pat­
tern of the mammalian embryo. 

A. Life cycle of the fruit fly 
The development from a fertilized egg (--0.5 x 
0.15 mm) to the adult fly (2 mm) takes 9 days. 
Nine nuclear divisions every 8 minutes with­
out cell division lealll! the nuclei In a syncyti­
um. Following the ninth nuclear division, 90 
minutes after fertilization, the nuclei migrate 
to the periphery and form a syncytial blasto­
derm. After another four nuclear divisions, 
plasma membranes grow from the periphery 
and enclose each nucleus. This establishes the 
cellular b/astoderm of apriroxlmately 6,000 
cells. Up to this stage, the embryo depends 
largely on maternal mRNA and proteins 
present before fertilization. The embryo passes 
through three defined larval stages before 
ilrming a pupa CDCOOIL After 5 days of metc­
morphosis, an adult fly emerges. 

B. Segmental organization 
The adult fly is organized into 14 segments: 
three segments (Ct-3) form the head, three 
form the thorax (Tt-3), and eight (At-8) 
form the abdomelL Each segment has an ante­
rior and a posterior compartment Each of the 
initially formed 14 parasegments consists of 
the ~erior compartment of the preceding 
segment and the anterior compartment of the 
illlowing segment 

C. Embryonic dewlopmental genes 

Three classes of developmental genes are in 
hierarchic.al order of development: (i) egg po­
larity maternal effect genes define antelior­
posterior and dorsal-ventral polarity in the 
egg and early embryo; (ii) genes determining 

the cell fate induce segmentation by gap genes 
and pair-rule genes; and (iii) genes determin­
ing the structure of body parts after the seg­
mental boundaries are established (homtotic 
stlector genes. see next page). The normal 
embryo shows the region for the head, three 
segments for the thorax, and eight for the 
abdomen (1). The mutation bicoid in an egg­
polarity (maternal effect) gene results in lack 
of anterior parts (2). Mutations in one of ap­
proximately nine gap genes induce irregular 
segmentation named Knippel (3) and Knirps 
(4). Oiaracteristic mutant phenotypes of the 
eight pair-rule genes are l!'-"!n-skipped (5) 
and fushi tarazu (6) with loss of portions of 
alternate segments (fushi tarazu is Japanese 
for too few segments). More than to segment 
polarity genes determine the anterior-posteri­
or polarity of each segment. for example, the 
mutant goosebeny (7). Homeotic selector 
genes (8) determine the ultimate fate of each 
segment In the mutant antennapedia (Ant), 
the antenna is replaced by a leg (homeotic 
leg). Many mutations have colorful names de­
rived from the appearance of the mutant em­
bryo and are used untr.mslated in the language 
of the discoverers. (Figures adapted from Law­
rence, 1992; Nilsslein-Volhard Si Wischaus, 
1980). 

Medical relevance 
Mutations in several homologous developmen­
tal genes in humans cause disorders with 
congenital malformations, for example, Waar­
denburg syndrome type t (OMIM 193500). 

Further Reading 
Albert B. et al. Molecular Biology of the Cell. 6th ed. 

New York. NY: Garland Science, 2013 
Gilbert SF. Developmental Biology. 9tll eel. SUnder­

land, MA: Sfnauer, 2010 
Lawrencr PA. The Maldng m a Fly. The Geneda of 

Animal Desipi. Oxford: Bl..a-11 Scientific. 1992 
Nllsslein-Volhard c. Wieschaus E. Mutations atrtttins 

segment number and polarity in Drosophila. Na­
ture 1980; 287(5785): 795-801 

NOsslein-Volhard C. Prohnh6t'er HG. Dete~tion of 
anteroposterlor polarity in Drosophila. Science 
1987; 238(4834): 1675-1681 

OMIM-Onlfne Mendelian Inheritance of Man. Availa­
ble at www.ncbl.nlm.nih.gov/Omim 
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Hox Genes 
Hox genes (OMIM 142950fl) fonn a group of 
evolutionary relall!d genes that determine 
basic structures during embryonic develop­
ment, in particular segmental patterns and 
their orientation. Originally, they were named 
homeotic selector genes, now Hox. The named 
is derived from homeobox, a 180-nucleotide 
conserved sequence with important functions 
during embryonic development In Drosophila 
and higher organisms. 

A. Regulatory hierarchy of p.attem­
dmrmlning genes 
The five principal pattem-detmnining gene 
systems in Drosophila development act in hier­
archical order: (i) egg polarity genes, (ii) gap 
genes, (iii) the pair-rule genes, (iv) segment po­
larity genes, and (v) homtotfc ~lector (Hox) 
genes. Vertebrate Hox genes are homologous 
to homeotic Drosophila genes. 
The anterior and postl!rior system (bicoid for 
anterior, nanos for pom:rior) is generall!d from 
localized mRNA molerules of maternal origin. 
The proteins diffuse In a decreasing gradient 
from the anterior and the posterior pole, respec­
tiVl!ly. The dorsoventral axis is determined by a 
transmembrane receptor called roa. A fourth 
signal is generated at both ends, a transmen­
brane tyrosine kinase receptor called torso. The 
three most importam gap genes, Krllppel, 
Hunchbadc, and Knirps, detennine local pat­
terns. ~ genes indua: the pair-rule genes, 
such as ewn-slcipped and fushi IDnlZll. The seg­
ment polarity genes, expressed in paraseg­
ments, determine the mrrect anrerior-posterior 
orientation of each individual segment. Home­
otic selector genes determine the development 
of antennae, wings, legs, and other structures. 

B. Homeoti< selector genes 

Homeotic selector genes fonn a complex called 
Hox genes (HOX in man). Drosophila has one 
set of Hox genes, mammals have four. Each 
gene belongs to the antennapedia cluster or 
the bithorax/ultrabithorax (btx/llbic) duster. 
Five genes of the Antp complex are labial (lb), 
proboscis (pb), deformed (iifd), sex comb re­
duced (scr), and antennaped!a (antp). The 
mammalian Hox genes share a single ancestral 
homeoselector gene complex. During the evo­
lution of mammals, this was duplicall!d twice, 

resulting in 39 genes occurring in four dusters, 
A-D, in man and mouse. In the process, some 
genes were lost, while a few genes were added. 
HOX genes are responsible for pattern formation 
along the body axis, and are involved in mam­
malian limb development. They are sequentially 
expressed in anterior-posterior orient:atio1L 
(Figure adapted from Alberts et al, 2015). 

C. lhe blthorax mutation 
Mutations in the bithorax complex (.lbc-t) in­
duce the development of an additional thoracic 
segment with completely developed winp de­
scribed by Calvin Bridges in 1915. In 1978, E. B. 
Lewis recognized that the bithorax genes have 
evolved from a small number of ancestral 
genes by duplication and subsequent special­
ization Into specific functions. 

D. lhe homeobox 
Homeotic selector (HOK) genes encode gene 
regulatory proteins, for example, transcription 
factors, and are highly conserved in evolution. 
The antennapedia gene mntains a 180-base­
pair conserved nucleotide sequence, the ho­
meobox. from which the term Hox is derived. 
In the protein, the corresponding 60 conserved 
amino acids constitute the homeodomain with 
four DNA-binding domains (I-IV), a common 
motif in transcription factors. Their expression 
depends on segment polarity genes. 

Medical releviiince 
At least 20 human HOX genes are inwM!d in 
various disorders. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Garda-Fem1ndez J. The genesis and ewlutlon of ho­

meobox gene dusters. Nat Rev Genet 2005; 6(12): 
881-892 

Krumlauf R. Hax genes in Vl!rtebrate development 
Cdl 1994; 78(2): 191-201 

Lawrence PA. 1he Malting of a Fly. The Genetics o( 

Animal Design. Oxford: Blaclcwl!ll Scientiric, 1992 
OMIM-Online Mendeli4n Inheritance of Man. Availa­

ble at www.ncbl.nlrn.nih.gov/Omlm 
Pearson JC. et al. Modulating Hax gene functions 

duri111 anlmal body patterning. Nat Rev Genet 
2005; 6(12): 893-904 
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Zebraflsh: A Translucent Vertebrate 
1.ebrafish (Danio mio ), a tropical freshwater 
fish, is iln importilnt model organism for ge­
netic and genomic studies. It is the first verte­
brate to be studied by systematic genetic ilnd 
genomic ilDillysis. The compact zebrafish 
genome with approximately 1.5 billion base 
pairs, half the size of human or mouse, 
contains 18,000 known protein-coding genes 
with many known mutations. Owing to a gen­
eration time of approximately 3 months and 
translucent appearance during the first 
2 weeks. the effi:cts of many genes in develop­
ment can be observed. 

A. Embryo stages 
In the optically clear embryo (pharyngula peri­
od), the main parts of the brain (forebrain, 
midbrain, and hindbrain), and the neural 
tube, somites, and floor pl.ate are discernible 
29 hours after fertilization. At 48 hours (hatch­
ing period), pigmentation begins, and the fins, 
eyes, brain, heart, and other structures become 
visible. At 5 days (swimming larva), the outline 
of ii fish becomes apparent. 

B. Induced mutagenesls 
Random mutations induced in male parents 
were studied in thousands of offspring at var­
ious embryonic stages (genetic screen). The 
mutagenized males were crossed with wild­
type females (P), resulting in the first genera­
tion (F1) being heterozygous for mutations (m). 
Breeding the next generation (F2) resulted in 
50% carrying at least one mutation. Random 
matings of parents heterozygous for the same 
mutation resulted in 25% homozygous mutant 
offspring. Two examples are described in the 
following. 

C. Skeletal phenotype of the fused 
somltes mutation 
In wild-type fish, the somite anlagen result in 
the formation of ii normal segmental pattern of 
the vertebrile and muscles of the trunk and the 
tail (1 ). Several mutants with abnormal somite 
boundaries have been identified. Some shllYI pos­
IErior somill! de!i!cts and neuronal hyperplasia, 
whereas another mui.mt, called fused somites 
(fss), completely lacks somite formation (2). Irreg­
ularly shaped spines grow ectDpically at the 

wrong sill!S. The fss gene encodes a T-bcx tran­
scription factor, 1bx24 (OMIM 607044), required 
lbr presomitic mesoderm maturation. 

D. The no isthmus midbrain mutation 
This mutation, in the noi gene (no isthmus), is 
an example of the numerous distinct mutant 
phenotypes affi:cting the central nervous sys­
tem and spinal cord in zebrafish. Mutant noi 
embryos lack a conspicuous constriction at 
the boundary between midbrain and hind­
brain. Normal 28-hour embryos (wild-type, 1) 
show strong expression of the segment polar­
ity gene engrailed (mg) between the midbrain 
and hindbrain. Normal eight-somite-stage em­
bryos double stained for mg and krmc20 RNA. a 
marker for rhombomeres 3 and 5 in this region, 
express eng and lamc20 at the midbrain-hind­
brain boundary (2-3), whereas noi mutants do 
not express mg ( 4). The noi mutation also elim­
inates production of wingless (Wntt) proll!in in 
the posterior ll!Ctum at the border of the two 
brain regions in the 20-somite-stage embryo (5, 
6). (Figures adapted from Brand et al, 1996; van 
Eeden et al, 1996; Haft\er et al, 1996). 

Medlcal relevance 
Many human genes carrying disease-causing 
mutations have a homolog in the zebrafish 
genome. 

Further Reading 
Brand M, et al MutatiOll5 in zebraruh genes affecting 

the fonnation of the boundary between midbrain 
and hindbrain. Development 1996; 123: 179-190 

Hugel SM, et al Zebrafish: a m.arvl!l of high-through-
put biology for 2t(stJ century taxicology. curr En­
viron Health Rep 2014: 1(4): 341-352 

Dodd A, et al. Zebra!ish: bridging the gap between 
de\lelopment and disease. Hum Mo! Genet 2000; 9 
(16): 2443-2449 

Hafter P, et al The identification of genes with 
unique and essential functions in the devrlopment 
of the zebraflsh, Danlo rerio. Development 1996; 
123: 1-36 

Howe K, et al. The zebrafish reference genome se­
quence and its relationship to the human genome. 
Nature 2013; 496: 498-503 

van &den FJ, et al Mutations affecting somite for­
mation and patterning in the zebrafish, Danie 
reno. Development 1996; 123: 153-164 

ZFIN: The Zebrafuh lnlbnnation Network. Available 
at http://zfin.org/. Accessed January 3, 2017 
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Cell Uneage In a Nematode, 
<.aenorltabditi elegans 
Caenorhabditis elegans is afree-livina tmlSpamlt 
worm consisting of a precise nwnber of somatic 
cells, each of which Cilil be traced back to a 
rounder cell Sydney Brenner Introduced this 
tiny worm as a model organism in 1965. Sys­
ll!matlc genetic analysis of many mutant pheno­
types has yielded impoltlnt insights Into the 
inll!raction of genetic, anatomical, and physio­
logical traits in development The complete cell 
lineage has been established in this organism 
The 97-Mb genome of C. elegans contains ap­
proximately 20,000 protein-coding genes and 
more than 160,000 genes encoding untrans­
lated RNA. Approximall!ly 32% of the coding 
sequences are homologous to sequences in 
man, and approximately 70% of known 
human proteins have homologies In C elegans. 
The largest group of genes encodes transmem­
brane receptors (790). in particular chemore­
ceptors, zinc finger transcription factors (480). 

and proteins with protl!in-ldnase domains. 
Interfering RNA (see p. 174) has Important 
functions in C elegans. 

A. caenorhabditis elegans 
Caenorhabditis e/egllns is a transparent wom1, 

approximall!ly 1 mm in length. with a life cycle 
of apprwdmately 3 days. Its basic structure is a 
bilattra!Jy symmetric elongated body of nerves, 
muscles, skin, inrestines, and gonads. It exists as 
one of two sexes: hermaphroditl! or male. Her­
maphrodites produce eggs, and spermatozoa 
and can reproduce by self-fertilization. The 
adult hermaphrodite worm has 959 somatic 
cell nuclei; the adult male worm has 1,031. In 
addition. there are 1,000 to 2,000 germ cells. 

B. Origin of lndlvldual cells 
All tissues arise from six fr>under cells, AB fr>r 
the nervous system, MS for muscle cells, E fr>r 
intestine, C fr>r skin. D for some muscles, and 
P4 for germ cells. At each cell division, genet­
ically established rules determine the fate of 
each of the two daughter cells. Differentiated 
cells are derived from more than one founder 
cell, except for cells of the intestine and gonad. 
Of the 959 adult cells, 302 are nerve cells. 

C. Developmental control genes 
Many genes directing development have been 
identified by analysis of the mutations induced 
by ethyhnethane.sulfr>nate. The principal types 
of mutation may cause a cell to differentiate 
into a wron& cell type (e.g., Z instead of B). or 
to divide too early or too late (division mutants). 

D. Apoptosls In C. elegans 
Programmed cell death (apoptosis) is a normal 
part of vertebrate and invertl!brate development 
(seep. 110). During embr:yonic development of 
C. elegrms, 13 t of 947 nongonadal cells of the 
adult hermaphrodite undergo apoptosis at a de­
fined time and branching point during different 
stages of development (1 ). Mutations in the 
ced-9 gene induce apoptosis. Normally, ced.-9 
suppresses apoptosis, and ced-3 and ced-4 are 
proapoptotic genes. Apoptosis does not oa:ur In 
ced-9/ced-3 double mutants bei;iuse ced-9 is 
upstream of ced-3 in the apoptosis pathway. 
The photographs (2) show the death of a cell 
(cell Pl 1.aap) over a time span of approximately 
40 minutes. (Figures adapted from Wood, 1988, 
and Sulston a. Horvia, 1977). 

Medical relevance 

The human 80.-2 gene, a homolog of ced-9, enc­
odes an inner mitochondrial membrane protein 
that inhibits iipoptosis in pro-B lymphocytes. 
Disruption of this gene causes follio.ilar lympho­
ma, a B-cell tumor (OMIM 151430). 

Further Reading 
Brenner S. The senetics of Caenorhabditis elesans. 

Genetics 1974; 77(1): 71-94 
C. elegans Sequrn~ Consortium Genome se­

quence of the nematode C. el~: a platform for 
investigating biology. Science 1998; 282(5396): 
2012-2018 

Culettn E. ~le DB. A role for caenor~bditi.s ele­
gans in undentandlng the function and interac­
tions of humm disease genes. Hum Mol Genet 
2000: 9(6): 869-sn 

SUlston JE, Horvitz HR. Post-embryonic cell lineagrs 
of the nemalDde, Caenorhabditis elegans. Dev Biol 
1977; 56(1): 110-156 

Wood WB, ed. The Nematode Caenorhabdids elflans. 
Monogr•ph 17. New York, NY: Cold Spring Hi1Ibor 
laboratoiy Press, 1988 

Wonnllase. Available at http:/fwww.wonnbase.Ol'i/. 
Aa:essed July 24. 2017 
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<ienomlcs: The Study of the 
Organization of Genomes 
The genome represents all molerules and ftmc­
tional elements required for survival and genetic 
transmission to the next generation. Thls term 
can apply to a single cell, an lndMdual member 
of a species, or an entire species. Genomlcs is the 
scientific field dealing with all structural and 
fwlctional aspects of the genome. Increasingly 
efficient automa!Ed sequenciIJ& methods have 
yielded the DNA sequence af the genome of 
nwnerous animals, thousands of humms from 
different ethnic groups, plants, and illl microor­
ganisms of medical or agricultural inrerest 
The tenn genomics includes all molecules in­
volved in transcription and translation and their 
regulation (the transcriptome); all approximately 
90,000 proteins that a cell or an organism is able 
ID produce (the proteome); the functional analysis 
of all genes (Jimctionalgenomfcs); and the assem­
bly, storage, and management of data (bioinfor­
matits). and any other relc:vmt aru. 

- A. Examples of organisms whose 
genomes haw been sequenced 
Thls plate illustrates the great diversity of organ­
isms whose genome has been sequenced during 
the past 25 yt!ars. The DNA sequence of the 
human genome has been compared with that 
of an extinct hominid lineagl!, the Neandertal 
and others. and that of the great apes, other 
primates, and most mammals and marsupials. 
Sources of images: 1,A.OOrer, 1507. Adamund 
Eva. Musco Nacional de! Prado, Madrid; 2. J. 
Weissenbach, 2004; 3, Weissenbach j. Genome 
sequencing: differences with the relatives. 
Nature 2004; 429: 353-355; 4. The Jackson 
Li!boratDry; 5, Robert Geisler, Mi!X Planck 
Institutf! far Developmental Biology, Tllbingen, 
Germany; available at http:/fzf-health.org/; 
&, Marco van Kerkhoven; 7, M. Ashbumer, 
University of Cambridge, United Kingdom; 8, 
Dr. Jordan Boyle; 9, Wikimedia Commons; 10, 
F.scherichia coli, Wlkipedia; 11, The Arabidopsis 
In!i>nnation Resource (rAIR). 

E.arly sequencing results 
Homo SOjllcns: lrmnationa1 Human Genome Sequencing 
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1. Homo sap/C!fls 
3000 Mb -22 000 genes 

.. , 

5. Zebrafish 1600 Mb 

2. Chimpanzee 
3000Mb 
1.21 d lfferences 
tohum1ns 

4. Mus mums/us 

3. Canis clomesttcus 
24100 Mb, 19300genes 

' 

2500 Mb -25 000 genes 

6. Anopheles gamblae 
278 Mb, -14000 genes 

(7DX sequenced) -22 000 genes 

7. Drosophl/a mtlanogamr 
180 Mb, 13 600 genes 

9. s. arevfslae 
12.1 Mb,6300genes 

I. C. eleoans 
97 Mo, 19 ooo genes 

10. E. mli4700 kb 
43DDgenes 

11. Arabidopm thaliano 
125 Mb, - 25 000 genes 

A. EXillmples of org1nlsm5 whOle genomes hive been tequena!d 
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Genomes of Microorganisms 
Bacteriill genomes are sma!L ranging from ap­
proximiitely 130 kilobilses (kb) to 14 million 
base pa.irs, and are tightly packed with genes 
aligned nearly contiguously along a circuli!r 
chromosome. Most bacteria contlin approxi­
mately 1,000 to 6,000 genes. The coding regions 
are small (average 1 kb) and contain no intrans. 
Genome sequences from tens of thousands of 
bacterial genomes from 50 different bacteriill 
phyla and 11 different archaeal phyla are avail­
able. & of February 2015, approximately 14,000 
bacterial and archaeal genome sequences have 
been determined. 
Owing to their small siz.e, bacterial genomes 
Wl!re the first to be completely sequenced, fur 
ex.ample, HIU!lllophi/us influmme, in 1995. The 
smallest bacteriill genome is that of Mycoplasma 
genita/ium {483 genes). It is an obligate intra­
cellular pathogen. It lacks genes encoding pro­
teins for metabolic functions. The limited 
capacity fur metabolism in M. genftuUum is 
compensated by the transport of lite-supporting 
molecules from its extracellular environment 
into the cell. 

A. The genome of a small 
bacteriophage 
Phage cl>Xl 74, with 10 genes (A-J) contained in 
5,386 nucleotides in single-stranded DNA. was 
the very first organism to have its genome se­
quenced (Sanger et al~ 1977). The genome of 
phage cl>Xl 74 is so compact that several genes 
overlap. 

B. Overlapping genes In Cl>Xl 74 
The reading frames of genes A and B, B and c, 
and D and E partially overlap. The overlapping 

Size and general contents of bacterial genomes 

Milln genomic features Free-living 

genes are transcribed in different reading 
frames: in the start codon ATC of gene E 
(above the sequences shown), the last two nu­
cleotides (AT) are parts of the codon TAT for 
tyrosine (fyr) in gene D. Similarly, the stop 
codon TGA for the E gene is part of codons 
GTG (valine) and ATG (methionine) in the D 
gene. Thus, this small genome is used very ef­
ficiently. 

C. Cienome of Escherichia coll 
This simplified figure shows the essential 
features of a bacterial genome. Functionally 
related genes usually cluster in operons (four of 
many shown~ Approximately half of the genes 
of are in operons. In general. the size of a bacte­
riill genome corresponds to the number of 
genes. Bacteria existing in a symbiotic environ­
ment have the smallest genomes. 

Further Reading 
Bentley SD, et al. Comparative genomic structure of 

prolwyotes. Annu Rev Genet 2004; 38; 771-792 
Blattner FR, et al. The ccmplete genome sequence of 

Escherichia coli K-12. Science 1997; 277(5331): 
1453-1462 

Brown TA. Genomes. 3rd ed. New York, NY: Garland 
Science, 2007 

Fleischmann RD. et al. Whole-genome random se­
quencing and assembly of Haemophilus influenzae 
Rd. Science 1995; 269(5223): 496-512 

NCBI. Microbial Genomes. Available at www.ncbi. 
nlm.nih.gav/genome/microbes/. Aa:essed July 24. 
2017 

Land M. et al. Insights from 20 years of bactmal ge­
nome sequencing. Funct Integr Genomics 2015; 15 
(2): 141-161 

Miaobial Genomics. Bases to Biology. 
Dchman H, DilVillos LM. The nature and dynamics of 

bacterial genomes. Science 2006; 311(5768): 
1730-1733 

Facultiltlve !Mlhogen P~ogen or obllgn 
symbiont 

Genome size Large (5-10 Mb) 2-5Mb Small (0.5-1.5 Mb) 
Genome stability Stable or unstable Unstable Stable 
La!Eral gene transfer Frequent Frequent/rare Rare or none 
Number of pseudogenes Few Many Rare 
Population size Large Small Small 
Pathogenicity factors Absent Present Present 

Abbreviation: Mb, million base pairs. Note: Data from OChman and Davalos (2006). 
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Archltedure of the Human Genome 
The hllllliln genome contains 2.85 billion 
(2.85Gb) nucleotides (approximately 3xl{)!I 
base pairs (bp]) per haploid genome. If each nu­
cleotide is printed as a letter of 1 mm width, this 
would correspond to a chain of approximately 
3,200km in length. The approximately 21,000 
protein-coding genes malce up approximately 
1.5% of the genome. Approximately 6% of the 
human DNA sequence consists of conserved 
noncoding elements. Basic features of the 
human genome are a low average density of 
genes along a given stretch of DNA; duplicated 
chromosomal segments; interspersed, repeti­
tive sequences; and evidence of transposition 
~ts. The repeats derived from transposcns 
arose during l!lllllution mostly through RNA in­
termediates and malce up approximately 40% of 
the genome. 

A. Types of sequences 

The types of sequences tan be classified into 
sequences that are parts cf genes or their 
regulatciy parts (gene-related) and repetitive 
sequences outside genes (intergenic sequences). 
These consist of different types of interspersed 
repeat sequences. 

B. Interspersed repetitive DNA 
Genome-wide repeats consist cf mainly four 
types that are present at many sites. l.mig in­
terspersed repeat sequences (UNEs, 1 ) are 
mammalian retrotransposons that lack long 
terminal repeats in contrast to retroviruses. 
UNEs consist of repetitive sequences up to 
6,500 bp long. LINEs encode two open reading 
frames {ORF1 and ORF2), which are translated. 
In addition to a 5' promoter {P). they have an 
internal promoter. Approximately 600,000 Lt 
elements are dispersed throughout the human 
genome. UNE-2 and UNE-3 are inactive because 
reverse transcription from the 3' end often fails 
to proceed to the 5' end. LINE-1 aa:ounts for 21 % 
of the genome. 
Short interspersed repeat sequences (SINEs, 2) 
are repetitive segments of approximately 100 
to 400 bp with tandem duplication of CG-rich 
segments separated by A-rich segments. They 
do not encode a protein and are net capable of 
autonomous insertion. The mast abundant 

type of SINEs in the primate genome is the 
Alu family (Alu sequences) with approximately 
1.2 million copies in humans (approximately 
6% of the genome). One Alu repeat occurs 
about once eveiy 3 kilobases (kb) in the 
hlllllilngenome. 
Long terminal direct repeat (Ill) retroposons 
(3) are flanked by LlRs containing transcrip­
tional regulatory elements. The autonomous 
retrotranspcsons contain gag and pol genes, 
which encode proteins required for retrotrans­
position. 
DNA trnnsposons ( 4) form different classes re­
sembling bacterial transposcns with inverted 
repeats and encoding a transposase. 

C. Segmental duplications 
The human genome contains more than 1,000 
blocks of duplicated segments, which account 
for 5% of the genome. They are located mainly in 
the subtelomeric and pericentromeric regions or 
occur interspersed along each chromosome (seg­
menQJ duplications~ 
They occur as blacks of 1- to 200-kb genomic 
sequences that are also present at another sire 
in a chromosome (intrachromosomal) or an­
other chromosome (inten:hromosomal). The 
three examples show segmental duplications 
present in the X chromosome: chromosome 
20 and chromosome 4. Blocks shared with 
other chromosomes are shown as connecting 
lines. When unequal crossing-over occurs in 
this region a DNA stretch with a duplication 
or a deficiency may result, leading to a genomic 
disorder (see p. 236). 

Medical relevance 
LINE and SINE movements tan lead to sporadic 
disease (e.g .. hemophilia A, see p. 268 ). 

Further Reading 
Beck CR, et al. UNE-1 elements in structural variation 

and disease. Annu Rev Genomics Hum Genet 2011 ; 
12: 187-215 

Brown TA. Genomes. 3rd ed. New York, NY: Garland 
Science, 2007 

Emanue l BS. et al Segmental duplications: an 'ex­
panding' role in genomic instability and disease. 
Nat Rev Genet 2001; 2(10): 791-800 

Strachan T, et al. Genetics and Genomics in Medicine, 
New Yorlc, NY: Garland Science, 2015 
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Regulatory Architecture of the 
Human Genome 
The tightly padcilgl!d DNA in chromatin must be 
accessible to transcription to allow gene expres­
sion In different cell types and developmental 
pathways. The genome functions in a hierarch­
ical structure at different levels involving a 
closely connected variety of functional regula­
tory elements. These are contained in distinct 
physical domains called topologkuSy associated 
domains (TADs). Here regulatory control is 
exrrted by cis-regulatllry elements sum as en­
hancers, silenars, and insulators, often within 
locus amtrol regions. Through the formation of 
loops, they come into contact with promotl!rs of 
their taiget genes. Active chromatin relatl!s to 
other active regions, whereas repressed chro­
matin relates to other silent regions. The EN­
CODE (Encydopedia of DNA Elements) pn:iject 
systl!matically maps regions of transcription. 
transcription fadX>r associations, chromatin 
structure, and histone modifications. Its ~s 
have allowed functional aspects to be assigned 
to approximately 80% of the genome. 

A. Hierarchical organization of the 
genome 
The DNA (1) pack;iged into nudeosomes (2) 
forms a primary structure. This Is partitioned 
into distinct TADs (l) as part of a chromosome 
(4~ rorrespc>nding to a secondary structure. 
The overall chromosome folding (5) represents 
a tertiary structure. This model is reminiscent 
of the folding structure in proteins. 

B. Topologically associated domains 
A TAD consists of evolutionarily highly am­
served sequences with an average size of 1 
million base pair (1). Within a nudeilf TAD, en­
hancer and promoter intEract over a distance of 
5e111!1'31100 kilobases(DNA) byixming a loop(2). 
The borders betwieen TADs in a genomic region 
containing isolated binding sites (l) are formed 
by an isolator element. This pmients loop forma­
tion and proximity of the binding sitrs ( 4). The 
boundary separating domains (TDBs, topological 
domain boundaries) is associated with a tran­
saiptional repressor CTCF, which linb to cohe­
sion and forms a loop. CTCF is a highly conserved 
11 ..zinc fmger protcin enmded by the CIR: gene 
(OMIM 604167). It is involved in regulatory 

functions, Including transcriptional activadon/ 
repression, insulation, imprinting, and X chromo­
some inactivation. 

C. Functional states of topologically 
associated domains 
Sexton and Cavalli distinguish facultative and con­
stitutive TAD models. In the farultative model (A). 
repressed (blue) and active (red) domains furm 
separate TAD dolllilins. Some genes may teaye 
the repressed state and are activall!d during devel­
opment by a shift: in the boundary. In contrast, 
in the constitutive model (B). mte boundary 
positions malce no change. Here gene expression 
oa:urs by an altered intra-TAD interaction. (F'igures 
adapted from Sexton Iii cavalli, 2015). 

Medlcal relevance 
Structural rearrangements of enhancer, silencer. 
or insulator elements lead to tissue-specific loss 
of function or aberrant gene expression (see 
Disonlers Resulting from Structural Rearrange­
ments of Cls-Regulatllry Elements. p. 240). 

Further Reading 
Birney E; ENCODE Project Consortium. An integrated 

encydopedia of DNA elements in the hll!1Wl 
genome. Natun! 2012; 489(7414): 57-74 

Cavalli C, Mlstelli T. l'Unctional implications of ,enome 
topoloSY. Nat Sttuct Mol Biol 2013; 20(3): 290-299 

Dixon JR. et al. Topological domains in mammalian 
genomes identirled by analysis of chromatin inter­
adions. Nature 2012; 485(7398): 37&-380 

de Lut W, Duboule D. Topology of mammalian de­
veloplntntal enhancen and their reguliltory lilnd­
scapes. Nature 2013; 502(7472): 499-506 

lbn-smn J, ~ at lll!idbls m chromosomal rr:culalDrY 
boundarirs are ~ with ~ diswe. 
~Biol2014; 15(9~423 

Ong CT, et al. Cl'CF: an architectural protein bridging 
genome topology and function. Nat Rev Genet 
2014; 15(4): 234-246 

Thunnan RE, et al. The aa:essible cllrooutin lilnd­
scape of the human genome Nature 2012; 489 
(7414): 75-82 

Seeton T, cavalll G. The role of chromosome domains 
in shaping the~ genome. Cd! 2015; 160 
(6): 1049-1059 

Spielmann M, Mundlm S. Structural v.iriiltions, the 
regulatory lanclsape of the genome and their al­
teration in human disease. BioEssays 2013; 35(6): 
533-543 
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Genome Analysis with DNA 
Mkroam1ys 
The genome can be assessed for dio!gnostic 
purposes by a variety of microarrays. A micro­
array or DNA chip is an assembly of oligonu­
cleotides or other DNA probes fixed on a small, 
fine grid of surfaces. Such high-density miao­
arrays can be used to analyze complex RNA or 
DNA samples. With a miaoarray, the expres­
sion states of many genes can be examined 
simultaneously. One approach is to use com­
plementary DNA ( cDNA) prepared from mes­
senger RNA (mRNA; expression screening) or 
tc recognize sequence variations in genes 
(screening for DNA variation). The advantages 
of using mlcroarrays are manifold: simultane­
ous Large-scale analysis of thousands of genes 
at a time, automation, small sample size, and 
easy handling. Several manufacturers offer 
highly efficient microarrays that contain more 
than 6 million different oligonucleotide popu­
lations on a 1.7-<1112(1.28"128an) surface. 
Two basic types of DNA microarrays can be 
distinguished: (i) microarrays of previously pre­
parcd DNA clones or polymerase chain reaction 
products that are ilttached to the surfilce. 
arranged in a grid of high-<iensity arrays in 
two-dimensional linear ooordinates, and (ii) mi­
croamys of ollgonudeotides synthesized in situ 
on ii suitable surface. 

A. Cene expression profile by 
complementary DNA array 
This figure shows a micromay of 1.SOO different 
cDNAs derived from the human X chromosome. 
The cDNAs were obtained from lymphoblastoid 
cells of a normal male (XY) and ii normal female 
(XX). The cDNAs of the female cells were Labeled 
with the fluorophore Cy3 (red). and cDNAs of 
the male c:ells were labeled with CyS (green). 
The inactivation of most genes in one of the 
two X chromosomes in female cells leads to a 
1 : 1 ratio of cDNAs from the expressed genes in 
the male and female X chromosomes. The result 
is a )"!!low signal at mast sites because the 
superimposed red fluoresant (temale) and 
green fluorescent (male) signals are present in 
equal amo1U1ts. At seven sites. marked by yellow 
circles, the signal is red GentS that have ~peel 

in.activation on the inactive female X chromo­
some (see p. 184) are expressed at a double 
dosage. (Phoalgraph provided by Drs. GM 
Wiec:21lrek, u Nuber and HH Ropers, Max Planck 
Instititute Molecular Genetics, Berllni 

B. Ciene expression pilttl!ms In human 
cancel' eel Ines 
Microarrays Gill be used tc analyze the pattl!m of 
gt!ne expression in cancer cells, as an aid tD diag­
nosis and the monitoring of therapy. In this fig­
ure, the gene expression patterns in 60 cell lines 
derived from different human cana!rs are 
shown. Approximately 8,000 genes have been 
analyzed by this procedure (Ross et al, 2000). A 
consisR:nt relationship between gene expression 
patterns and tissue of origin was detectable. 
A cell line dendrogram is shown. relating the 
pattl!ms of gene expression to the tissue of ori­
gin of the cell lines as derived from 1.161 cDNAs 
in 64 cell lines (1 ). Also shown is a colored mi­
croarray representation of the data using Cy3-
Labeled (red) cDNA reverse-transcribed from 
mRNA isolated from the cell lines compared 
with CyS-labeled (green) cDNA derived from 
reference mRNA (2). Several dusters of red 
dots in the columns (1,161 genes) and the 
rows (60 cell lines) indicaa: an increased gene 
eJqnSSion. Thus, these regions of the microar­
ray represent genes with altered gene expres­
sion patterns in tumor cells. (Images from ~ 
et al 2000. with permission). 

Further Reading 
AffYmettix C'.enAllip. A\qjl;ble at www.vsni.co.ukjsoft­
ware/genstatfhtmlhelp/mamy/~ 

Brown TA. Genomes. 3rd ed. New York, NY: Garland 
Science, 2007 

Gresham D, et al Comparin& whole &enomes wing 
DNA microarrays. Nat Rrv Genet 2008; 9(4): 291-
302 

Illumina Science 8i E.duc:ation (Technology, Sequenc­
ing, Medic:al Genetics, Publication Reviews): www. 
illwnina.corn/sdencelltml. kces:sed 25 July, 2017 

Ross DT, et ~. Systematic variation In 1ene expres­
sion pattmis in human ancer cell Ines. Nat Genet 
2000; 24(3): 227-235 

Strachan T, Rrad A. Hwnan Mol~ Genetics. 4th 
ed. New Yortr. NY: Garland Science, 2011 

Strachan T, et al Genetics and Cenomia in Medicine. 
New Yortr. NY: C;rl;ind Selena!. 2015 
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Genome Scan and Array­
Comparative Genomic Hybridization 
A whole-smome scan and illTay-comparative 
aenomic hybridization ( CGH. see next page) 
aim at the analysis of the entire genome rather 
than selected groups of genes. Genome-wide 
studies il1'I! now widely used in the analysis of 
linkage and association (seep. 118). One type 
of whole genome scan is a single-nucleotide 
polymorphism (SNP) array. It derects polymor­
phic ONA sequence variants (SNPs, see p. n) at 
multiple loci along all chromosomes in search 
for association with a region or linkage that 
might harbor gene loci or chromosomal re­
gions involved in predisposing to a disease or 
causq it More than 12 million SNP variants 
have been identified in the human &mome (SNP 
database) to be used in research or diagnostics. 
Array-romparative genomic hybridtl.1tion (ac:GH) 
axmines the microarray methodology with ge­
nomic hybridization. The pmdple is ffiusttatl!d 
schematically here 

A. Principle of whole-genome scan 

A whole-genome scan analyzes all chromo­
somes (only four are shown here schemati­
cally) in search for linkage of a disease locus 
with polymorphic markers along each chromo­
some (multipoint linkage analysis). A peak of 
the logarithm of the odds (ID the base to) 
(IDD) score of nearly 4 over chromosome 2 
indicates that linkagt! between a disease locus 
and two markl!r loci (shown in red and blue) 
may be present. A LOO score of 3 or above 
indicates a probability ratio for linkage/against 
linkage of 1,000:1 or above. 
In addition, a genome-wide scan may aim at 
detecting an association between a region con­
taining susceptibility loci for complex diseases 
and polymorphic variants. An association will 
be detected by linkage disequilibrium (ID). ID 
is the result of a preferential segregation of 
certain alleles with a susceptibility region (see 
p. t 18). Many different compul!!r-based test 
procedures for analyzing linkage exist. 

B. Array-comparative genomic 
hybridization 
aCGH Is a combination of microanay tech­
niques and CGH (see next page). In aCGH, 

many mapped clones in a miaoarray are used 
Instead of metlphase chromosomes. This 
greatly increases the detection rate !Or small de­
letions or duplications. The genome to be tested 
and a normal genome as reference il1'I! com­
pared. They il1'I! differently labeled. In the ex.am­
ple shown here, the DNA from an Individual to 
be tested is labeled with the fluorophore Cy5, 
which induces gl"en fluorescence. The DNA 
from individual used as a control ts labded 
with Cy3, which induces red fluorescence. 
If the amount of ONA In the diagnostic tl!St and 
the rontrol sarqile is the same, a yellow signal 
will result. If there is an imbalance, the signal 
will be red if the amount of DNA is reduced due 
tD a deletion. A green signal will indicate a du­
plica.tion. aCGH is a fast and efficient means 
of detecting deletions and duplications on a 
genome-wide scale. (f'igure kindly provided by 
Dr. Evan E Eichler, Univ. of Washington, seattle). 

Medlcal relevance 
aCGH is widdy used in diagnostic;. 

Further Reading 
DaGbase of Genomic Variants. A curated atalo11Je of 

human tenomic structural variation. Available at 
http://dsv.tca&.ca/div/appjhome. Accessl!d Febru­
ary 6. 2017 

Eichler EE. Wldening the spectrum of human genetic 
variation. Nat Genet 2006; 38(1): 9-11 

Hinds DA. et al Whole-genome patterns of common 
DNA variation Jn three human lJOPll]ations. Selem 
2005; 307(5712): 10n-1m 

In1rnloltional HapMap Prqm. Awailable at https:/fwww. 
genmroe.p/10001688/. ~ Fmuary 6. 2017 

NCBl. SNP Dati.base. Avail.able at https:/fwww.ndil. 
nlm.nih.gov/nucleotide/. ~ February 6, 2017 

Pinke! D, et al Hlgh resolution analysis of DNA ccpy 
number variation using comparative genomic hy­
bridization to microarrays. Nat Genet 1998; 20(2): 
207-211 

DElme ~ Avalable at http:/fwww.hgvs.iq/crntraJ­
mlltltion-snp-databases. A=ssed Februuy 6, 2017 

Thomas DC, et al. Recent developments in genome­
wide usodatlon scans: a workshop swnmuy and 
review. Am J Hum Genet 2005; 77(3): 337-345 

Vusen IJl, et al ldentific.ation of disease tenes by 
whole genome CGH arrays. Hum Mol Genet 2005; 
14 Spec No. 2: R215-R223 
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Comparative Genomic Hybridization 
Comp;irative genomic hybridization (CGH) rep­
resents a systematic search for SIIlilll deletions 
and duplications (microdeletions/microdupli­
cations) at the level of the whole genome. It 
detects differences in the copy number variation 
(CNV, seep. 236) of DNA in all chromosomes 
simultaneously by comparing DNA from a pa­
tient with that of an unaffected control. It com­
bines fluorescence in situ hybridization and 
chromosome painting by using probes that hy­
bridize to entire chromosomes. CGH is widely 
used to invl:stigate tumor cells in metaphase or 
interphase. Modifications of CGH are array­
based CGH (aCGH, see the previous page) and 
multiplex ligation-dependent probe amplifica­
tion (MIPA; Sellner and Taylor, 2004). 

A. Application of cr.H 
CGH can detect changes in the genome of tumor 
cells. It compares DNA isolated from a tumor 
sample with genomic DNA from a normal indi­
vidual as a control. The figure shows a meta­
phase (top) from a patient with a hereditary 
form of renal cell carcinoma (von Hippel-lindau 
syndrome; OMIM 193300). On the left, the 
metaphase is labeled green by fluorescein iso­
thiocyanate, which in this case labels tumor 
DNA (1). In the middle, the same meta-phase 
is labeled red by rhodamine labeling control 
DNA (2). On the right (3) is an electronically 
blended composite of the fluorophore labels of 
green and red. Yellow fluorescence indicates a 
normal 1 :1 green:red ratio without loss or gain 
of chromosomal material Red fluorescence in­
dicates chromosomal loss in the tumor, whereas 
green fluorescence indicates chromosomal gain. 
The hybridization pattern is shown for all chro­
mosomes in the CGH profile (4). The individual 
chromosomes are identified by a blue dye that 
stains AT-rich sequences (DAPI, 4',6-diamidino-
2-phenylindole), visualized by fluorescem:r 
microscopy. The metaphase is sequentially ana­
lyzed with a charge-mupled devire camera for 
red, green, and blue (DAPI counterstain) using 
different filter systems. The blue DAPI fluores­
cence is converted into a black-and-white 

image. This is enhanced to result in a banding 
pattern similar to G-bands for chromosome 
identification. The CGH profile scans each chro­
mosome for a deviation to the red (first vertical 
line on the left of each field right to a chromo­
some) to search for loss, or for a deviation 
to green (third vertical line). which will indicate 
a gain. A deviation beyond the red line to the left 
is visible along the long arm of chromosome 
4. This indicatl5 chromosomal loss in 4q. A de­
viation to the green over the long arm of chro­
mosome 10 indicatl5 a gain of chromosomal 
material in toq. The centromeres are shown as 
horizontal gray boxes. (Images courtesy of Drs. 
Nicole McNeil and Thomas Ried, National Insti­
tutes of Health). 

B. ldentlflcatlon of extra chromosomal 
materlal by multicolor fluorescence 
in situ hybridization 
Here, extra chromosomal material, invisible in a 
standard !Guyotype, is visualized by multicolor 
fluorescence in situ hybridization (M-FISH, see 
p. 154i The multiplex FISH karyogram (right) 
shows a small extra band at the end of the long 
arm of a chromosome 1 (arrow). This extra band 
is deriw:d fium a chromosome 12. (Photographs 
provided by Ors. Sabine Uhrig and Michael 
Speicher, Graz, Austria). 

Further Reading 
Knuuen T, et al. The interactive oniine SKY/M-FISH Iii 

CGH database and the Entrez cancer chromosomes 
search database; linkage of chramosom.al aberra­
tions with the genome sequence, Genes Chromo­
somes cancer 2005; 44(1 ): 52-64 

Sellner LN, Taylor GR. MIPA and MAPH: new techni­
ques for detection of gene deletions. Hum Mutat 
2004; 23(5): 413-419 

S~icher MR, Carter NP. The new cytogenetics: blur­
ring the boundaries with molecular biology. Nat 
Rev Genet 2005; 6(10): 782-792 

Vissers IE, et al. Identification of disease genes by 
whole genome CGH arrays. Hum Mol Genet 2005; 
14 Spec No. 2: R215-R223 

Wong A. et al. Detection and calibration of microde­
letions and miaoduplicatiOll5 by array-based 
comparati\11!! genomic hybridization and its applic­
ability to clinical genl!tic testing. Genet Med 2005; 
7(4); 264-271 
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Cienome-Wide Association Study 
Geno"*wide association study (GWAS) is a 
wh~genome approach to sean:h for chro~­
mal ~ens or known gene loci for an association 
with a disease or risk fur dis~ Hwulreds of 
thousands of single-nucleotide polymorphisms 
(SNPs, see p. 72) are tested in large populations 
of individllills affected and compaml with ~ 
numbers of controls. More than 2,000 GWASs 
inYolving 17 dili!rent genetic traits have been 
peri>rmed since 2013. Each SNP has a reference 
SNP number (rs) recorded in the National 
Center for Biotechnology Infi>rmation dbSNP da­
tabase, with infi>rmation on allelic forms, allele 
frequency, and other genomic inmrmation. 
Problems may arise from false-positive results 
in the huge number of statistical tests per­
mrmed. GWA genotypillll platforms on arrays 
or chips comprising 500.000 to 1 million SNPs 
are ilVilU.ble. 

A. Graphic representation of GWAS data 
The association of SNPs with a chromosomal 
region or known genes is represented in a so­
called Manhattan plot This displays all human 
chromosomes with a graphic representation of 
the SNPs determined along each chromosome. 
It is shown typically as the -log10 of the P-value 
(probability of the observed association arising 
by chance). Thus, P• 0.01 would be plotted as 2 
or p.10-1 as 7 on the y-axis. In the eXilJllple 
shown, 317,503 SNPs were studied in 1,522 
individuals with rheumatoid arthritis and 
1.850 controls. In addition to the major histo­
rompatibility (MHC) region (here Hl.A-DRbl) on 
the short arm of chromosome 6 and the PTPN22 
gene on chromosome 1 known to be related to 
the immunological aspects of the disease, two 
additional genes with a possible etiological role 
~re identified: 1RAFl (encoding tumor ne­
crosis factor receptor associated factor-1) and 
cs (encoding romplement component si 
B. Identification of common variant in a 
complex disorder 
In this example, a GWAS of two cohorts of 780 
families (3,101 subjects) and 1,204 affected 
individuals with an autism spectrum disorder 
are compared with 6,491 control subjects. Six 
SNPs between two genes, CDH10 and CDH9 

(enaxling neuronal cell-adhesion molecules 
cadherin 9 and 10), shew a strong association 
of signals on the short arm of chromosome 5 
(Sp14.1)with a-log10P-value above 5 (1). Chro­
mosome 5 is shown schematically (2) below the 
plot for all chromosomes. In (3), the enlarged 
region 5p14.1, the nudeotides 24,500,000 to 
27.000.000, and the two genes and their 5' to 
3' orientation are shown. SNPs are plotted with 
their P-values C4i Genotyped SNPs are oolored 
aa:onling to their correlation with one of the 
SNPs (rs.4307059): red ilr above 0.5, ~ be­
tween 0.5 and 02, and white ilr below 0.2. 
(Figure in A adapted from Plenge et al, 2007; in 
B from Wang et al, 2009, both with pennission 
from Macmillan Publishers Ltd). 

Medical relevance 
Examples disease gene or genome region iden­
tification by GWAS: OOhn disease, age-related 
macular degeneration. diabetes mellitus, neuro­
psychiatric di.sews, Alzheimer disease. hyper­
tension, and others. 

Further Reading 
NIH-National Hwmn Genome Researth Institute. A 

C.t:alog or Published Genome-Wide Association 
Studies. Available at https:/fwww.genome.gov/ 
26525384. Aa:essedjuly 15, 2017 

Hindorft" I.A, et al. Potential etiologic and functional 
implications of cenome-wide association loci for 
human diseases and traits. PNAS 2009; 106(23): 
9362-9367 

Manolio TA. Cenomewide association studies and u­
sessment of the risk of dl.ssse. N Eng!J Med 2010; 
363(2): 16&-176 

Manolio TA. A catalog of Published Genome-Wide 
Association Studies. Av.Wable at www-&enome. 
gov/gwastudles. Accessed July 25, 2017 

Plenge RM, et al. TRAFt-CS as a risk locus for rheu­
matoid arthrilis·-il genomewide study. N Engl J 
Med 2007; 357(12): 1199-1209 

Strachan T. et al. Cenedcs and Cenomics in Medicine. 
N-Yorlc, NY: Garland Scien~ 2015 

VLSSdier PM, et al. 10 ~ GWAS ~: biolCJCY, 
function, and translation. Am J Hum Genet 2017; 
101:5-22 

Wang K, et al. Common genetic vmmts on 5p14.t as-
50dale with iutlsm specttWn dlsonlers. Nilture 2009; 
459(7246): 528-533 

Welter D, et al. The NHGRI GWAS cataloc, a curated 
resource of SNP..trait associations. Nucleic Adds 
Res 2014; 42(Database iuue); DlOOl-01006 
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The Dynamic Genome: Mobile 
Genetic Elements 
Mobile genetic elements are DNA sequences 
that are able ID move from one sill! ID another 
by transposition (see p. 82). The term dynamic 
soenome indicatl!S that the genome of all living 
organisms is not static. htSll!ad, it is flexible and 
s!Eject to changes. This unusual phenomenon 
was first observed in the !all! 1940s by Baibara 
Mdlintock while investigating the genetics of 
htdian com (maize, Zta mays). She found that 
certain genes were able ID alter their position 
spontaneously. She named this phenomenon 
"jwnping genes,• and later mobile genetic ele­
mma. Although Mc:OinlDck's observations 
were initially met with skepticism, she was 
awarded the Nobel Prize for this work in 1984 
(Fox-Keller, 1983; Mdlintodc, 1984). Transpos­
able genetic elements or their remnants account 
for nearly half of the genome in mammals and 
up ID 90% of the genome in some plants. Trans­
position provides mechanisms for genomes to 
acquire new sequences and J'CilTl'ilJJge existing 
ones during the roursc of evolution 

A. Stable and unstable mutations 
McOintock in 1953 deb!1'mined that certain 
mutations in maize are unstable. A stable muta­
tion at the C locus causes violet com lcemels (1). 
whereas unstable mutations cause fine pigment 
spots in individual kernels (variegation, 2). 

B. Effect of mutation and transposition 
Normally, a gene at the C lorus produces a violet 
pigment of the aleurone in cells of Indian rom 
(1 ). This gene can be inactivatl!d by insertion of 
a mobile element (Ds) into the gene, resulting in 
a colorless kernel (2). If Ds is removed by trans­
position. C-locus function is restored and small 
pigmentl!d spots appear (3). 

C. Insertion and removal of Os 
Acriwtor-dissociation (k/Ds) is a systl!m of ron­
trolling elements in maize. Ac is an inherently 
unstable autonomous element It can activatl! 
another locus, dissociation (Ds). and cause a 
break in the chromosome (1). While Ac can 
move independently (autonomous transposi­
tion). Ds c.an move to another location in the 
chromosome only under the influence of k 
(nonautonomous transposition). The Al:. locus 
is a 4.6-kilobasc (kb) transposon; Os is defective 

without a transposasc gene (sec p. 82). The C 
locus (2) is inactivated by the insertion of Ds. 
Os can be removed under the Influence of Ac. 
This restores normal function at the C locus. 

D. Transposons In bacteria 

Transposons are classified aa:ording to their ef­
tect and molecular structure: simple insertion 
sequences (IS) and the more complex transpo­
sons (Tn). A transposon rontalns additional 
genes, for example, for antibiotic resistance in 
bacteria. 
Transposition is a special type of rerombina­
tion by which a DNA segment of approxi­
matl!ly 750 base pairs to t O kb is able to 
move from one position to another, either on 
the same or on another DNA molecule. The 
insertion occurs at an intl!gration sill! (1) and 
requires a break (2) with subsequent integra­
tion (3). The sequences on either side of the 
integrated segment at the integration site arc 
direct repeats. At both ends, each IS element or 
transposon carries inverted repeats whose 
lengths and base sequl!llO!S are characteristic 
for different JS and Tn elements. 
(Photographs in A and B from Fedorolf, 1984~ 

Medlcll relevance 
Insertion of a transposon into a functional gene 
may be a rare cause of a genetic disease. 

Further Reading 
Fedoroff NV. Transposable genetic elements in maize. 

Sd Am 1984; 250: 65-74 
Fedoroff NV, Bot~n D, eds. The Dynamic Genome: 

Baibara McClintock's Ideas in the Century of 
Genetics. N- York. NY: Cold Sprins Harbor Labo­
ratDry Press, 1992 

Fox-Keller E. A Feeling for the Orpnlsm: The Life and 
Work or Barbara McOlntock. San Francisco, CA: 
w. H. Freemm, 1983 

Kazazi.m HH Jr. Mobile DNA: Andlni Treasure in 
Junk. Upper Saddle River, 1'ij: FT Press Science. 
Pearson Education, 2011 

Kazazi.m HH Jr. Mobile elements: drivers of genome 
evolution. Science 2004; 303(5664): 1626-1632 

Krebs JE. et al Lewin's Gelle$ XL Sudbury: Bartlett a 
Jones. 2013 

McClintock 8. Induction of Instability at selectM loci 
in maizle. Genetics 1953; 38(6): 579-599 

Mcctintock B. The siptific:ance of responses or the 
genome tD challenge. Science 1984; 226(4676): 
792-801 
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Genome Editing by the CRISPR-Cas 
System 
Genome editilli refers to an efficient assembly 
of molecular methods that allow producing 
pm:ise, Wgeted changes in the genome. The 
CRISPR-Cas system (Oustered Rqularly lntel"­
spaCl!d Short J>.tlindromic Repeats and associ­
ated protein-9 endonuclease, Cas9) is deriVl!d 
from bacteria where It functions as a defense 
system against invading foreign DNA. Viral 
DNA sequena!S are Integrated into a CRISPR 
locus array of the bacterial genome. Upon re­
infection, an adaptive immune system based 
on CRJSPRs Identifies invading foreign DNA se­
quences and Induces a site-specific double­
strand break by means of CRJSPR-associated 
endonuclease Cas9. 

A. Fundlon of a CRISPR-cas system In 
baderfa 
The CRISPR locus consists of several hundred 
repeats interspersed with foreign sequences 
derived from prior exposure (spacers). An 
adaptive immunity results from two phases: 
integration of short viral DNA into a specific 
repeat CRISPR locus (1 ~ and, upon reinfection, 
invading foreign DNA is recognized and 
cleaved (2). This is achieved by transcription 
into precursor CRJSPR RNA, which is cleaved 
at each repeat into mature crRNAs. 
The crRNA forms a duplex with the transacti­
vating crRNA, which is loaded onto Cas9 to 
direct the cleavage of the tirget DNA adjacent 
tD PAM sequences (protospacer adjacent mo­
tifs, 5'-NGG-3'). 

B. Use of the CRISPR-cas system in 
genome editing 
For genome-editing. the crRNA and tracRNA 
are fused to form a single guide RNA, which 
hybridizes to one strand of the invading target 
DNA. Two nuclease domains of Cas9 induce 
site-specific breaks in each strand of the target 
DNA. Since DNA breaks induce DNA repair 
pathways in host cells, this process can be 

used to disrupt genes (knoclcout) or replace 
DNA sequences (knock-in). 

Medical applications 
1be CRISPRJCas sysll!m has potential to be 
used in gene therapy to correct a mutation 
and to remove infectious agents such as hepa­
titis B, HN, and other applications. (Figure in A 
redrawn from Alberts e t al, 2015; in B from 
Charpentier 8r Doudna, 2013 ). 

Further Reading 
Alberts B, et al. Molecu~r Biology or the Cell 6th ed. 

New York, NY: Girland Science, 2015: 434 and 497 
Barrangou R. Marral!lni LA. CR!SPR-Cas systems: 

proiwyoru upsrade to adapthe Immunity. Mol 
Cell 2014; 54{2): 234-244 

Ch.arpenm E, Doudna JA, Biotechnology: rewriting a 
genome. Nature 2013; 495(7439): 50-51 

Chu vr, et al Inaeasing the elfldency of homology-­
directed repair for CJUSPR-Ca.s9-lnduced precise 
gene editing in mammalian cells. Nat Biotechnol 
2015; 33(5): 543- 548 

Doudna JA. Charpmtitt E. Genome editing. The new 
frontitt of genome enzineerini with CRISPR-Cas9. 
Science 2014; 346(6213): 1258096 

Doudna JA, Sternberg SH. A Crack in Creition: Cene 
Editing and the Unthlnbble Power to CoDU'Ol £vo... 
lutioo. Houahton Mifflin Han:ourt, New York, 2017 

Hsu PD, et al. DeYeiollment and <ipplications of 
CRJSPR-Cas9 for aenome e!liineerina. Cell 2014; 
157(6): 1262-1278 

Jinek M, et al. A programmable dual-RNA-guided 
DNA endonudease in adaptiw bacterial immunity. 
Science 2012; 337(6096): 816-821 

Lander ES. 'lbe heroes of CRISPR. Cell 2016; 164: 18-28 
Mali P, et ill. Cas9 as a wrS<ttile tool for e!liineerins 

biology. Nat Methods 2013; 10(10): 957- 963 
Petherick A. Gmome editing. Nature 2015; 528 

(7580): St 
Sremberg SH, et al DNA interrogation by the CRISPR 

RNA-guided endonude.ise cas9. N<tture 2014; 5r11 
(7490): 62-07 

Strachan T, et ill. Genetics and Genomlcs In Medicine. 
NNI York, NY: Garland Science, 2015 

van dtt Oost J, et al. Unr~lllng the structural and 
mechanistic basis or CRISPR-Cas systrms. Nat Rev 
Microbial 2014 ; 12(7): 479-492 
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Evolution of Genes and Genomes 
Genes and genomes existing today are the 
cumulative result of evolutiollilI'Y events that 
have tilkl!n plilce in the pilSt The dilSsical theory 
of evolution, as fonnuliited by Charles Darwin in 
1859, states that (i) all living organisms today 
have descended from organisms living in the 
pi15t; (ii) organisms that lived during earlier 
times differed from those living today; (iii) the 
changes occurred more or less gradual, with 
only a small change at a time; and (iv) the 
changes usually led to divergent organisms, 
with the number of ancestral types of organ­
isms being smaller than the number of types 
today. 

A. Cene evolution by duplication 
Studies of the various genomes indiciite that 
different types of duplication must hilve oc­
curred: duplications of individual genes or parts 
of genes ( exons ~ subgellOIIlic duplications, and, 
rarely, duplications of the whole genome (Ohno, 
1970~ Duplication of a gene relieves the selective 
pressure on that gene. After a duplication event, 
the gene can ilCCUlI!ulilll! mutations without 
compromising the origillill function, provided 
the duplicated gene hils separate reguliitory con­
trol. The dupliCiltion can also result in a genetic 
dead end. In this case, mutations inactivate the 
gene, leading ID a pseudogene. Each human duo­
mosome hilrbors ahnost il5 many pseudogenes as 
functional genes. 

B. Cene evolutlon by exon shuffling 
The exon/intron structure of eukaryotic genes 
provides great evolutiollilI'Y versatility. New 
genes can be created by plildng J>i11tS of existing 
genes into a new context, using functional prop­
erties in a new combination. This is referred to 
as exon or domain shuffling. 

C. Evolution of chromosomes 
Evolution also occurs by structural rearrange­
ments of the genome at the chromosomal 
level. Relall!d species, for exmtple, mall1IIlills, 
differ in the number of their chromosomes and 
chromosomal morphology, but not in the num­
ber of genes, which are often conserved ID a 
remarkable degree. The human chromosome 2 
appears to have evolved from the fusion of two 

primall! chromosomes. The differences in 
chromosome 3 are much more subtle. The chro­
mosome 3 of orangutan differs from that of man 
and other primates by a pericentric inversion. 
The banding patterns of all primall! chromo­
somes are remarkably simililr. This reflects 
their dose evolutiollilI'Y relationship. (Figure 
adapted from Yunis Iii Prakash, 1982). 

D. Molecular phylogenetics and 
evolutionary tree reconstruction 
A phylogenetic tree can be reconstructed bilSed 
on different types of evidence: fossils, differen­
ces in proteins. immunological data, DNA-DNA 
hybridization, and DNA sequence similarity. The 
number of events that have to have takrn plilce 
to explilin the diversity observed today is deter­
mined. In the path from an ancestral gene (1), 
two events are shown schematically. TWo cate­
gories of homologs are distinguished: parrllogs 
and orthologs (:Z). Paralogs are homologous 
genes that have evolved by duplication within a 
species. Orthologs are genes present in different 
organisms that have evolved by vertical descent 
from an ancestral gene between different spe­
cies. The human a-globin and ll-globin lod are 
ex;imples of J>ill'alogs. The a-globin and Jl-globin 
genes of humans and other mammals are exam­
ples of orthologs. The adjectivl! paralogous refers 
to nudeotide sequence comparisons. 

Further Reading 
Brown TA. Genomes. 3rd ed. New York, NY: Garland 

Science, 2007 
Darwin C. The Origin of Species by Means of Natural 

Selection. London: john Murray, 1859 
Eichler EE. Sankoff D. Structural dynamics of eukary­

otic chromosome evolution. Science 2003; 301 
(5634): 793-797 

Gilbert W. The exon theory of genes. Cold Spring 
Harb Symp Quant Biol 1987; 52; 901-905 

Miller w, et al Comparative genornics. Annu Rev 
Genomlcs Hum Genet 2004; 5: 15-56 

Jobling M, et al. Human Evolutionary Genetics. 2nd 
ed. New Yorlt, NY: Garland Science, 2014 

Ohno S. Evolution by Gene Duplication. Heidelberg: 
Springer-Verlag. 1970 

Rieseberg LH, Livingstone K. Chromosomal speciation 
in prirnatrs. Science 2003; 300(5617): 267-268 

Strachan T, Reild A. Human Molecular Genetics. 4th 
ed. New York, NY: Garland Science, 2011 

Yuni5 n. Pralwh 0. The origin of man: a chromosomal 
pictorial legacy. Science 1982; 215(4539): 1525-
1530 
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Comparative Genomlcs 
Compilfative genomics refers to ii systemiltic 
ilDillysis of genomes of different species by 
comparing their similarities and differences. It 
compares DNA sequences, the structure i!nd 
function of genes and their chromosomal loCil­
tion, reguli!tory sequences, i!Dd other fei!tures. 
Genomes of different organisms differ or resem­
ble each other according to their evolutionary 
relationship. The number i!Dd types of differen­
ces depend on the time that has passed since 
their last common ancestor exisred and the fre­
quency of genomic changes and mutations that 
hi!ve oa:urred since they diverged from the an­
cestor. If two genomes are sufficiently closely 
relatl!d, the order of genes along each chromo­
some will hiM! been preseM!d. 
1\w areas of comparative genomics have prac­
tical appliCiltions: plant genomes i!Dd the search 
lbr human disease genes that hi!ve homologs in 
other organisms. 

A. Homologies of human proteins 
The sequence of the human genome has re­
veilled considerable homologies of its proteins 
with those of other organisms, for eXi1111ple, 
21% with other euki!ryotes and prokilryotes. 

B. Chromosome-assodated proteins 
The chromatin-associated proteins and tran­
scription factors are conserved in evolution. 
As a consequence, 60% of human, Drosophila, 
and the nematode C elegans chromatin archi­
tectures are shared. 

C. Chromosomal segments conserved 
between man and mouse 
As a result of evolution from a common ancestor 
approximarely 80 million years ago, the human 

genome contains approximately 340 segments 
that are shared with the mouse genome. Within 
these segments of iM!rage length of 10 Mb, with 
a range from 24 kilobases to 90.5 Mb (Lander 
et al., 2001 ), the order of homologous genes is 
similar. This is referred to as synteny (see 
p. 116). The figure shows segments containing 
at least two genes in conserved order between 
man and mouse, indicated in a color corre­
sponding to the mouse chromosome. 

Further Reading 
Brown TA. Genomes. 3rd ed. New York, NY: Garland 

Science, 2007 
Lander ES. et al; International Human Genome Se­

quencing Consortiwn. Initial seqlll!ncing and anal­
ysis of the human genome. Nature 2001; 409 
(6822); 860-921 

Margulies EH, Birney E. Approaches to comparative 
sequence analysls: towards a functional view of 
vertebrate genomes. Nat Rev Genet 2008; 9(4): 
303-313 

O'Bleness M, et al Evolution of genetic and genomic 
features unique to the human lineage. Nat Rev 
Genet 2012; 13(12): 853-866 

Rubin GM, et al. Compariltive genomics of the eukar­
yotes. Science 2000; 287(5461): 2204-2215 

Strachan T, Read A. Human Molecular Genetics. 4th 
ed. New York, NY: Garland Science, 2011 

lbuchman J. Comparative genomics. Nat Edu Knowl 
2010; 3(10); 13-18 

Waterston RH, et al Mowe Genome Sequencing Con­
sortium. Initial sequencing and comparative analysis 
of the mouse genome. Nature 2002; 420(6915): 
520-562 

Xia X. Comparative Genomics. Berlin: Springer, 2013 

comparative genomics of four nonvertebrate organisms based on genome sequence data 

Organism Number of Genes arisen by Gene families Type of organism 
genes duplication (core proteome) 

Haemophilus influmzae 1,709 284 1,425 Bacterium 
Saccharomyces Cl!f'e'lisiae 6,241 1,858 4,.383 Yeast 
Caenorhabditis elegans 18,424 8,971 9,453 Nematode 
Drosophilo 13,601 5,536 8,065 Insect 

Data from Rubin et al. (2000). 
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Genomic StrucbJre of the Human 
X and Y Chromosomes 
The human X and Y chromosomes have 
evolved from a pair of ancestral chromosomes 
during the past 300 million years. While the X 
chromosome retained many properties of an 
autosome, the Y chromosome has lost most of 
its genes and become greatly reduced in size. 
Its genetic function is now limited to inducing 
male development during embryonic develop­
ment and to maintaining spennatogenesis in 
adult males. The two chromosomes undergo 
pairing and remmbination at the distal ends 
of their short arms in the pseudoautosomal 
region (PARl), whereas all other regions are 
exempted from recombination. 

A. Genomic structure of the human 
X chromosome 
Functional genes are distributed along the X 
chromosome with 153 million base pair {Mb) 
DNA. as shown by the dark blue squares (each 
square represents one gene). The approximate 
loCiltions of nine selected landmark genes and 
their directions of transcription (arrows) are 
shown to the right. Most of the short arm con­
sists of a region, the X..added region (XAR~ This 
has resulted from the translocation of an ances­
tral autosome into the short arm (Xp) approxi­
mately 105 million years ago. The long arm (Xq) is 
composed of a region, XCR (X-conserved region1 
which is derived from an ancestral autosome. 
XCR has been conserved during evolution in 
mammals. F"M! regions of evolutionary amserva­
tion, evolutionary strata Sl to SS, have been iden­
tified along the X chromosome. The human X 
chromosome amtains 1,()98 genes with 7.1 
gcies per million base pairs, one of the lowest 
gcie densities in the human genome (illll!r.lgl!: 
lB-13). (Figure adapted from Ross et al, 2005~ 

B. Cenomlc structure of the human 
Y chromosome 
The human Y chromosome with 59-Mb DNA enc­
odes approximately 72 protein-coding genes. It 
has a distinct genomic structure comprising five 
di!ferent regions in the euchromatic part: (i) two 
pseudoautosomal regions at the distal ends of the 
short (PARl) and long anns (PAR2); (ii) the 
Y-specific male derenninant (MSY) region of 

approximately 35 kilobases; (iii) approximately 
8.6 Mb (38% of the euchromatic portion) called 
X-degenerate, derived from an ancestral auto­
some; (iv) 3.4 Mb derived from former X-linked 
gcies by transposition (X-transposed), which oc­
curred approximately 3 to 4 million years ago; 
and (v) 10.2 Mb amplified (amplionic) Y-specific 
sequences. The latter are designated Pl to PS 
and are derived from former X- and Y-linked 
genes. They are tenned ampUonic beCiluse they 
consist of amplified palindromic sequences 
(amp Ii cons) of Vilrious sizes with a marked se­
quence similarity of 99.9% over long stretches of 
DNA (tens to hundreds ofkilobases). Most genes 
in the amplionic segments are expressed exclu­
sively in testes. 
Since the male-specific sequences on the Y chro­
mosome do not participate in crossing-over, 
they are deprived of a mechanism for replacing 
mutations or structural rearrangements with 
normal sequences. Gene conversion between 
these palindromic sequences (Y-Y conversion) 
presumably serves as a mechanism fur restoring 
normal sequences that have been rendered non­
functional in one arm of a palindrome. (Figure 
adapted from Skaletsky et al, 2003). 

C. Homologies between the X and 
Y chromosomes 
The X and Y chromosomes share regions of 
homology as a result of their common evolu­
tionary origin (for details see Ross et al .. 2005 ). 

Medical relevance 
Four regions of Yq are associated with male 
infertility: !.Ha, AZFb, !.He. and DAZ (OMIM 
415000, 400003, 400026/27). 

Further Reading 
]obiing MA. '!Yler-Smlth c. The human Y chromo­

some: an ewlutionary marker comes of age. Nat 
Rev Genet 2003; 4(8): 598-612 

Lahn BT, Page DC. Four ewlutionary strata on the 
human X chromosome. Science 1999; 286(5441): 
964-967 

Ross MT, et al. The DNA sequence of the human X 
chromosome. Nature 2005; 434(7031): 325-337 

Slraletsky H, et al The male-specific region of the 
human Y chromosome is a mosaic of discretE se­
quence classes. Nature 2003; 423(6!142): 825-&37 
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The Mltochondrtal Genome of Man 
The human genome contlins an extranudear 
genome derived from a transfer of a bilC!rriill ge­
nome into a eukiiryotic cell appraximilll!ly 2 x 109 
}'l!il1'S before the present day, the milDChondriiil 
genome. Eilch human cell contlins hundreds of 
mitochondria. The mitodtondriill genome in 
mammals is slllilll i!nd contlins no intrans, and 
in some regions, the genes overlap. i!nd therefore 
practically every bi!se Pilir is part of a coding 
gene. In genn cells, mitochondrii! are almost ex­
clusively present in oocytes, whereas spem!ilto­
zoa contain few. Thus, mitochondria are inherited 
exclusively from the mother (mali!rnill inheri­
lilnee), without paternal conttibution. 

A. Mitochondrial genes in man 
The size of the hwnan mitochondriill genome, 
sequenced in 1981 by Andersen and coworkers 
is only 16,5 kilobases (16,569 base pairs). Each 
mitochondrion contains 2 to 1 O DNA mole­
cules. In the two strands of the mitochondriiil 
DNA (mtDNA), a heavy (H) Stri!Dd and a light 
(L) single stri!Dd CilD be differentiated by a den­
sity gradient. Huffii!D mtDNA contains a totill 
of 37 genes essential for intracellular energy 
transfer and conversion. Of these genes, 13 
are protein-coding genes involved in four met­
abolic processes: (i) NADH (nicotinamide 
adenine dinucleotide) dehydrogenase, (ii) the 
cytochrome c oxidase complex (subunits 1-3), 
(iii) for cytochrome b, and (iv) for subunits 6 
i!Dd 8 of the ATPase (adenosine ttiphospha­
tase) complex. Unlike that of yeast, mammali­
i!D mtDNA contains seven subunits for NADH 
dehydrogenase (ND1, ND2, ND3, ND4L, ND4, 
ND5, i!Dd ND6). 
Most genes are found on the H strand The L 
strand codes for a protein (ND subunit 6) and 
eight transfer RNAs (tRNAs). From the H stri!nd, 
14 tRNAs and two RNAs are transcribed: a short 
one for the 12S ribosomal RNA (rRNA) and a 
long one !br 16S rRNA. A single tri!Dscript is 
made from the L stri!Dd, A 7S RNA is transcribed 
in a counli!rdockwise manner close to the origin 
of replication (ORI), located between the 11 and 
12 o'clock on the circular structure. 

B. Cooperation between mitoc:hondrial 
and nuclear genome 
Many mitochondrial proteins are aggregates of 
gene products of nuclear and mitochondrial 

genes. Approximately 1, 100 nuclear genes co­
operate with the mitochondriiil genome. In the 
mitochondriii, they form functional proteins 
from subunits of mitochondriiil and nuclear 
gene products. This explains why several mito­
chondrial genetic disorders show Mendelian 
inheritilnce, whereas purely mitochondriillly 
determined disorders show exclusively mater­
nal inheritance. 

C. Evolutionary relationship of 
mitochondrial genomes 
Mitochondria probably evolved from inde­
pendent prokaryotic organisms that were inte­
grated into eukaryotic cells. 

Medical relevance 
Numerous maternally transmitted and de novo 
diseases result from structural changes and 
point mutations in trilDSfer DNA. (see Part II~ 
Mitochondrial Diseases, p. 260, and Appendix, 
Table 8, p. 409). 

Further Reading 
Anderson S. et al. Sequence and organization of the 

human mit.ochondrial genome. Nature 1981; 290 
(5806): 457-465 

Genetics Home Reference. Mitochondrial DNA Avail­
able at http://ghr.nlm.nih.gov/chromosome/MT. 
Accessed July 25, 2017 

Schon EA, et al Human mitochondrial DNA: roles of 
inheritEd and sommc mutations. Nat Rev Genet 
2012; 13(12): 878-890 

WaUace DC. Genetics: mitochondrial DNA in evolution 
and disease. Nature 2016; 535(7613): 498-500 

Wallace DC. A mitochondrial paradigm of metabolic 
and degenerative diseases, aging. and cancer: a 
dawn for evolutionary medicine. Annu Rev Genet 
2005; 39: 359-407 

Wallace DC, Fan W. Energetics, epigenetics, mito­
chondrial genetics. Mltochondrlon 2010; 10(1): 
12-31 

WaUace DC. et al. Mitochondrial medicine: the mito­
chondrial biology and genetics of mdabolic and de­
generative diseases, cancer, and aging. In: Rimoin 
DI., Pyeritz RE. Korf BR, eds. Emery and Rimoin's 
Principles and Practice of Medical Genetics. 6th ed. 
New Yo!1t, NY: Elsevier, 2013 (E-book only) 
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Cenomlc Disorders 
Genomic disorders are a group of approxi­
mately 70 phenotypically distinct disorders re­
sulting from rearrangements of the underlying 
structure of the human p:nome rather than 
mutiltions in 1enes. Copy number variations 
(CNVs), such as segmental duplications. play 
an importilnt role (p. 210). Their sequence 
identity predisposes to nonhomologous pair­
ing during meiosis and subsequent nonallelic 
recombination (NAHR). The resulting duplica­
tion/deficiency in the daughter Cl!lls causes a 
local genomic imbalance, which leads to devel­
opmental disturbances and disease. 

A. Peripheral neuropathy 
Peripheral hereditary motor-sensory neuropa­
thy type lA (HMSNlA; OMIM 118220; 
Charcot-Marie-Tuoth disease, CMTIA) is the 
most frequent (1 :2,500-7,500) neurogenic 
muscle atrophy. It begins in the first two dec­
ades of life and progresses with painful 
sensory perceptions, dissipation of muscle re­
flexes, and peripheral muscle atrophy of the 
feet, lower extremities, and hands. A reduced 
nerve conduction velocity of less than 38 m/s 
establishes the diagnosis. 

B. Dupllcallon/deletlon as cause of 
different neuropalhies 
The underlying causes of two clinically distinct 
neurogenic disorders are two low-copy repeat 
segmental duplications in the distal short arm 
of chromosome 17 flanking a gene (1). The 
proximal repeat and the distal repeat are sep­
arated by 1.4 Mb genomic DNA at 17p112. A 
tilndem duplication (2) involving the PMP'12 
gene encoding peripheral myel!n protein-22 
(OMIM 601097) Is the cause of CMTIA in ap­
proximately 50% of patients. This duplication 
occurs de navo in 75 to 90% of patients. Point 
mutations have also been observed. An allelic, 
reciprocal disorder is hereditary neuropathy 
with liability to pressure palsies (HNPP; 
OMIM 162500) due to deletion involving gene 

Examples of other genomic disorders 

PMP'12 at 17p11.2 (3). The PMP22 protein is a 
component of myelinated peripheral nerve 
fibers. OMIM 118220 lists 70 different forms 
of Charcot-Marie-Tooth disease. 

c. Nonallelic: homologous 
recombination 
Segmental duplications (SDt and 502) flanking 
the genomic region 17p11.2 (1) predispose to 
nonhomologous pairing (2) during meiosis be­
cause of their high sequence homology. Non­
allelic homologous recombination (NAHR) of 
two segmental duplications results in two re­
ciprocal stati:s of imbalance: a duplication (3) 
in one daughter cell and a deletion in the other 
daughter cell (4). In the case of CMTtA. the 
majority of crossovers occur within a limited 
region known as a recombination hotspot. Nu­
merous other genomic disorders have been 
recognized. 

Further Reading 
Boone PM. et al. Genomic medicine and neuroloPc:al 

disease. Hum Genet 2011; 130(1): 103-121 
Carvalho CMB, Lupsld JR. Mechanisms underlying 

structural v.imnt formation in genomic disorders. 
N;W; Rev Genet 2016; 17(4): 224-238 

Cooper GM, et al A copy number vmation morbidity 
m~ of dr¥elopmmtal dclay. Na: Genet 201 l; C 
(9): 838-846 

Girirajan s, et al. Phenotyplc variability and ienetic 
susceptibility ID genomic disorden. Hum Mot 
Genet 2010; 19(R2); R17S-Rl87 

Klopocki E, et al. Copy-number v.ariatlons, noncoding 
sequences, and human phenOtypeS. Annu Rev 
Genomia Hum Genet 2011; 12: 53-72 

llu P, et al. Mechanism, prevalence, and more severe 
neuropathy phenotype of the Chara>t-Marie-Tooth 
type lA triplication. Am J Hum Genet 2014; 94(3): 
462-469 

Lupskl JR. et ;ii. Genomic Disorders. The Genomic 
Bilsls of Dlseiise. Totowa, NJ: Human. Press, 2006 

Lupski JR. et al. Whole-fenOIIle sequencing in a pa­
tient with Charrot-Marie-Tooth neuropathy. N Engl 
J Med 2010; 362(13): 1181-1191 

Vissers LE, et al. Microdeldion and microduplicatian 
syndromes. Methods Mot Biol 2012; 838: 29-75 

Smith-Magenis syndrome (SMS; OMIM 182290) 17p11.2 deletion 
Duplication syndrome (17Xp11.2p11.2) 17p11.2 duplication 
Deletions causing neurofibromatosls type I (NFl; OMIM 162200) 17q11.2 deletion 
SOtos syndrome (OMIM 117550) 5q35 deletion 
Many mlcrodeletions and mlcroduplications (p. 386) 
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Disorders due to Dysregulilb!d 
Chromatin Structure 
More than appraximately 20 smetically defined 
human disorders result from dysregulated chro­
IIliltin structure, collectM:ly called chromatin 
disorders or chrumatinopathies. They result in 
developmental delay often associated with 
a remgnizable phenotype and intellectual 
disability. 

A. Two examples of chromatin 
disorders 
Coffin-siris syndrome (1, CSS, OMJM 135900), 
first described in 1970, is a multiple malforma­
tion syndrome of intellectual disability associ­
ated with coarse facial features, hypertrichosis, 
sparse scalp hair (1), and hypoplastic or absent 
fifth fingernails or toenails (2). Retarded 
growth and other malformations occur. At 
least five types of CSS arc known, caused by 
mutations in five genes (see part C). The gene 
most frequently affected in 28 to 471 of pa­
tients is ARIDJB (614556) at chromosolilill lo­
cation 6q253. Nicolaides-Baraitstr syndrome 
(3, NCBRS, 601358), first described in 1993, 
consists of severe intellectual dlsablllty, short 
stature, dysmorphic facial features with sparse 
hair growth, unusual hand morphology with 
short metacarpals ( 4 ), and early-onset seizures 
due to mutations in the SMA.ROO gene 
(600014). (Figures courtesy Professor Dagmar 
Wieczorek, Diisseldorf.) 

B. RegulaUon of chromatin remodeling 
Cl!romatin remodeling (see next page) is regu­
lated by several enzymes: histone acetyl trans­
ferases (HATs), histone deacetylases (HDACs), 
hist one methyl transferases (KMTs ), hi stone 
demethylases (JCDMs), and DNA methyltransfer­
ases (DNMTs). Euchromatin occurs In two rever­
sible states, dosed with transaiption in genes 
repressed (1) or open (2), with genes in active 
transcription (see p. 181 ). Slltni:ed genes arc 
associated with DNA methylation (5mc), H3 
lysine trimethylation at position 9 (H3K9me3), 
or trimethylation of H3 lysine 27 (H31<27me3). 
Aaive!Y tTanscribl!d gtml!S in open euchrolililtin 
arc associated with histone acetylation (HJ/ 
H4Kac) and trimethylation of H3 lysine 4 
(H3K4me3) at promotors, and trimethylation 
of H3 lysine 36 (H3JC36me3). The patterns of 

histone modification and DNA methylation are 
distinguished as "writers" (adding chemical 
groups), •erasers• (removing them), and "read­
ers" (DNA- or histone-bindlng molecules that 
interpret epigenetic marks). (F'lgure modified 
from Mirabella et al, 2016.) 

C. Mammalian SWl/SNF complex 

A regulatory protein complex in chromatin, 
named SWl/SNF, consists of multiple subunits 
in subtypes BAF and PBAF inwlved in chroma­
tin remodeling (see next page). It can alter the 
position of nucleosomes (see p. 138). Its name 
is derived from Switch/Sucrose Nonferment­
able, a yeast and Drosophila homolog. Several 
SMARC genes (SWJ/SNF-related, matrix...associ­
ated, actin-dependent regulators of chromatin) 
are involved in the etiology of CSS or NCBRS 
mentioned in part A. BAF subunits are fre­
quently mutated in cancer. (Figure modified 
from Helming et al, 2014.) 

Further Re.ding 
Criscione M , et al. The chromatin landscape of 

crllular smescrnce, Trends Genet 2016; 32(11): 
751-761 

Helming KC, et al. VUinerabilities of mutant SWl/SNF 
complexes In cancer. cancer Cell 2014; 26(3): 309-
317 

Mirabella N:., et al Chromatin deregulation in disease. 
Chromosoma 2016; 125(1): 75-93 

Kadodt c. et al. Marmlalial! SWf/SNF dlromam reinod­
ellng compleies and c.ancer: mechmlstic Insights 
gaaied li'om hisnan genlllllia. Sd NJv 2015; 1(5): 
e1500447 

Kosho T, et al. Collln-Siris syndrome and rmted dis­
orden involvlfll components of the BAF {mSWJ/ 
SNF) camplex; historical review and recent adv.an­
ces using next generation sequencing. Am J Med 
Genet C Semln Med Cenet 2014; 166C(3): Ml- 251 

Sousa SB, et al. Nicolaides-Baraitser Syndrome Inter­
national Consortium. Phenotype and genotype In 
Nicolaides-Baraitser syndrome. Am J Med Genet C 
Semin Med Genet 2014; 166C(3): 302-314 

Tang I., et al. Structure and function of SWl/SNF chro­
matin remodeling complexes and mechanistic lm­
pliatiaru for transcription. Prog Biophys Mol Biol 
2010; 102(2-3): 122-128 

Wieczorek D, et al. A comprehensive molecular study 
on Coftln-Sirls and Nicolaides-Baraitser syndromes 
identifies a broad molecular and clinical spectrum 
convergllli an altered chromatin remadelilli. Hum 
Mol Genet 2013; 22(25); 5121-5135 
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Disorders Resultlng from 
RearTangernent of C1.s--Regulidoly 
Elements 
Structural aberrations Involving as-regulatory 
elements can result in human disorders. 
Main phenotypic manifestations are tissue­
and a!ll-specilic inborn errors or development 
leading to organ-specific congenital malforma­
tions. More than one gene in twu adjacent 
topologiC.11-associollted domains (TADs: see 
next page) may be invoMd. Deletions, duplica­
tions, or inversions within a TAD may interfere 
with normal enhancer-promoter inb!raction 
with loss of an insulator element, leading to 
wrong expression of a target gene. 

A. Skeletal malfonnatfon due to a 
rearranged TAD 
This example illustrates a rearrangement in a 
TAD (1) involving the gene BMP2 locab!d with­
in a TAD at 20p12.3. It encodes the bone mor­
phogenetic protein 2 (112261 ). This TAD is 
separated from neighboring TADs by boundary 
elements that function as insulators on both 
sides. The 8MP2 gene in the middle of the dia­
gr.mi (2) is normally transaibed under the in­
fluence of many enhancer elements located 
within the BMP2 TAD. One of these enhancers 
(a ds-ild:ing rquliltory element) has been lo­
cated approximately 110 lcb downstream in a 
5.5-kb region (shown as red doti Normally, 
the BMP2 gene is transcribed (3, red arrow) 
under the control of a transcription factor 
when the enhancer (red dot) comes in contact 
with the gene in its promoter region. Normal 
BMP2 function together with other genes leilds 
to normal development of a hilnd as seen in 
the X-ray C4i In contrast, a duplication of the 
enhancer (5) is associated with m i=sed rate 
of transcription (thick red arrowi This causes 
a shortened index finger (6, white arrow) as 
a manifestation of brachydactyly type A2 
(112600i 
BMP2 is member of the large trmsforming 
growth factor beta (TGFJJ) superfamily (see 
TGFJJ signal pathway, p. 190) with a role in 
limb development. Together with SOX9 
(608160) and WNrt (1648201 it modulates a 
network controlling digit development. (Figure 
adapted from Spielmann md Mundlos, 2013.) 

B. Different types of sbudural 
reamingements 

Under normal circumstances (1) different TADs 
are separated by an insulator element serving 
as a functional boundilry. In the schematic 
example shown. gene 2 in TADb is not tran­
saibed (red bar), whe~ in TADa gene 1 is 
transaibed under the influence of m enhancer 
on its promoter (sreen arrow i By m inversion 
of DNA sequences in this region (21 ;in en­
hancer (E) may be moved out ofTADa (on the 
left, red triangle) and brought Into the vicinity 
of gene 2 (G2) with the boundary (B) now on 
its right side. As a result, gene 2 ls trmscribed 
(red arrow) instead of gene 1 (green bar). Jn a 
duplication (3), the enhancer placed next to the 
duplicated region (G2'-B'-E') causes tran­
scription of both gene 2 (red arrow) and gene 
1 (green arrow). If the boundary (B) is removed 
by a deletion (4), the enhancer can interact 
with both genes. In a smaller deletion not 
involving the boundary B (5, Deletions), the 
TAD structure remains unchanged and the en­
hancer can interact with the promoter of gene 1. 
Enhancer variants in a gene regulatory net­
work cause a complex disorder, Hlrschsprung 
disease (see p. 250; Neurocristopathies). 
(Figure adapted from Lup~llez et al~ 2015.) 

Further Reading 
Erickson RP, et at, eds. Epstdn's Inborn Errors of 

Delll!lop~t. 3rd ed. Oxford: Oxford Unlvenity 
Press, 2016 

Franke M. et al. Formation or new chromatin do­
main5 determines pathogenlclty or genomic dupli­
cations. Nature 2016; 538(7624): 265-269 

Mlllllllos S. The brachydactylies: a molecular disease 
family. Oin Genet 2009; 76(2): 123- 136 

LupW\ez DG, et at Disruptions of topoplogical chro­
matin domains cause pathogenic rewiring of gene­
enha.ncer interactions. Cell 2015; 161: 1012-1015. 

Spielmmn M, Mundlos S. Structufill v.ui;itions, die 
regulatDry lmdscape of the ,1e11ome and their al­
teration in human disease. BioEsnys 2013; 35(6): 
533-543 

Spielmann M. et at Looking beyond the genes: the 
role of non-mding vari.ants in human disease. Hum 
Mol Genet 2016; 25(R2): R157-R165 

Stlllldewkz P. et at Structural variation in die 
humm genome and its role in disease. Annu Rev 
Med 2010; 61 : 437-455 
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Disorders ResulUng from Defects In 
Telomeres 
The progrcssivi: loss of DNA at each cdl divi­
sion leads to telomc:rc shortening, which 
evcnnrally interferes with telomcre stability. 
Tclomere maintenance: requires telomcrase re­
verse transcriptase (TERI'), a telomerase RNA 
component (TERC), and several other proreins. 
The shelterin proteins prevent telomeres from 
being processed as DNA double-strand breaks. 
Mutations in the genes enaxling these pro­
teins or the RNA component result in impaired 
t:clomere maintenance and cause a group of 
disorders collectively called tclomere disorders 
or telomeropatflles. 

A. Dyskeratosls congenlta, a telomere 
disorder 
Dyslceratosis congenita (DKCAl; OMIM 127550), 
first described in 1910. is a genetically hetero­
geneous multisysti:m disorder resulting from 
mutations in SCYc:n genes encoding camponents 
of tclomerasc: RNA. Its variable clinical fe4itures 
include abnoI111ill skin pigmentation (1 ), dystro­
phy of the finger nails (2), white spotli an the 
IDngue (3) and inside the cheeks, bone marrow 
failure, pulmonary fibrosis, signs of early aging, 
and other manifestations. Several genetic types 
(DKC 1- 7) are due to mutations in different 
genes. DKCAl is caused by a hetrrozygous 
mutation in TERC (602322) on chromosome 
3q262 in approximately 50% ofDKCA 1 patients. 
Mutations, either autasomal dominantly or re­
cessively inherired, in several other genes that 
encode the proteins in part B are located at 
5p1532, 14q12, 16p22.t, 17p13.t, and 
20q1333. An X-li.nkl!d form of DKC located at 
Xq28 Is caused by muration in the gene for 
dyslcerin (300126). Hoyl!raal-Hreidamon syn­
drome (HHS, 305000) is an especially severe 
li>rm of DKC caused by several defective DKC­
assoclat:cd genes, induding X-Unked ~1 
(300126~ (Photographs: Kirwan and Dokal, 
2009; open ao:ess wider cc BY 3.0 license.) 

B. Components of telomere 
maintenance 
A complex of six proteins called she/tertns coat 
t:clome:res: tclomere repeat-binding factor 1 
and 2 (TERFl, TERF2), lERFt-interacting nu­
clear protein 2 {11N2), 11N2-interacting protein 

(TPPt ), protl!ction of telomercs (POTI), and 
repres.sor/actlvatar proteinl (RAPn They reg­
ulate telomere elongation and prevent DNA 
damage response. Telomerase contains four 
proteins (dyskerin, NOPlO, NHP2, and GARl), 
the RNA template TERC, and reverse transaip­
tase TERT. The CST complex with three 
members, conserved telomere protection com­
ponent 1 (CTCl~ suppressor of cdc 13 (STNl), 
and telomeric pathways with STNt (TENt), as­
sumes different roles not desml>ed here. The 
prob!in TCABt guides telomerase to the telo­
mere ends. The proteins shown in color and 
bold face are implicated in telomere disorders. 
(Image: Armanlos and Blackbum, 2012.) 

C. Telomere length and disease 
Manlfestltions of telomere syndromes are age­
dependent For example, four different tclo­
mere disorders (HHS, DKCAt, aplastic anemia 
[6091351, and puhnonary fibrosis (614743)) 
are manifest at different ages. Jn affected fam­
ilies, anticipation m~ be observi:d (increasing 
SCYc:rity in generations following each other). 
Tclomerasc: activity is uprcgulated in most 
human cancers. 

Further Reading 
Armanlos M. Syndromes or telomere shortening. 

Annu Rev Genomics Hum Genet 2009; 10: 45-01 
Armanios M. Blackburn EH. The telomere syndromes. 

Na: Rev Genet 2012; 13(10): 693-704 
Ballew BJ, et al A recessive lbooder mutation in reg­

ulatDt of telomere elongation helicase 1, lllE.1, 
underlies -re immunodefx:iency and ~tures 
or Hoyeraal Hre!damon syndrome. l'toS Genet 
2013; 9(8): e1003695 

Bc:rtuch AA. The moleailar senetics of the telomere 
biology disorders. RNA Biol 2016; 13(8): 696-706 

B=ler M, et al Dysfunctional telomeres and dys!cer­
atcsis congenita. Haematclogica 2007; 92(8): 
1009-1012 

Holohan B, et al. Cell biology of disease: telom~­
thles: an emeqlng specmun disorder. J Cell Biol 
2014; 205(3): 289-299 

Kirwan M. et al. Oyskrratosis co~nita, strm cdls 
and telomeres. Biochim Biophys Am 2009; 1792 
(4): 371-379 

Savage SA, et al. lbe genetics and dinical maniresta­
tions of telomere biology disorders. Genet Med 
2010; 12(12): 753- 764 

Tuwnsiey DM. et al. Bone marrow Wlure and the 
telomeropathies. Blood 2014; 124(18): 2775-2783 
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Disorders ResulUng from Defective 
Lam Ins 
Defective lamins cawe of approximately 20 phe­
notypically and gi:netically different rare genetic 
disorders, collectively named lamtnopathies. 
Their phenotype can involve different tissues 
alone or In combination: muscle, bone, skin, 
nervous systl!m, premature ageing disonlers, 
and others (Table 5 in the Appendix, p. 407). 
Lunins are prolEins with high molecular w'l!ight 
(>400 kllA) of the basal lii!minii! In the eittracellu­

lar matrix. Lunins are heterotrimeric prolEins 
(three dlalns: a, fl, and y) of approximately 15 
~. ~phiil-chii!in forms are named IAMA1, 
lAMA2. lAMA.3, etc.. beta-chain forms IAMB1, 
l.AMB2, etc.. and gamma-chain forms U\MCl, 
u.MC2, etr. Lamins are part of tissue scaffuldi:ng 
by interacting with a variety of other moleailes 
requiml '1r maintaining tissue structure. such 
as the cell and nuclear membrane, and with 
functions In mnttol of transaiption and cell 
survival. 

A. Three examples of lamlnopathles 
Progerlii!, restrictive dermopathy, and Ernery­

Dreifuss muscular dystrophy are three l!Xiilm­
ples which illustrate the strikingly different 
phenotypes of laminopathies. Progeria (1, 
OMIM 176670), also called Hutchinson-Gilford 
syndrome, is characterized by multiple signs of 
premature aging beginning within the first 
year of life. It is cawed by a de novo hetero­
zygous mutation in the 1amin A gene IMNA 
(150330, see later). Restriclive dennopathy (2, 
OMIM 275210) is a lethal skin disease with 
thin translucent and tight skin, congenital con­
tractures, intrauterine growth retardation, and 
other manifestations. Two different genetic 
forms occur due to mutations In the lMNA 
gene or in the ZMPSTE24 gene (606480). 
Emery- Dre(fuss muscular dystrophy (3, OMIM 
310300) is a genetically hetrrogeneous adult­
onset slowly progressive muscular dystrophy 
of the proximal upper and distal lower extrem­
ities ( 4). and the heart ( s, life-threatening con­
duction defects). Several other genetic forms 
exist (see OMIM 310300 phenotypic series). 
(Figure in 1: Scaffidi et al, 2005; In 2: Sharma 
and Mahajan, 2011; in 3: Kornberg (www.neu­
romuscular.wustl.edu) and Stucki et al~ 2000.) 

B. Nuclear Lamina 

The nudear lamina (lamins A. B, and C) is lo­
cated at the iMer nudear membrane. It binds 
to nuclear pore complexes, several types of 
lamina-associated proteins, such as emerin, 
and numerous other nudear envelope proteins 
(not shown in this simplified diagram). The 
nuclear lamina maintains nuclear stability and 
relates to chromatin; thus, it is Involved in reg­
ulatDry functions. (Figure redrawn from C,apell 
and Collins, 2006.) 

C. IMnin AJC 
The IMNA gene (OMIM 150330) located on 
chromosome 1q22 consists of 12 exons spread 
along 57.6-kb DNA. It encodes Jamin A and 
lamln C (OMIM 150330) in approximately 
equal amounts. An alternative splia: site in in­
tron 10 produces lamln C, transcribed from 
eiums 1 to 9 and part of exon 10. Lamlns have 
three domains, an amino (N}-tl!nni.nal globular 
domain, a a!Dtral alpha-helical coiled-coil rod 
domain, and a globular carboxy (C}-terminal 
tail domain. Lamln homodimers associate 
with protofilaments, which form the 10-nm 
Intermediate filament structure. Mutations 
can occur throughout the entire gene and 
cause one of the laminopathies (the site for 
only five exantples are shown). (Figure re­
drawn from Capell and Collins, 2006.) 

Further reading 

AmWs V, et al. Role ~ A-type lamins in signaling. 
transcription, and chrollliltin organization. J 00 
Biol 2009;187(7):945-957 

Bulin-Israeli V, et al. Nuclear lamin functions and 
disease. Trends Genet 2012;28(9):464-471 

Capdl BC, ColUns FS. Hwnan laminopathie.s: nuclei gime 

genetically~· Nat Ri!Y Genet 2006;7(12):940-952 
Navarro CI., et al. Loss of ZMPSTE24 (FACE-1) causes 

auto5omal reressive restricti11e dennopathy and 
accumul.ltion of Lamln A precursors. Hum MoI 
Genet 2005;14(11):1503-1513 

Scaffidi P, et al The eel nudeui and aging: ~ 
~and hopeful procma Pl.oS Biol 2005;3(11 ):e395 

Schreiber Kif, et al. When lamins go bad: nudear 
structure and disease. Cell 2013; 152(6): 1365- 1375 

Shanna S, et al. Collodion baby. Indian Dtttmtol On­
line J 2011 ;2(2):133 

Stucki C, et al. Cardlop;ithy in ii patient with Emery­
Dreifuss muscular dystrophy. J Clin Basic Cardiol 
2000;3(2):145-146 
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Disorders ResulUng from 
DysfunctlDnCll Cohesin 
1\w structurally and functionally related pro­
tein complexes, condensin and cohesion, 
maintain the structure of chromosomes during 
mitosis and meiosis (p. 92 ). 
Cohesin holds the sister chromatids together 
after DNA replication until anaphase (see cell 
cycle, p. 90). Mutations in genes encoding one 
of the cohesion subunits cause a genetically 
heterogeneous group of disorders, named co­
hesinopathies. The prototype of these disor­
ders is the Cornelia de Lange syndrome (Cdl.SJ. 

A. Fadal phenotype of Cornella de 
Lange syndrome 

Cdl.S (122470) is a developmental retardation 
syndrome with a wide spectrum of manifesta­
tions from severe to very mild. It can usually be 
recx>&nized by its characteristic~cial phenotype: 
arched eyebrows joined over the nilSal bridge 
( synophrys 1 anteverted nostrils, long philtrum, 
and downtumed comers of the mouth (1-3). 
Miaocephaly with variable degree of retarded 
physical and mental development is common. 
In approxlmately 10% of patient:s, charactl!ristic 
severe malformations of the upper extremities 
are present ( 4). This was described by Brach­
mann in 1916 as a different syndrome, but is 
DrNI considered part of the spectrum of Cdl.S. 
Aside from rare exteptions Cdl.S occurs isolated 
without increased familial incidence. 

B. Cohesln complex 
Cohesln proteins form a cohesion complex con­
sisting of four subunits. The cohesion proteins 
are distributed along each sister chromatid of a 
metaphase chromosome (1 ). Seven genes (2) 
encode the cohesion complex (3). 1\w cohesin 
subunits, SMClA and SMC3 (structural mainll!­
nance of chromosomes1 form a ring structure 
around DNA. 5ew!ral other proteins contribute 
to the complex with additional functions 
including transcription regulation, DNA dou­
ble-strand n:pair, chromosome condensation, 
homologous pairing, and others. (The spatial re­
lationships of the proteins in the lower half of 
the diagram may differ from the positions 
shown.) 
Mutations in five genes have been recognized 
as a cause of Cdl.S: Nll'BL, SMC1A, SMC3, 

RAD21, and HllACB. Approximately 50 to 60% 
of patients with Cdl.S are due to a mutation in 
the NIPBL gene (Nipped-B Drosophila homolog 
of de Lange, OMIM 608667). It encodes the 
delangin protein Involved in cohesln loading 
onto DNA. Mutations in other components 
have been Identified in 5 to 7% of the patients 
(5% in SMCJA, few in SMC3 or RAD2J ). In 5% of 
the patients, mutations in H.llAC8 encoding an 
acetyltranslerase of SMC3 are present. In 20% 
of the patients, no mutation is found. The rypes 
of mutations are nonsense, deletion/Insertion, 
missense, and splice site. A severe phenotype is 
associated with nonsense mutations, whereas 
missense mutations are associated with a 
milder phenotype. 
Related cohesinopathies are caused by muta­
tions In ESC02 encoding a deacetylase of 
SMC3 (Roberts syndrome/SC phocomelia syn­
drome, 268300/269000). Warsaw breakage 
syndrome (613398) due ID mutations in the 
DDX11 gene (601150). (Professors Gabriele Gil­
lessen-Kaesbach and Frank K.aiser, Lilbeck. 
kindly provided advire, photographs, and the 
schematic figure in part 83.) 

Further Reading 
Boyle Mt et al c.omelia de Lange syndrome. CUn 

Genet 2015; 88(1): 1-12 
Deardorff MA. et al. HDACS mutations in Cornella de 

Lanze syndrome afCect the cohesin acrtylation 
cycle. Nature 2012; 489(7415): 313-317 

Deardorff MA, et al. Cohesinopathies. In: Rimoin DI. 
et al, eds. Emery and Rimoin's Principles and Prac­
tice of Medic.al Genetics. 6th ed. New York, NY: 
Elsevier 

de lalllt! C. Sur wi type noUYeau de deaenerescence 
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36: 713-719 

Mehta GD, et al Cohesin: functions beyond sister 
chmmalid cohesion. FEBS Lett 2013; 587(15): 
2299-2312 

Krantz ID, et al. Cornelia de Lange syndrome ls 
caused by mutations in NIPBl., the hllllWl homolog 
of Drosophila rnelaitopster Nipped-B. Nat Genet 
2004; 36(6): 631-035 

Liu J, et al Cohesln and human disease. Annu Rrv 
Genomics Hum Genet 2008; 9: 303-320 

Mannini l, et al Mutltion spectrum and genotype­
phenotype correlation ln Comella de Lange syn­
drome. Hum Mutat 2013; 34(12): 1589-1596 

Wood AJ, et al Condensin and cohesin complexity: 
the expandhii repertoire of functions. Nat Rrv 
Genet 2010; 11(6): 391-w4 
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Disorders due to Dysfunctional Olla 
(Cllopathies) 
Ciliopathies are a group of phenotypic.ally 
different p:nc:t:ic disorders with a conunon 
pathogenic background They share impaired 
function of cilia, a specific cell organelle. The 
wide phenotypic spectrum of cillopathies re­
sults from the wide variety of structures and 
cells that harbor cilia: the respiratory tract, 
oviduct and spermatozoa, inner ear, photore­
cepll:Jrs, gallbladder, pancreas, kidney, ependy­
mal lining of the brain, chondrocytes, and 
others. Olia are highly conserved in evolution 
and are almost identic.al from unicellular green 
algae to primates. 

A. Motlle cllla: basic structure 

All cilia consist of two parts: a basal body 
below the cell surf;ice and an axoneme extend­
ing from the cdl. Perpendicular to a a:ntral 
pair of tubuli that run the length of the cilium, 
nine radial spokes connect to nine peripheral 
microtubular doublets. Each doublet is a hell!r­
odlmer of a and Jl tubulins assembled into A 
and B tubules, respectively. Microtubulin-asso­
ciated proteins form an outer and an inner dy­
nein arm (1). Two major classes of dyneins are 
known: axonemal and cytoplasmic. Axonemal 
dynein arms are composed of microtubule­
associated motor protein complexes consisting 
of several heavy, light, md intermediate 
chains. The dynein arms are assembled in the 
cytcplasm before they are transported to the 
growing cilia (2). The dynein heavy chains de­
rive energy for cilia motility from ATPase ac­
tivity. Approximately 250 proteins are known 
to be required to make up a cilium. Intraflagel­
lar transport (!FT) proteins serve to assemble 
and maintain the structure of cilia, but also are 
involved in signaling. (Figure from Omran and 
Olbrich, 2010, kindly provided by the authors.) 

B. Prfmary clllary dysklnesla 

Primary ciliary dyskinesia (Pan also known as 
Kartagmer syndrome when associated with 
situs inversus, is a heterogeneous group of he­
reditary disorders resulting from mostly auto­
somal recessive mutations in more than 15 
known genes (OMIM). Usually one or both of 
the dynein arm types are structurally defec­
tive. A typic.al defect occurs in the axonemal 

dynein arm. The outer dynein arm (ODA) c.an 
be seen in an electrnn microscopy aoss­
section of cilia in normal cells ( 1), whereas It 
is absent in mutant cells (2). Jmmunofluores­
cence microscopy of normal respiratory 
epithelial cells reveals an overlap of acetylated 
a-tubulin (green) and ODA (red) staining, re­
sulting in a yellow coloration of the entire cil­
ium in the normal a:ll (3), whereas ODA is 
lacking in the mutant a:ll ( 4 ). (Figure from 
Omran and Olbrich, 2010, kindly provided by 
the authors.) 

C. Structure of the DNAHS gene 
The DNAH5 gene (OMIM 603335) on 5p14-p15 
consists of 80 exons. Approximately 50% of in­
dividuals with PCD harbor a mutation in this 
gene. 
Other examples of dliopathies. induding Bardet­

Biedl SYndrome, are listed in table 6 in the 
Appendix (p. 408). 
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Badano JI, et al. The dliopathies; .an l!lllerging class 

of hum.an genetic disorders. Annu Rev GenomJcs 
Hum Genet 2006; 7; 125-148 
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Available at http://dldb.c:gm.cnrs-gilfr/. Accessed 
Fl!bruary 27, 2017 

Flii!!gauf M, et al. When cilia go bad: cilia ddrct.s .and 
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880-893 
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ciliary d~ Paedlatr Resp!r Rev 2016; 18: 
18-24 

.)enkins D, et al. Genes and mechanisms in human 
ciliopathles. In: Rlmoin DL. et al., l!ds. Eml!I)' .and 
Rimoin's Principles and Practice of Medical Genet­
ics. 6th ed. New York, NY: Elsevier, 2013 
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Neurocrtstopathles 
From the neural crest, first described by 
Wilhehn His in 1868 as lwischmstrang (cord 
in between), diverse cell lineages of migratory 
cells develop into melanocytes, enteric neu­
rons, and other cells. Dysregulated neural 
crest development resulting from mutations 
in different genes causes a group of different 
human diseases, the neurocristopathies (two 
examples in the following). 

A. Multiple endocrine neoplaslas 
MEN2A(171400) andMEN2B (162300) are au­
tosomai dominant disorders of endocrine tu­
mors associated with other manifestations. 
The main tumor types are medullary thyroid 
carcinoma (MTC; shown in the figure), ga.nglio­
neuroma, and pheochromocytoma. Mutations 
in the RET proto-onrogene (164761) are the 
cause of the tumors, which a.rise de novo in 
approximately 50% of cases. MEN2A is an al­
lelic disorder caused by missense mutations 
in RET. (Figures kindly provided by Professor 
K. W. Schmid, Essen.) 

B. Hlrschsprung disease (congenital 
Intestinal agangllonosls) 
Hirschsprung disease (HSCR; 142623). first 
described by H. Hirschsprung in 1888, is a mul­
tigenic neonatal intestinal obstruction syn­
drome correctable by surgery. It is genetically 
heterogeneous and clinically variable, ranging 
from severe in neonates (left photograph) to 
mild in late infancy and in childhood (middle 
photograph). The main clinical manifestations 
are chronic constipation, abdominal disten­
sion, and megacolon (right photograph) of 
variable length resulting from lack of gastroin­
testinal ganglion cells. The population incidence 
is 1 in 5,000 newborns and the sex ratio is ap­
proximately four males to one female. HSCR is 
cbsmied according to the length of the agan­
glionic segment short-segment Hirschsprung 
disease (type I or S-HSCR), occurring in 60 to 
85% of patients; and long-segment Hirschsprung 
disease (type II or L-HSCR1 occurring in 15 to 
25%. Loss-of-function mutations in REf and 13 
other known, partially interdependent genes are 
involved. Different enhancer variants affi!ct 
RET expression in a gene regulatory network 
involving a chromatin topologically associated 

domain as illustrated on p. 212. (Left and 
middle photographs: own observations; 
right photograph provided by Professor W. 
Hirsch, Leipzig.) 

C. RET receptOI' 
This is a transmembrane receptor encoded by 
the RET gene (164761) located at lOql 1.2. It 
has 1,114 amino adds with 4 functional do­
mains and is transcribed from 21 alternatively 
spliced exons. Mutations in HSCR are loss-of­
function and are distributed along the gene. 
Mutations in MEN2A and MEN2B are gain-of­
function and tend to duster in different regions. 
RET mutations account for 15 to 35% of sporadic 
HSCR and 50% of familial cases. Three nonccding 
REfvariants contribute to HSCR susceptibility. 

D. RET and EDNRB receptor signaling 
Three signaling pathways in the enteric nerv­
ous system are: ( 1) the RlIT receptor tyrosine 
kinase pathway and its ligand, glial cell line­
derived neurotrophic factor (GDNF; 600837); 
(2) the endothelin type B receptor pathway 
(EDNRB; 131244) and its ligand, endothelin-3 
(EDN3; 131242); and (3) the transcription fac­
tor SOXl 0 (602229). The resulting signals exert 
effects migration, and differentiation of neu­
rons in the enteric ganglion cells. 
For further details see U!ble 7 in the appendix 
(p.408). 

Further Reading 
Amie! J, et al.: Hirschsprung Disease Consortium. 

Hirschsprung disease, associatrd syndromes and 
genetics; a review.} Med Genet 2008; 45(1): 1-14 

Chatterjee s, et al Enhancer variants synergistically 
clrlYe dysfunction of a gene regulatory network In 
Hlrschsprung disease. Cell 2016; 167(2): 355-368.elO 

Chatterjee S, et al. RET mutation and function in HSClt, 
MEN2 and other cancer.!. In: Erickson RP, et al, eds. 
Epstein's Inborn Errors of Development. 3rd ed. Ox­
ford: Oxford Monographs or Genetics, 2016 

Emison ES, et al. A common sex-dependent mutation 
in a RET enhancer underlies Hirsch.sprung dlseilSe 
risk. Nature 2005; 434(7035): 857-863 

Emison ES, et al. Difl"erential rontnbutions or rare 
and rommon, coding and nonccding Ket mutations 
to multiractorial Hinchsprung disease liability. Am 
J Hum Genet 2010; 87(1 ); 60-74 

Heanue TA, et al, Enteric nerwus system develop­
ment and Hirsdlsprung's disease: advances ln ge­
netic and stem cell studies. Nat Rev Neurosd 2007; 
8(6): 466-479 
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Dysregulated RAS-MAPK Signaling 
Pathway 
A clinically overlapping group of developmental 
disorders is caused by mutations in genes en­
coding components or modulators of the RAS­
MAPK pathway. The RAS protein family (HRAS, 
KRAS, and NRAS; 190202) interacts via its effec­
tor RAF (164760) with mitogen-activated pro­
tein kinases (MAPK) in signaling pathways that 
regulate cell growth and differentiation. Noonan 
syndrome (163950), cardio-fado-cutaneous 
syndrome (CR: syndrome; 115150), COstello 
syndrome (218040). and LEOPARD syndrome 
(Noonan syndrome with multiple lentigines; 
151100) are collectively called RASopatllies. 

A. Clnlcal phenotypes 
Noonan syndrome (left) is the most common 
(1:2,500), and CFC syndrome (middle) and 
COstello syndrome (right) have characteristic 
facial features and are associated with congen­
ital heart defects (predominantly pulmonary 
stenosis, hypertrophic cardiornyopathy, and 
septa) defects). proportionate sh on stature 
and other developmental defects, variable cog­
nitive deficits, and cancer predisposition. 

B. The RAS-MAPK signaling cascade 
The signaling cascade through RAF, MEI<, and 
ERK (MAP kinases) is an important RAS­
dependent pathway. It is initiated by binding 
of a growth factDr ID its receptor (receptor 
tyrosine kinase, RIK; see p. 186), followed by 
sequentially activated protein kinases. This 
eventually reaches intranudear targets and reg­
ulates transcription. First, !UK is activated by 
phosphorylation. CBL (165360) is an adaptor 
protein of Im<s and regulates their degradation 
by ubiquitination (Ub). SOSl (son of sevenless; 
182530) acts as a guanine nucleotide exchange 
factor (GEF) recruited to activated IUKs. It acti­
vates RAS by exchanging GDP (guanosyldiphos­
phate) with Gl1' (guanosyltriphosphate~ SHP2, 
a tyrosine phosphatase encoded by the gene 
Pl'PN11 (176876). modulates signaling via the 
RAS-MAPK cascade. RAF kinases (BRAF, 
164757; RAFl , 164760) become activated 
through binding ID active GTP-bound RAS and 
subsequently phosphorylate MEK kinases 
(MEKl, 176872; MEK2, 601263), which in tum 
activate ERK (ERKl, ERK2). Phospho-ERK 

translocates to the nucleus where it phosphor­
ylates nuclear targets. Neurolibromin (NFl) and 
SPREDl (609291) are negati\11! regulators in the 
RAS-MAPK cascade. 

C. Mutations in RAS-MAPK pathway 
components 
The RASopathies result from gain-of-function 
mutations in the genes encoding the signaling 
proteins, shown in B. Mutations in the gene 
PI'PN11 (1 ), protein-tyrosine phosphatase, 
nonreceptor-type 11, 176876, encoding SHP2, 
account for 50% of patients with Noonan syn­
drome. Most of the unevenly distributed mu­
tations occur in different functional domains of 
the gene product SHP2. Germline mutations in 
the KRAS gene (2) account for approximately 
2% of cases of Noonan syndrome and 5% of 
cases of CFC syndrome. The common somatic 
KRAS mutations in cancer differ and do not 
overlap despite clustering in similar regions. 
(Figures provided by Professor Manin Zenker, 
Magdeburg, Germany.) 

D. Consequences of RAS mutations 
Binding of Gl1' to RAS induces a conformational 
change in which two mobile regions (switch 1: 
yellow; switch 2: cyan) are involved. The inac­
tive state is restituted through the interaction 
with GTPase-activating proteins (GAPs). Germ­
line KRAS mutations occurring in Noonan and 
CFC syndromes (affecting residues G60 and P34) 
and the most common site of oncogenic muta­
tions (Gl 2) are located in this area and impair 
the RAS-GAP interaction, which results in RAS 
hyperactivation. (Figure courtesy of Professor M. 
R. Ahrnadian, DQsseldorf, Germany.) 

Further Reading 
Gremer I., et al. Germline KRAS mutations cause 

aberrant biochemical and physical properties lead­
ing to developmental d~orders. Hum Mutlt 2011: 
32(1): 33-43 

Swensen J, et al. The Ras pathway. In: Erickson RP, 
et al. eds. Epstein's Inborn Errors of Development. 
3rd ed. Oxford: Oxford Univel'!lity Press, 2016 

Tartaglia M. et al. Noonan syndrome: clinical asp«ts 
and molecular pathogenesis. Mol Syndromol 2010; 
1(1): 2-26 

Zenker M. ed. Noonan Syndrome and Related Disor­
ders. A Matter ofl)ysregulated Riis Signaling. Basel: 
Karger, 2009 
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Unstable Repeat Expansion 
Expansion of unstable nudeotide repeats is the 
cause of approximately 30 neurogenic heredi­
tary disorders (nucleotide expansion disorders). 
The expanded repeat is localized at a specific 
region near or within the gene involved 
(p. 84i In most cases, the repeat consists of 
three nudeotides. In others, a tetranudeotide 
or pentanudeotide repeat is expanded. 

A. Types of disease 
Unstable repeat diseases can be distinguished 
whether they are locati:d in the untranslati:d 
regions ofa gene (5' lITR or 3' lITR), in an exon, 
or in an intron. Functional consequences are 
loss of proli!in function or gain of an abnormal 
RNA level or protein, including loss of transla­
tional control (FRAXA). signaling (FRAXAE), or 
mitochondrial function (Friedreich ataxia, 
FRDA). In approximately half of these disor­
ders, the codon CAG, encoding glutamine, is 
expanded within a coding region (polyglut­
amine disorders, or PolyQ). e.g~ in Huntington 
disease. 

B. Huntington disease 
Huntington disease (HD, 143100). described in 
1872 by George Huntington in a family from 
Long Island, occurs in approximately 4 to 7 
individuals per 100,000. It is an autosomal 
dominant late--onset progressive neurodege­
nerative disease resulting from neuronal cell 
death and leading to complete loss of motor 
control and intellectual abilities within 5 to 
10 years (1 i It usually begins around the age 
of 40 to 50 years with uncoordinated move­
ments (chorea, St Vitus' dance), excitation, hal­
lucinations, and psychological changes. The 
180-kb gene (JfIT, 613004) is locati:d on the 
distal short arm of human chromosome 4 at 
4p16.3 between markers D4S127 and D4S125 
(2), and has 67 exons. 1\vo transcripts encode a 
ubiquitously expressed 3, 144-amino-add pro­
tein, huntington, involved in neuron function 
and survival. The 5' coding region of the gene 
contains 4 to 35 copies of a trinudeotide re­
peat of cytosine, adenine, and guanine (CAG), 
which is a codon for glutamine. In patients, 
this is expanded to 40 to 250 CAG repeats. In­
complete penetrance may occur with 36 to 40 
repeats. The CAG repeat length is inversely cor­
related with the age of onset. A diagnostic test 

distinguishes expanded and normal (CAG)n re­
peats (3). A predictive genetic li!st is possible 
many years prior to the onset of the first clinical 
signs. This requires prior genetic counseling ac­
cording to established guidelines to ensure that 
informed consent of the individual tested has 
been achieved. (Image in 3, Zllhlke et al., 1993, 
kindly provided by the late Professor W. Engel, 
GOttingen, Germany.) 

C. Myotonlc dystrophy 
Myotonic dystrophy is an autosomal dominant 
neurological disease (1 ). A masklikr face is 
characteristic (2). It occurs in two genetic 
types: DMt (160900) caused by increased 
CTG repeats in the DMPK gene located at 
19q1332 (3) (605377); and DM2 (116955) 
caused by heterozygous expansion of a CCTG 
repeat in intron 1 of the zinc finger protein-9 
gene (ZNF9, 602668; not shown). DM1 results 
from a pathogenic increase in the number of 
CTG repeats in the 3' untranslati:d region be­
yond 50 repeats (4). The severity of the DMl 
depends on the number of repeats. Southern 
blot analysis reveals increased sizes of DNA 
fragments ( 4). A neonatal form exists. 

Further Reading 
Gatchel JR, et al. Dlseasa or unstable repeat expan­
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Genet 2005; 6(10): 743-755 

Harper P, et al. Myotonic dystrophy. In: Scriver CR, 
et al. eds. The Metabolic and Molecular Bases of 
Inherited Disease. 8th ed. New York, NY; McGraw­
Hill, 2001: 5525-5550 

Hayden MR. et al. Huntington disease. In: Scriver CR. 
et al. eds. The Metabolic and Molecular Bases of 
Inherited Disease. 8th ed. New York, NY: McGraw­
Hill, 2001: 5677-5701 

Keum JW, et al. The HlT CAG-apansion mutation 
determines age at death but not disease duration 
in Huntington d~ease. Am J Hum Genet 2016; 98 
(2): 287-298 

Orr Hr, et al. Trinudeot!de repeat dlsorders. Annu 
Rev Neurosd 2007; 30: 575~21 

Walkl!r RJ. Huntington's disease. Lancet 2007; 369 
(9557): 218-228 

Z!lhllce C. et al Mitotic stability and meiotic variabil­
ity of the (CAG)n repeat in the Huntington dlsease 
gene. Hum Mol Genet 1993; 2(12): 2063-2067 

Z!lhlke C. et al. Homozygous m;votonlc dyrnophy: 
clinical findings in two patients and review of the 
literature. Am J Med Genet A 2007; 143A(t 7): 
2058-2061 
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Fragile X syndrome 
frilgile X syndrome (300624; synonyms: frag­
ile X mental retilrdiltion syndrome, FMRt, or 
Milrtin-Bell syndrome) is ii form of mental re­
tilrdiltion with ii prevalence of approximately 
1 :4,000 males and 1:6,000 females. It is c.aused 
by exPilnsion of a CGG trinudeotide repeat in 
the 5' untranslated region of the FMRJ gene 
(309550) on the distal long arm of the X chro­
mosome at Xq27 3. It was identified in 1991 by 
Oberle and Verkerk and coworkers as the first 
huma.n disease resulting from expansion of an 
unstable trinudeotide repeat sequence. Re­
li!ted disorders are FraX-wssociilted tremor/ 
ati!Xii! syndrome (300623) and FraX.,;issocli!ted 
premi!ture ovilrian insufficiency (311360). 

A. Phenotype 
Individuals with fragile X syndrome have vary­
ing degrees of intellectual developmental delay 
assocli!ted with behavioral and physic.al fea­
tures. Some patients have connective tissue 
weakness. The testes are usually enlarged. 

B. Fraglle site FRAXA 
This disorder derived its name from ii cytoge­
netic.ally visible frilgile site at region Xq27 of 
the X chromosome in lymphocytes rultured in 
medium deficient in folk add Fragile X trem­
or/ataxia syndrome (FXTAS; OMIM 300623) 
results from an abnormal gain-of-function of 
FMRl RNA. Other variants with different frag­
ile sites exist. for example, FRAXE at Xq28 
(OMIM 309548). 

C. FMRJ gene and protein 
An inactivated FMR1 gene due to an increased 
number of more than 200 CGG repeats (full 
mutation) in the 5' upstream region of the 
gene is by far the most common Ciluse of this 
disorder. The high rontent of GC induces aber­
rant methyli!tion and inhibits transcription 
with loss of the FMRt protein and defective 
translational control of neuronal synaptic pro­
teins. The normal number of CGG repeats is 6 
to 50. A premutation predisposing to further 
expansion has 59 to 200 repeats. The FMR1 
gene has 17 exons SPi!Ming 38 kb. Its tran­
script is alternatively spliced and translated 
into at least 20 protein isoforms (FMRPs ). The 
protein (FMRP) selectively binds RNA. At least 
two functional domains are RNA-binding sites, 

KH2 ilnd RGG (KH domains consist of 40-60 
amino acids with invariant hydrophobic leu­
cine, isoleudne, or methionine; RGG consists 
of a 20-30 amino acid motif with arginine­
glydne-glydne residues). In Drosophila. Fmr1 
is a component of the RNA-induced silencing 
complex (RISC; see p. 174). 

D. lnherltanc:e and genetic: testing 
Southern blot analysis (1) can distinguish 
individuals with fragile X syndrome (Fra X) 
carrying a full mutation allele (>200 CGG tri­
nudeotides), a premutation (59-200), or ii nor­
mal allele (6-50). The visible bands (ilrrows) 
are DNA fragments harboring the CGG repeat 
region, derived from genomic DNA cleaved by 
restriction endonudease Pstl, and hybridized 
to the radiolabeled FMR1 probe Ox0.55. Poly­
merase chain reaction (PCR) protoc:ols deter­
mine the lengths of normal and premutation 
alleles. Expansion leads to hyperrnethylation 
and transcriptional silencing of the FMR1 
gene. (Figure kindly provided by Professor P. 
Steinbach, Ulm, Germilny.) Female carriers of 
a permutation inherit this usually from their 
father. Daughters of male carriers inherit iln 
allele with ii permutation. In the pedigree (2), 
the number of CGG repeats at the FMR1 locus 
is shown for each individual. A premutation 
can be transmitted by a female (I-2, U-3, III-2) 
or a male (U-2). The premutation allele milY 
expand into a full mutation when passed 
from a mother to her children. 

Further Reading 
Hagerman R. et al. Advances in clinical and molecular 

understanding of the FMRl premutation and frag­
ile ~associated tremor/ataxia syndrome. Lancet 
Neural 2013; 12(8): 786-798 

Oberli: i et al Instability of a 550-base palr DNA seg­
ment and abnormal methylation in fragile X syn­
drome. Science 1991; 252(5009): 1097-1102 

Penagarikano 0, et al. The pathophysiology of fragile 
X syndrome. Annu Rev Genomics Hum Genet 
2007; 8: 109-129 

Verlcerk AJ, et al. Identification of a gene (FMR·l) 
containing a CCG repeat coincident with a brealc­
point clmter region exhibiting length variation in 
fragile X syndrome. Cell 1991; 65(5): 905-914 

Warren ST, et al. The fragile X syndrome. In: Saiver 
CR. et al, eds. The Metabolic and Molecular Bases 
of Inherited Disease. 8th ed. New York, NY: 
McGraw-Hi!~ 2001: 1257-1289 
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Imprinting Disorders 
Imprinting disorders result from v.irious defects 
resulting in faulty imprinting of the particular 
chromosomal region involved (p. 182~ Different 
mechanisms affect one or more active genes 
normally expressed in only one parental allele 
in an Imprinted region. Best known are Prader­
Willi syndrome (PWS; OMIM 176270) and 
Angelman syndrome (AS; 105830) at region 
1Sq11- 13, and Beckwith-Wiedemann syn­
drome (130650) at 11pl5.5. 

A. Prader-Wiiii and Angelman 
syndromes 
PWS and AS are neurogenetic developmental 
disorders resulting from different aenetic le­
sions in an imprinted region of human chro­
mosome 15 (15q11-13). It results inPWSifthe 
chromosome 15 inwlved is of paternal origin, 
but in AS if the lesion inwlves the chromo­
some 15 of maternal origin. PWS Is character­
ized by neonatal muscular weakness and 
feeding diffirulties, followed In early childhood 
by reduced or lack of satiation control, which 
leads to massive obesity in many patients. In 
AS, the developmental retardation Is usually 
severe, with nearly complete lack of speech 
development, an abnormal electroencephalo­
gram, tendency to seizures, and hyperactivity. 

B. Imprinted Chromosomal Region 
15q11-q13 
The simplified map d the imprinted chromo­
somal region 15q11-q13 consists of gene loci 
expressed from the allele of paternal origin 
(pat) only, as shown in blue. Under the control 
of an Imprinting center (JC), these are tran­
scribed in the same or the opposite direction. 
The corresponding gene loci of ma~al origin 
(mat) are permanently silenced due to DNA 
methylation. On the other hand, a gene, 
UBE3A (ubiquitin-protl!in ligase E3, 601623) 
at 1Sq11.2 is transcribed from the mat allele, 
whereas the pat counterpart of it is silenced. 
The IC. controlling the entire imprinted region, 
appears to consist of two elements; om: is 
required for the maintenance of the paternal 
Imprint during early embryogenesls, whereas 
the other controls the maternal Imprinting in 
the female germline. 

C. Prader-Wlm Syndrome 
Prader-Willi syndrome (PWS, 176270) results 
from the loss of expression of the imprinted 
paternal reiion comprising SNRPN aene 
(182279), NON gene (602117), and other 
genes in the region 15q 11-q 13. An interstitial 
deletion of these PWS-critical genes the most 
frequent cause of PWS in 70% of patients, since 
only the inactive maternal (mat) alleles are 
present (1 ). Maternal uniparental disomy 
(matUPD) is responsible lbr PWS in about 
25-30S of patients. The presence of two iden­
tical maternal chromosomes leads to a condi­
tion known as isodisomy; if these differ, it is 
referred to as heterodisomy. Different defects 
involving the imprinting center (IC) are rare 
but important causes. If the breakpoint of a 
chromosome translocation is located in this 
imprinted region, it may also result in PWS. 

D. Angelman Syndrome 
Angelman syndrome (AS, 105830) is caused If 
the lesion involves the AS-critical region with 
maternal expression of genes in this region. 
The gene af'fected Is UBE3A (ubiquitin-proteln 
ligase E3, 601623) at 15q11.2. It Is character­
ized by maternal deletion in approximately 
70%, paternal uniparental disomy (UPD) in 
approximately 2%, and an imprinting error 
in approximately 1% patients. In approximately 
151. the cause remains unknown. Defects In 
the imprinting center (IC) and mutations in the 
UBEA gene may lead to familial occurrence of 
PWS or AS (data lbr the figures in B. C. ;ind D are 
provided by B. Horsthemke, Essen). 

Further Reading 
Buiting IC. Prader-Willi syndrome and Anielman syn­

drome. Am J Med Gmet C Semin Med Genet 2010; 
154q3); 365-376 

Horsthemlcr B. Mechanisms of imprint dysrecuJa­
tion. Am J Med Genet C Semin Med Genet 2010; 
154q3): 321-328 

HonthemJce 8, et al. Imprinting mutations on humm 
chromosome 15. Hum Mutat 1997; 10(5): 329-337 

Horsthemlcr B, et al. Imprinting dekcts on hu1IW1 
chromosome 15. cytogenet Genome Res 2006; 
113(1-4): 292-299 

Horsthemlcr B, Wagsul'f J. Mechan~ms of imprinting 
of the Prader-Willf/Angelman region. Am J Med 
Genet A 2008; 1-46A(16): 2041-2052 

I.arson AM, et al An&eJman syndnxne in adulthood. 
Amj Med GenetA2015; 167A(2): 331-344 
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Mltochonclrlal Diseases 
Human mitt>diondrial dysfunction causes a wide 
variety of different degenerative and ilO.lte disor­
ders. It also is involved in aging and GIIdncgt!Ile­
sis. Mutottions and deletions cxmr in human 
mitochondrial DNA (mtDNA), and they c.111 be 
either inherited or de novo. Mitochondrial muta­
tions are troinsmitted by maternal inheritance 
only. However, mutations in nude;ir genes may 
influence mitochondrial function and IIIOlllifest ;is 
mcnogemc inheritance. 
The dinia1 spectrum and age of onset of mito­
chondml diseases vary widely. The age of onset 
and severity are highly Villiilble, even within a 
family affected by the 5i1IIle mutiltion. Orgiins 
with high-energy requirements are particularly 
vulnerable: the brain, heilrt, sla!letal muscle, 
eyl!, eoir, liver, pancreas, and kidney. These or­
g;ins are affected by several neurodegenerative 
and cardiovascular disorders, diabetes mellitus, 
deafness, and cancer. Acquired mitochondrial 
mutations accumulate with age. 
The mutation rate of mtDNA is 10 times higher 
thiill that of nuclear DNA. Mitochondrial muta­
tions are generated during oxidative phosphor­
ylation through pathw.iys involving reactive 
oxygen molecules. Mutations accunwlate be­
cause effective DNA repair iilld protective histo­
nes are lacking. At birth, most mtDNA molerules 
are identical (homoplasmy); later, they differ as a 
result of mutations aa:umulated in different mi­
tochondria (~y). 

A. Mutations and deletions In human 
mitochondrial DNA 
Mitochondrial genetic disorders re.suit from de­
letions, point mutations, and other structural 
rearrangements. Some are characteristic and 
recur in different. unrelated patients. The ext.ent 
of three common deletions of lOA, 7 A, and 5 kb 
are shown ;is partial cin:les outside the mtDNA 
m;ip. Inside the sire of amman mutations are 
shown: UION (Leber's optical nerve atrophy; 
535000) at nucleotide positions 11'n8 and 
3460; NARP ( neuropathy, ataxia, retinitis pig­
mentosa; 551500) at 8993; MERRF (mycdonus 
epilepsy with ragged red fibers in muscle cells; 
545000) at 8344; MMC (mitochondrial myopa­
thy and cardiomyopathy; 590050) at 3260; 
MEI.AS (mitochondrial myopathy, encephalop­
athy, lactic acidosis; 540000) at 3243; and a 

mutiltion A tD G at 1555, which confers high 
sensitivity to aminoglycosides, causing deafness 
(see Table 8 on p. 409). (Figure adapa!d from 
Wallace et al., 2007, and MllOMAP.) 

B. Maternal Inheritance of a 
mitochondrial disease 
Both somatic and Inherited mutations occur. 
Hereditilry mitochondrial diseases are trans­
mitted through the maternal line only, since 
spermatO'Zoa contain very few, if iilly, mito­
chondria. Thus, the diseOISe will not be trans­
mitted from an affected man to his children. 

C. Heteroplasmy for mltochondrtal 
mutations 
Many mutations or deletions in mitochondria 
are aC1uired during the lifetime of iil1 individual. 
Their proportion may be different in dilfe:rent 
tissues and inae;ise with age. This dif&:rence is 
referred to as heteroplasmy. It contributes to 
the considerable variability of mitochondrial 
diseases. A germline mutation may be present 
in all cells (homopl;ismy). The proportion of 
defective mitochondm varies after repeated 
cell divisions. 
Recently, replacement of defective mitochon­
dm by a donor egg cell h;is been attempted 
(Kang et al, 2016). 

Further Reading 
Genetia Home Rderence. Mitochondrial DNA. Avail· 

able at: http:f/ghr.nlm.nih.gtw/chromosome/MI'. 
Accessed Febnwy 26, 2017 

Kang E et al Mitochondrial replacement in human 
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muliltions. Nature 2016; 540: 270-275 

Koopman WJ, et al. Monogenic mitochondrial disor­
ders. N EnglJ Med 2012; 366(12): 1132-1141 

Lightowlers RN, et al Mutations Gusing mitochon· 
clrial disease: what is new and what challenges re­
main? Selena 2015; 349(6255): 1494-1499 

MITOMAP. A human mitochondrial genome data­
base. Available at: www.mitornap.oll/MITOMAP 

Schon EA, et al. Human mitDchondrial DNA: roles of 
inheritm and somatic mutations. ~t Rev Genet 
2012; 13(12): 878-890 

Wallace DC. Genetics: mitochondrial DNA in evolution 
and disease. Nature 2016; 535(7613): 498-500 
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Chloride Channel Defects: Cystic 
Fibrosis 
Cystic fibrosis (CF, muaivi.Kidosis; 219700) is a 
highly variable multisyi;ti:m disorder caused by 
mutations in the cystic fibrosis transmem­
brane conduction regulator gene, encoding a 
chloride channel protein (CFTR; 602421). It is 
one of the most frequent autosomal recessive 
hereditary diseases in populations of Europeiln 
origin (approximall!ly 1 in 2,500 newborns). 
lbe high frequency of hetl!rozygotes (1 :25) is 
thought to result from a selective advantage: 
he~ozygotes may be less susceptible to chol­
era than normal homozygotes. Polymorphisms 
in other genes modify the severity of pulmo­
nary manifestation. Examples of modifying 
genes are the 'ffiF1 gene on 19q13.1 (190180) 
and IFRD1 (603502). 

A. cystic fibrosis: cllnkal aspects 

lbe disease priman1y affects the bronchial syi;­
~ and the gastrointestinal tract. Viscous 
mucus formation leads to frequent, recurrent 
lung and bronchial infections, resulting in 
chronic pulmonary insufficiency. The average 
life expectancy in typical CF has been in­
creased in recent years, but still is approxi­
mately 30 years. The disease may take a less 
severe, almost mild, course. Certain mutations 
oa:ur in males with bilateral absence of the vas 
dcferens (CBAVD, 277180). 

B. Rnclng the gene for cystic fibrosis 
Finding the gene is the best ex.mtple to illus­
trate how genes had to be identified prior to 
the direct sequencing now available. It was one 
of the first human genetic diseases Identified 
by chromosome walking and jumping (posi­
tional cloning). Linkage analysis first localized 
the gene to chromosome 7 at q31.2. A long­
range restriction map of approximately 1,500 
kb was then narrowed down to 250 kb, and the 
gene was identified and characterized by 
showing homozygous mutations in patients 
that were absent in controls. 

C. The CF1R gene and Its protein 
The large CFm gene spans over 250 kb of ge­
nomic DNA, organized into 27 exons (exons 6 
and 14 are, respectively, numbered 6a/6b and 
14a/14b1 which encode a 6.5-kb transcript 

with several alternatively spliced forms of 
mRNA. The protein of 1,480 amino adds Is a 
membrane-bound chloride ion channel regula­
tor with 5 functional domains, as shown. 1Wo 
nucleotide-binding domains 1 and 2 (NBDl 
and NBD2) confer cAMP-regulated chloride 
channel activity. The most common mutation 
is a deletion of a phenylalanine codon in posi­
tion 508 (F508del). The regulatory R domain 
contains numerous sites for phosphorylation. 
CFTR is widely expressed in epithelial cells. 
More than 2000 mutations observed in the 
CFTR gene are classified aa:ording to: (1) abol­
ished synthesis of full-length protein, (2) block 
in protein processing, (3) reduced chloride 
channel regulation, (4) reduced chloride chan­
nel conductance, and (5) reduced amount of 
normal CFTR protein. The underlying genetic 
defects include missense mutations ( 45%), 
nonsense mutations (10%1 RNA splice muta­
tions (13%). small deletions/insertions (21%), 
large deletions (6%1 and regulatory sequences 
(1.4%). The most frequent mutation. a deletion 
of phcnylal;mlne codon 508 (fif508, now 
named F508del), accounts fur appraximdtely 
66% of patients In Europe. Other mutations 
above U: are p.(Asn1303Lys1 p.(Arg553X), 
p.(Gly551Asp), and p.(Arg34Pro). They are In­
cluded in molecular testing along with other 
mutations. 
To some extent, the type of mutation predicts 
the severity of the disease. The most severe 
fuml.S are associated with homo;eygosity for 
fif508 and compound heterozygotes ll.F508/ 
G551D and M508/G542X. 

Further Reading 
Brennan Ml, et al Cystic fibrosis; a review of associatEd 

phenotypes, me ~ molecular diagnostic approaches, 
genetic chmderlst!cs, progress, ml dllernnw.J Mol 
Dlagn 2016; 18(1): 3-14 

Cutting CR. Cystic fibrosis genetics: from molecular 
undrntandJni to dinical application. Nat Rev 
Genet 2015; 16(1): 45-56 

Cystic Abrosis Mutation Dmbase. Hospital SickKlds, 
Toronm, Canada. Avail.able at: http://www.sidddds. 
ca/Centres/Cystic-Fibrosis-Centre/. Accessed Mardi 
14. 2017 

MacKenzie T, et al Longevity of patients with cystic 
fibrosis in 2000 to 2010 and beyond: survival anal­
ysis of the Cystic Fibrosis Foundalion patient regis­
try. Ann Intern Med 2014; 161(4): 233-241 

Saint-Criq V, G~ MA. Role of <FIR in epitlleliaJ 
physiology. Cell Mot life Sci 2017; 74: 93-115 
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Genetic Defects In Ion Olannels: LQT 
Syndromes 
Mutations in genes encodinJ ion channels 
cause more than 30 different monoienic dis­
orders ( chililllelopathies ). Jon chililllels play a 
prominent physiological role in the function­
ing of cardiac and striated muscle, neW"Omus­
cular junctions, and neurons of the central 
nervous system, inner ear, and retina. A strik­
ing example is the long QT (I.QT) syndrome, 
which comprises 14 genetically different disor­
ders: I.QT syndrome types 1 to 14 (see OMIM 
192500), caused by mutations in genes encod­
ing different types of ion channels or their in­
tl!raction partners. The main manifestation is 
cardiac arrhythmia leading to cardiac arrest It 
is important to distinguish the different types, 
because the choice of medication differs. Ap­
proximately 10% of patients carry a second mu­
tation in the same or another ion channel gene. 

A. Long QT syndrome, a genetic cardiac 
arrhythmia 
The main features of LQ'.J' syndrome (1) are 
characterized by a prolonged QT Interval (2) 
In the electrocardiogram (>440 ms, corrected 
for heart rate). Other diagnostic !eatures are 
aberrant I -wave morphology and torsade de 
pointes ventricular tachycardia (rapid heart­
beats). It consists of 14 genetic types ( 11 
shown). 

B. Different molecular types of long QT 
syndrome 
Prolongation of the QJ' interval In the electro­
cardiogram results from an increased duration 
of the cardiac action potential (1 ). In phase 0, 
the myocardiocyte is depolllrized by sodium 
currents (Na,.1.5, encoded by the SOVSA gene). 
In plateau phases 1 and 2, the normal potential 
is supported by calcium currents (ca.1.2, CAC­
NA1C). In phase 3, the resti~ membrane poten­
tial ls restored by potassium currents (K.7.1, 
KCNQJ, and K.11.1, KCNH2). LQ'.J'1 (2, caused by 
mutiltions in the .ra:NQ1 gene encoding a potas­
sium channel) aa:ounts for approximately 30% 
of patients with long QJ' syndrome. LQJ'2 (3, 
mutations in the KCNH2. gene (fi>rmerly HERG]) 
aa:ount for 10% of patients. KCNH2. encodes a 
1,159-amino-acid transmembrane protein of 

the other major pot;1ssium channel that partic­
ipates in phase 3 repolari7.ation.1.QI3 (4, SCN5A, 
the gene encoding the main sodium channel 
protein Nal .5) aa:ounts for xr of patients. It 
consists of four subunits (I-IV), each containing 
six transmembrane domains and several phos­
phate-binding sitl!s. Other, rare, I.QT syndromes 
are caused by increased sodium currents (LQI'3, 
LQT9. LQTtO, and LQT12), augmentl!d calcium 
currents (LQ'.J'4 and LQ'.1'8) or decreased potassi­
um currents (LQ'.J'l, LQ'.1'2. LQJ'S, LQJ'6, LQJ7, 
LQTl 1, and LQT13). 
The type of mutation influences the clinical 
course and the response to therapeutic drugs. 
Syndromic forms of LQ'.J' include: the autosomal 
recessive jervell and l..a.nge-Nielsen syndrome 
(OMIM 220400) associated with hearing defects. 
and caused by homozygous murations In 
KVLQJ'l or KCNE1 (LQTS) g-enes encoding the a 
and II subunits of the IKS channel; the autoso­
mal dominant Romano-Ward syndrome (OMIM 
192500) caused by mutiltiom in KVLQJ'l , the 
LQT1 gene; and other syndromic forms (see 
Appendix, T.able 9, p. 409). (Figure ad.pted 
from ~rman and Clapham, 1997.) 
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a1-AnUtrypsln Defldency 
a1-Antitrypsin deficiency (A1ATD, 613490) is 
an autosomal recessive disorder of lung func­
tion. a1-Antitrypsin is the main protease inhib­
itor in blood plasma, first described by Laurell 
and Ericksson (1963). As a member of the ser­
ine protease inhibitor superfamily (SERPIN). it 
has a major role in activating neutrophil elas­
tase and other proteases to maintain protease/ 
antiprotease balance. It binds to a wide range 
of proteases, such as elastase, trypsin, chymo­
trypsin, thrombin, and bacterial protl:ases. Its 
most important physiological effect is the in­
hibition of leukocyte elastase in the bronchial 
system. 

A. a 1-Antitrypsin 
Human a1-antitrypsin is a 52-kDa glycoprotein 
composed of 394 amino adds and 12% carbo­
hydrate content It is encoded by the SERPINA1 
gene (107400) located at 14q32.13 (genomic 
coordinates: 14:94,376,746-94,390,691 ). 

B. a,-Antl~psln defidency 
a1-Antitrypsin deficiency is a variable disease 
with chronic obstructive pulmonary emphyse­
ma as the main sign. It usually manifests by the 
third or fourth decade of life due to uninhibired 
activity of leukocyte elastase on the elastin of 
the pulmonary alveoli This is visible by in­
creased darkness of the chest X-ray. The concen­
tration of a1-antitrypsin ( «1-AT) in alveolar fluid 
is greatly reduced in heterozygotes (red squares) 
and more so in homozygotes (yellow triangles). 
This can be correcred by intravenous adminis­
tration of a1-antitrypsin. Since oxidizing sub­
stances have an inhibitory effect, smokers have 
a much more rapid clinical course (onset of 
dyspnea at 35 years of age instead of 45-
50 years). A related, allelic disorder is a1-anti­
c:hemotrypsin deficiency (107280). (Figure 
kindly provided by N. KonietzkD, Essen.) 

C. a 1-Antitrypsin mutations 
More than 100 allelic variants are known. The 
a1-antitrypsin protein is highly polymorphic 
due to differences in the amino add sequence 
and variations in the three carbohydrate side 
chains at positions 46, 83, and 247. The main 
clinically important mutations occur at the 
sites marked by red arrows. The SERPINAl 
gene (107400) spans 122-kb DNA with a 

1,434-bp coding region in fiw exons on 
chromosome 14 (14q32.13). The reactiw site 
is located at position 358/359 (methionine/ 
serine). The a1-antitrypsin alleles are grouped 
into four classes: (1) normal, (2) deficiency, (3) 
null alleles, and ( 4) dysfunctional alleles. The 
typical normal allele is Pi(M); the most impor­
tant deficiency alleles are Pi(Z). Pi(P), and Pi(S). 
The most frequent deficiency allele, Pi(Z). causes 
plasma concentrations of a1-antitrypsin of ap­
proximarely 12 to 15% of normal in the homo­
zygous genotype Pi(ZZ) and 64% in the 
heterozygote (Pi°MZ). MS heterozygotes have 
86% of the MM homozygote activity. The heter­
ozygote frequency estimated by Lazarin and 
coworkers in European populations is approxi­
mately 1 in 10, compared to 1 in 249 in Asia. 

D. Synthesis of arantitrypsin 
The «rAT gene (SERPINAl) is expressed in 
liver cells (hepatocytes ). The gene product is 
channeled through the Golgi apparatus and re­
leased from the cell (secreted). The Z mutation 
leads to aggregation of the enzyme in the liver 
cells, with too little of the enzyme being 
secreted. The S mutation leads to premature 
degradation. 

E. Reactive center of protease inhibitors 
As a member of a family of protease inhibitors, 
at-AT shows marked homology with relared 
protein, especially at their reactiw centers. ox­
idizing substances have an inhibitory effect 
and inactivate the molecule. (Figures adapted 
from Cox, 2001.) 
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Hemophllla A and B 
Hemophilia A is ii severe bleeding disorder 
resulting from iDilctivity of blood roilgUli!tion 
factor Vlll (306700) due to X-chromosolilill mu­
tations in the gene F8 (30084ti A more rare 
(1 :30,000) reli!ted disorder is hemophilia B 
(306900) resulting from X-chromosolilill defi­
ciency of filctor IX (F9). Filctors VIII ilnd IX func­
tion in the blood roilgUli!tion CilSCilde. Filctor VIII 
functions ilS ii rofactor in the ilctivation of filctor 
X to factor Xii. Hemophilia WilS the fll'St recog­
nized !Diljor disease to be derennined to have ii 
genetic cause. The Tahnud refers to its increased 
occurrence in IIlilles in certain families. F. Hopff 
(Wiirzbw"g, Ger!DilDy) introduced the term 
hemophilia in ii medical thesis in t 828. 

A. Inheritance of hemophilia 
The X-chromoso!Dill inheritance is readily 
apparent in some royal families in Europe. 
Severi!! descendants of Queen Victoria, a 
heterozygo\15 carrier, inherited hemophilia. 
Hemophilia A occurs with a frequency of ap­
proximately t in 5,000 males. Approximately 
30% of cases result from ii new mutation. 
"Royal hemophilia" is now recognized to be 
hemophiliil B (Rogaev et al~ 2009). 

B. Blood coagulation factor VIII 

Activilted factor vm protein (by thrombin) 
consists of five subunits (At, A2, A3, Ct, C2) 
held together by calcium ions (Cal•; 1 ). The 
inilctiVI! factor VIII protein (2) contains three 
domains (A, B, ci Do!Dilin A consists of three 
homologous copies (Al, A2, A3), do!Dilin C of 
two copies (Cl, C2), and domain B of one copy. 
In humans, the F8 gene (3) is located at Xq28, 
near the gene for factor IX. It consists of 26 
exons and spans 186 kb of DNA. Noteworthy 
are the lilrge eJUJD 14 (3106 bp), which encodes 
the B domain, and the large intton 22 (32,000 
bp) between exons 22 and 23. Most mutations 
involve the dinudeotide CG in DNA sequences 
TCGA. This mutates easily to TIGA because the 
cytosine of this dinudeotide is frequently 
methylated. Subsequent dei1111iDiltion of meth­
ylcytosine leads to ii c to T transition. This 
creiltes ii stop codon (TGA). resulting in a trun­
cated factor VIII protein. 
Genetic tests employ ii targeted mutation 
search or sequencing of the entire coding re­
gion. RFlP (restriction fragment length poly-

morphisms) illlillysis has been utilized (4). A 
polymorphic variilnt in the rerognition se­
quence for the restriction enzyme Bdl near 
exons t7 and 18 produces fragments of879 bp 
and 286 bp; when the variant is ilbsent, a single 
fragment of 1, 165 bp is produced. In the filmily 
pedigree (5), two atfedl!d IIlilles (11-1 and 111-2) 
carry the 879-bp fragment Thus, this fragment 
indicates presence of the mutation. 
Common types of mutation in hemophilia A are 
nonsense in 14% of patients. slililll deletions and 
insertions in t 5%, splice mutations in 4%, and 
inversion flip tip mutations in 42% (see D). 

C. Cinical manifestations 
Frequent acute bleeding episodes (1) resulting 
from minor trau1llil will result in severe function­
al ronsequences such ilS stiff knee joints (2) or 
elbows, or extensive soft-tissue hl!IDiltoma. Se­
vere manifestation with dotting factor less than 
1% of norlilill occurs in 60%, moderate (1-5% F8 
levels) in 15%, ilnd mild (6-30% F8 levels) in 25% 
of patients. (Photographs obtained from Google, 
2012.) 

D. Factor VIII Inversion 
A frequent cause is iln inversion between an 
unrelated gene A in intton 22 and one of two 
homologous distal genes A, follOWl!d by nonho­
mologous crossing-over. This flip tip inversion 
results in disruption of the F8 gene between 
exon 22 and exon 23. 
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von Wlllebrand Bleeding Disease 
von Willebrand disease (vWD, 193400) is the 
most common hereditary bleeding disorder. 
It results from dysfunction of a complex, multi­
meric glycoprorein (von Willebrand factor, vWF) 
in blood plasma, thrombocytes {platelets), 
and subendothelial mesenchymal tissue of 
blood vessels. It is a heterogeneous group of 
disorders, also referred to as von Willebrand­
Jilrgens syndrome. vWF has two basic biological 
functions: ( 1) it binds as a major adhesion mol­
ecule to specific rea:ptors on the surface of pla­
telets and subendothelial connective tissue by 
furming bridges between platelets and damaged 
regions of a vessel; (2) it binds to clotting factor 
vm, and stabilizes it by prolonging its half-life in 
circulation. Deficiency cf vWF reduces or abol­
ishes platelet adhesion and leads to secondary 
deficiency of factor vm. The frequency of he­
reditary deficiency of vWF is approximately 
1 :250 fur all fonns and approximately 1 :8,000 
fur severe forms. It was first described in 1926 in 
a large family on the Aland islands in Finland by 
Erik vcn Willebrand. 

A. von Wlllebrand factor glycoproteln 
vWF is formed in endothelial cells, in megakar­
yccytes, and possibly in some other tissues. 
It is encoded by a large 178-kb gene with 
52 exons of various sizes on chromosome 
12p1331 (613160). Along its 8.7-kb cDNA, 
several polymorphic restriction sites (red ar­
rows) exist (1). From the mRNA, a primary 
peptide (prepro-vWF) of 2,813 amino adds is 
translated (2). Prepro-vWF is a polypeptide of 
2,813 amino adds with a signal peptide of 22 
amino acids and 5 repetitive functional do­
mains, A to D and CK. which are distributed 
from the amine terminal in the sequence 01, 
D2,D3,A1,A2,A3,D4,B1,B2,B3,C1,C2,and 
CK. A segment of 741 amine adds in Dl and 
02 corresponds to the vcn Willebrand antigen 
n. The various domains contain binding sites 
for factor vm, heparin, collagen, thrombocytes, 
and thrombin. A tetrapeptide sequence Arg­
Gly-Asp-Ser (RGDS) located near the C-termi­
nus serves as a binding site for vWF. vWF con­
tains 8.3% cysteine (234 of2,813 amino adds), 
concentrated at the amino and carboxy ends, 
whereas the three A domains are cysteine­
poor (3). After posttranslational modification, 
the mature plasma vWF contains 12 oligosac-

charide side chains ( 4 ), resulting in a carbohy­
drate weight proportion of 19% of the vWF 
molecule. 

B. Maturation of vWF 
A prepropeptide is translated from the vWF 
mRNA. Alter the signal peptide is removed in 
the endoplasmic reticulum, the two pro-vWF 
units attach to each other at their carboxy ends 
by means of numerous disulfide bridges to 
form a dimer. The dimers represent the repet­
itive units of mature vWF. The pro-vWF dimers 
are transported to the Golgi apparatus, where 
the pro-vWF antigen (von Willebrand antigen 
n (vWAgll]) is removed. 

c. aassification 
vWD is dassified into three subtypes. In types I 
and m, the defect is quantitative; in type II the 
defect is qualitative. Dominant and recessive 
(277480) phenotypes with vWF deficiency are 
often difficult to distinguish. Type I with sub­
types A and B is the most frequent group (70% 
of all patients). The bleeding time is prolonged, 
but coagulation time is normal. Bleeding oc­
curs mainly into mucocutaneous tissues rather 
than joints. (Figures adapted from Sadler, 
2001.) 
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Pharmacogenetlcs 
Multiple individui!I genetic variilnts of the 
genome result in individual differences in 
philrmilCO!ogical responses. This may result in 
either ineffective therapy or i!dverse reactions, 
even death. Pharmacogenetics, ii term intro­
duced by Motulsky (1957) and Vogel (1959), 
refers to a blend of genetics and philrmacology, 
now extended to pharmacogenomics to indude 
the entire genome. Inherited variants of ap­
proximately 20 genes affect approximately 80 
mediCiltions requiring attention in practice. 

A. Mallgnant hyperthermla (MH) 
Malignant hyperthermia (MH, 145600) is iln 
autosomal dominant severe, life-threatening 
compliCiltion of anesthesia. It occurs in persons 
who are hypersensitive to halothilne and siin­
ilar agents used in general anesthesia. Nor­
mally, a nerve iinpulse depolarizes the plasma 
membrane of a nerve ending at the nerve­
musde end plate ( 1 ). The influx of calcium 
(Cal>) into the cell triggers the release of 
acetylcholine. This temporarily opens the 
receptor-controlled Ciltion (sodium, Na•) chan­
nels. This opens calcium channels IOCi!ted in 
the sarcopli!smic reticulum of the muscle cell 
and causes the myofibrils to contract. The cal­
cium channels in the sarcoplasmic reticulum 
are regulated by the ryanodine receptor (2). 
Mutations in the ryanodine receptor, a protein 
with four transmembrane domains, cause 
greatly increased sensitivity to halothilne and 
other anesthetic agents (3). They induce 
musde rigidity, drastic elevation of tempera­
ture (hyperthermia), acidosis, and cardiac 
arrest (4). MH is inherited as an autosomal 
dominilnt trait (5). MH constitutes a group of 
at least seven genetically different disorders 
(MH1-MH7). The main gene involved encodes 
the skl!letal muscle ryanodine receptor (RYRl, 
180901) on chromosome 19q13.2. RYR2 
(180902) and RYR3 (180903) encode the cardia 
and brain ryanodine receptors, respectively. 
Other genes responsible for MH are listed in 
OMIM 145600 under Allelic Series. 

B. Butyrylcholinesterase deficiency 
Prolonged apnea resulting from excessive 
musde relaxation after administration of sux­
amethonium (succinylcholine) is the main 
manifestation of this adverse philrmacogenetic 

reaction. It affects approximately 1 in 200 
individuals, and 1 in 100,000 are affected by 
the severe form. Affected individuals do not 
degrade suxamethonium because of insuffi­
cient activity of serum butyrylcholinesterase 
(formerly acetylcholinesterase 177400). This 
enzyme hydrolyzes butyrylcholine more read­
ily than acetylcholine (OMIM 100740). Individ­
uals at risk cannot be identified by enzyme 
i!ctivity alone (1 ). Ho~r. i!ll three genotypes 
can be determined after dibucaine, an inhibi­
tory substance, is added (2). Individuals ilt risk 
(red squares) hilve only 20% activity of butyr­
ylcholinesll!rase, heterozygotes have 50 to 70%, 
and homozygous normal persons approxi­
mately 80%. Butyrylcholinesterilse is encoded 
by the BCHE gene located at 3q26.1. (Figure 
adapted from Harris, 1975.) 

C. Examples of genetically determined 
adverse reactions to pharmaceuticals 
Seven examples of the numerous human phar­
macogenetic disorders are listed. 
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Cytochrome P450 (CYP) Genes 
The cytochrome P450 system refers to a li!rge 
gene family (CYP genes; OMIM 108330). CYP 
genes encode enzymes with different func­
tions in detoxification of various chemical sub­
si.mces. They derive their name from their 
lllilXil11ill light absorption at 450 nm after 
binding to Cilrbon monoxide. cytochrome 
P450 enzymes form a large, evolutionarily re­
lated family of proteins with different enzy­
matic specificity in maml11ills. They degrade 
complex chemical subsi.mces, such as drugs 
or plant toxins, by an oxidation system (mono­
oxygeDilses) in the microsomes of the liver and 
mitochondria of the adreDill cortex. 

A. Cytochrome P4SO system 
The cytochrome P450 enzymes carry out phase 
I of a detoxification pathway (1 ): a substrate 
(RH) is oxidized to ROH utilizing atmospheric 
oxygen (02). with water (H20) formed as a 
byproduct A reductase delivers hydrogen ions 
(W) from either NADPH or NADH. In phase 11, 
ROH is further degraded and eliminated. The 
P450 enzymes have a wide spectrum of activity 
(2). Characteristically, a single P450 protein can 
oxidize several structurillly different chemical 
substances, er severa1 P450 enzymes can de­
grade a single chemical substrate. The enzyme 
activities of phases I and 11 have to be well coor­
dinated, since toxic intermediates OCCilsionally 
arise in the initial stiges of phase IL 

B. Debrisoquine metabolism 
Debrisoquine is an isoquinoline-carboxamidine. 
It was used to treat high blood pressure until it 
was found to cause severe side effects in 5 to 
10% of the population (OMIM 608902). Affected 
individl1ills have reduced activity of debriso­
quine-1-hydrcxylase ( CYP2D6). This enzyme de­
grades several philrmilcological substances such 
as 13-adrenergic blockers, antiilrrhythmics, and 
antidepressives. Two groups can be distin­
guished in the population: these with ncrma.I 
and those with slaw degradation (1 ). lndividllills 
with low activity are at increased risk of 
untoward toxic reactions. Individuals with a 
slow rate of degradation have an increased 
ratio of debrisoquine/4-hydrodebriscquine. This 
enzyme is encoded by the CYP2D6 gene (OMIM 
124030) located at 22q13. 1. Certain mutations 

of the primilry transcript of this gene, with nine 
exons, produce aberrant splicing (2). As a re­
sult, variant mRNAs contain an intron and pro­
duce proteins with reduced enzymatic activity. 
(Figure adapted from Gonzalez et al~ 1988.) 

C. CYP gene superfamily 
The cytochrome P450 (CYP) genes in mammals 
consist of a superfamily of genes thilt resemble 
each other in exon/intron structure and that 
encode related enzymes. The CYP gene family 
arose during the last 1.500 to 2,000 million 
years. The li!I'gest P450 family in mammals is 
CYP2, with 16 genes in humans. It is assumed 
that the CYP2 family developed in response 
ID toxic substances in plants. At least 30 gene 
duplications and gene conversions have led to 
an unusually diverse repertoire of CYP genes. 
Important enzymes for drug metabolism 
are CYP2C8, CYP2C9, CYP2C18, and CYP2C19, 
which together metabolize more than 50 com­
pounds. CYP3M. CYP2D6, and CYP2C9 are re­
sponsible for 50, 25, and 5% of drug metabolism. 
respectively. (Hgure adapted from Gonzalez 
et a~ 1988, and Gonzalez and Nebert, 1990.) 
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Genetics of Diabetes Mellltus 
Diabetes mellitus (DM) is an etiologically het­
erogeneous group of genetic subtypes with ii 
wide spectrum of phenotypic (cliniCill) mani­
festations. DM is defined by elevated fasting 
levels of glucose in the blood (> 125 mg/di., hy­
perglycemia). 1\ovo prindpill types of DM are 
insulin-dependent type 1 (lTDM, 222100) 
and non-insulin-dependent type 2 (2TDM, 
125853). TlDM results from autoimmune or 
infectious processes destroying the betil cells 
in the pancreils. T2DM has multiple causes. It 
is ii aimmon hei!lth problem in mmy parts of 
the world. with up to 10% of the populiltion 
being ilt risk or affected. 

A. Insulin biosynthesis 
Humiln insulin is enaided by a gene (176730) 
with a leading signal sequence [L) and two cod­
ing exons in the 5' direction of the gene, loCilted 
on the short arm of chromosome 11 [11p15.5). 
It has a betil-cell-specific enhancer and a varia­
ble number of tandem repeats (VNl'Rs) up­
stream (5') of the gene. The primary transcript 
is spliced into mRNA and translilted into pre­
proinsulin (1,430 amino adds). After the signal 
sequence (24 amino adds) i!nd the C-peptide 
are removed, biosynthesis is completed. The 
gene is expressed exclusively in the betil cells 
of the pancreas. 

B. Insulin receptor 
Insulin exerts its multiple functions through 
its receptor {INSR 14 7670). INSR is a tetramer 
of two extracellular a subunits and two 
transmembrane p subunits, joined by disul­
fide bridges at specific sites. Distinct func­
tional domains in both extracellular and 
intracellular pilrts of the receptor reflect the 
various functions. Insulin receptor substrate 
IRS and She proteins mediate the principal 
functions of insulin: activating growth fac­
tors, protein synthesis, glycogen synthesis, 
and glucose transport. The INSR gene located 
at 19p13.2 spans more than 120 kb and has 
22 exons, 1 1 for each of the a and p chains. 

C. Etiology of diabetes mellitus 
TtDM is mainly caused by external factors, 
such as certilin viral infections, which directly 

or by autoimmune reactions cause destruction 
of beta cells on a background of individual 
genetic susceptibility. T2DM has a strong ge­
netic background. Fuchsberger et al. (2016) 
identified 18 coding variants at 13 loci to 
exceed genome-wide significance (GWAS, see 
p. 220). All were attributed to common var­
iants rather than rare variants. T2DM is influ­
enced by obesity ilS ii strong environmental 
component, including influences in early life. 
Monozygotic twins with TIDM are conrordmt 
in approximately 25%, and for T2DM in approx­
imarely 40 to 50%. Several types of autosomal 
dominant forms of T2DM exist in adults (ma­
turity onset diabetes of the young, MODY types 
1-6; 125850). DM is a secondary manifestation 
of several genetically determined diseases in­
volving insulin receptor defects [insulin resist­
ance syndromes, see OMIM 125853). 

D. Genetic susceptibility loci 
A major influence on the genetic susceptibility 
to TIDM is exerted by certain alleles of class I 
MHC genes (see p. 306). Severill alleles of 
the DR3 and DR4 loci are associated with sus­
ceptibility toTIDM, espedillly DR3/DR4 heter­
ozygotes. Some alleles of DR2 ronfer relative 
resistance to DM. Genetic and genome-wide 
association studies have identified 36 regions 
or loci in the human genome conferring sus­
ceptibility to T2DM type 2 (listed in OMJM 
125853). 
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2016; 354(6308): 69-73 
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Amino Acid Degradation and Urea 
Cycle Disorders 
Mutations in zenes encodiJli the wrious 
enzymes involved in amino acid mc:tabolism 
and urea cycle c.ausc a large group of disorders. 
Two examples arc presented here. 

A. Phenylalanine degrading system 

Phenylketxmuria (PKU, 261600) is an autoso­
mal recessive deficiency of the enzyme phenyl­
alanine: hydraxylase (PAH). This enzyme: 
hydraxylates phenylalanine: (Phc:) to tyrosine:. 
PKU results from mutations in the: PAH gene. 
The PAH gene (OMIM 612349~ located on chro­
mosome 12q232, has 13 exons spanning 90 kb 
ofDNA, with complex 5' untranslated cis-acting, 
tnms-activated regulatory elements. The gene 
shows developmental and tlssul!-spedfic tran­
scription and translation. The hepatic and renal 
gene product is a 452-amino-add polypeptide. 
several polymorphic sites (RFLPs and SNPs, and 
a tetranudeotide short tandem repeat) are in 
linkage disequilibrium and define haplotypes. 
The PAH protein has catalytic, regulatory, and 
tetramcrization domains. Modifying genes in­
fluence the phenotype. Hyperphenylalaninemia 
is defined as a plasma Pile concentration of 
> 120 µM (2 mg/dl.). l.ong-tenn exposure to Phe 
ccncentriltions >600 µM results in severe men­
tal retardation, as in dasslcal PKU. 1bis condi­
tion, first described in t 934 by Asbjtmt F81ling 
in Norway, is the prototype of a treatable meta­
bolic disease. Here, dietary phenylalanine 
restriction must be instituted in the neonatal 
period. PKU is detected by neonatal screening. 
Maternal PKU c.ause.s various dCVl:!opmc:ntaJ 
problems if the matc:rnal Phc: level is not wi:ll 
controlled throughout pregnancy. 
The complex Phe hydroxylating system includes 
tetrahydrobiopterin (B~) cofactor, which re­
quires several enzymes for recycling, including 
dihydropt.eridine reductase (261630) and pll!r­
in-4a-carbinolamine dehydratase (264070). 

B. Disbibutlon of PAH mutations 

More than 500 d!sease'°'using mutations have 
been recorded in all 13 exons and flanking se­
quences. Many vary In frequency in different 
populations. PKU is rare In Finnish, Ashkenazi, 
American aboriginal, and Japanese populations. 
(Data from Scriver, 2007, and Zschockl!, 2003.) 

C. Urea cycle defects 
Terrestrial vertebrates synthesir.e urea by means 
of the urea cyde, the first metabolic pathway to 
be described (by Krebs and Hensc:lc:it, a medical 
student, in 1932). Five metabolic disorders char­
actmzed by toxic hi&h plasma lc:vds of ammo­
nium result from defects in the genes encoding 
enzymes regulating the urea cycle (indicated by 
red bars in the figure part ci Arginine, the im­
mediate precursor of urea, Is hydrolyzed by 
arginase (207830) ID urea and omlthine. Omi­
thine transcarbam.oylase care. 310461) trans­
fers carbamoyl phosphate to omithine, which 
results in dtrulline. carbamoyl phosphate is 
synthesized from ~ c~. H1o, and ATP by 
carbam.oyl phosphate synthetase (237300). Ar­
gininosuccinate synthc:tase (215700) cataJyzes 
the condensation of citrulline and aspartate to 
argininosua:inat:e. This is cleaved by arginino­
succinase (202900) inlD arginine and Cum;irate. 
Affectl!d children may show progressive leth­
argy and coma leading ID death in the neonataJ 
period. The most common form Is X-linked arc 
resulting from mutations in the ore gene 
IOCil!Ed at Xp21.1 . 
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Cholesterol Blosynthesls Pathway 
Several hereditary diseases result from muta­
tions in genes encoding enzymes of the choles­
terol biosynthesis pathway. Cholesterol is a 
precursor of many steroid hormones and a 
major constituent modulating the fluidity of 
cell membranes in eukaryotes. In 1932, Wie­
land and Dane elucidated its structure as a 
monosaturated 27-carbon sterol. The biosyn­
thetic pathway of cholesterol requires approx­
imately 30 enzymatic reactions regulated by 
22 genes in a series including oxidation with 
molecular oxygen, reductions, dernethylations, 
and alterations in double bonds. Konrad Bloch 
was awarded the Nobel Prize in 1954 for elu­
cidating this pathway. 

A. Malformation syndromes due to 
defects in cholesterol metabolism 
Approximately six different genetic diseases 
are known to result from a block of the choles­
terol biosynthesis pathway (see next page). 
Three examples are shown: (1) the autosomal 
recessive Smith-Lemli-Opitz syndrome 
(270400); (2) X-linked chondrodysplasia punc­
tatil type 2 (CDPX2, Conradi-Hunermann syn­
drome, 302960); and (3) autosomal dominant 
Greenberg skeletil! dysplasia (215140). For 
more detilils see table 10 in the appendix 
(p. 410). (Illustrations in 1, kindly provided by 
the parents of the child; 2, courtesy of Dr Ri­
chard L Kelley, Baltimore. Maryland. United 
Stares; 3, courtesy of the !are Dr David L Rimoin, 
Los Angeles, California, United States.) 

B. Cholesterol biosynthesis overview 
Cholesterol biosynthesis begins with acetyl 
coenzyme A (acetyl-CoA), from which all 27 
carbon atoms are derived. Acetyl-CoA and 
acetoacetyl-CoA condense to 3-hydroxy-3-
methylglutaryl-CoA. This is converted by 
3-hydroxy-3-methylglutilryl-CoA reductilse to 
mevalonate. This is the precursor of isoprene, 
which is synthesized in three steps (not 
shown). Sqllillene, a 30-carbon linear isopre­
noid, is synthesized from six isoprene units. 
Isopentyl pyrophosphate is the starting point 
ofa reaction C5 .... Cto .... C15 .... C30. The distill 
(postsqualene) part of the cholesterol biosyn­
thesis pathway begins with squalene. 

Mevalonic aciduria (610377) results from a 
block in mevalonate kinase (251170). This 
variable autosomal recessive disease is charac­
terized by increased urinary excretion of me­
valonic acid associated with failure to thrive, 
psychomotor retardation. vomiting, diarrhea. 
episodes of fever, and dysmorphic facial 
features. 

C. Squalene to lanosterol 
Initially, squalene is circularized through a re­
active intermediate, squalene epoxide (not 
shown), to lanosterol, the first postsqualene 
sterol intermediate. Squalene epoxide is closed 
by a cyclase ta lanosrerol, a 30-carbon srerol. 
This requires movements of electrons through 
four double bonds and the migration of two 
methyl groups. Remmral of the 24-25 double 
bond results in dihydrolanosterol, which is the 
other precursor of cholesterol 
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Distal Cholesterol Blosynthesls 
Pathway 
In the distal part of the cholesterol biosynthe­
sis pathway (postsqualene). lanosterol and 
dihydrolanosterol (see previous page) are 
converted to desmosterol and 7-dihydrocho­
lesterol (7-DHC), the immediate precmsors of 
cholesterol Mutations in genes encoding the 
enzymes required for cholesterol biosynthesis 
have been found at all steps. They cause rare 
genetic dlse.ases characterized by developmen­
tal delay and abnormalities of the skeletal and 
other systems. 

A. Distal cholesterol blosynthesls 
pathway and diseases 
Lanosterol and dihydrolanosterol (see previous 
page) are converted by four enzymatic reactions 
through four intermediate metabolites to 
the immediate precursors of cholesterol, des­
mo~ (cholesti-5(6).24-dien-3P.,ol), and 7-
dihydrocholesterol (7-DHC). The enzymatic 
steps remove three methyl groups at C-4 and 
C-14, open one double bond at C-24, and shift 
the C-8-C-9 double bond ID C-7-C-8 by an iso­
merase. Some of the enzymatic reactions must 
occur In a defined sequence: the f!.1..fl.7 isomer­
izadon must fi:>llow the C-14a demethylation. 
The pathway is tied to dilferent cellular functions 
and signaling pathways. Lmosll!rol and its two 
subsequent intermediates, 4,4-dimethyl-cholesta-
8(9).14,24-trien-3jHJi and 4A-dimethykhol­
em~9).24-dien-3~11ave meiosi.Htimulating 
activity illld accumulate in the ovary and testis 
(see Herman. 2003). 7-DHC is the direct precursor 
of vitamin D. Hedgehog signaling proteins are 
modified by cholesterol (see p. 192). 
Please note that Antley-Bixler syndrome with 
genital anomalies and disordered steroidogen­
esis (OMJM 201750, gene located at 7qtt.23) 
and without genital anomalies or disordered 
steroidogenesis (OMIM 207410, gene FGFR2 
located at 10q26.13) is heterogeneous. It is 
not a disorder of primary cholesterol biosyn­
thesis. 

Seven genetic diseases caused by defects in 
the distal (pcstsqualene) cholesterol biosyn­
thesis pathway are known. These are (in de­
scending order of the pathway reactions): ( 1) 
a proportion of patients with Antley-Bixler 
syndrome (201750). (2) the prenatally lethal 
Greenberg slceletal dysplasia (215140), (3) 
X-chromosomal CHIID syndrome (congenital 
hemidysplasia with ichthyosiform erythroder­
ma or nevus and limb defects, 308050), ( 4) 
X-d!romosomal domiDilDt chondrodysplasia 
punctata type 2 (Conradi-Hiinermann syn­
drome, 302960), (5) lathosterolosis (607330). 
(6) Smith-1.emll-Opitz syndrome (270400), 
and (7) desmosterolosis (602398). The main 
features of these diseases are summarized in 
table 10 In the appendix (p. 410). 
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Famlllal Hypercholesterolemla 
Familial hypercholesterolemia (FH. 143890) is 
an ;iutosomal domillilnt disorder Cilused by 
heterozygo11S mutiltions in the gene encoding 
the low-density lipoprotein receptor (!DLR, 
606945) loCilted on 19p13.2. FH is char;icter­
ized by elt!Vilted plasmil levels of cholesterol 
bound to low-density lipoprotein (IDL), the 
main cholesterol-transporting lipoprotein. Tri­
glyceride levels are nonnaL Llpoproteins are 
classified according to increasing density: 
chylomicrons. very-low-density lipoproteins 
(VIDLs). low-density lipoproteins (IDLs), i1Dd 
high-density lipoproteins (HDLs ). A rel;ited 
furm is hypercholesterolemia type B (144010) 
due to mutations in the ;ipolipoprotein B gene 
(107730). 

A. The disease phenotype 
The general features ofFH are listed in part 1. It 
oa:urs, in the heterozygous stilte, in approxi­
IDiltely 1 in 500 individuals (1 ). PlilSIDil choles­
terol levels are greatly inaeased (2). The activity 
of functional IDL receptors per cell is deaeased 
by approximately 50% and is nearly absent in 
homozygutes (3). Importilnt dinial signs are 
deposits of cholesterol esters in the tendons. es­
pecially the Achilles tendon, and the skin (xan­
thomas, 4) i1Dd lipid deposits around the iris in 
the eye (5). In the rare homazygous s1'lte (1 in 
106), FH leads to death during the first or semnd 
decade of life. Several other related forms at 
other gene loci are known (OMIM 143890). (Ag­
ure in part 2 and 3 adapted from Goldstein et al, 
2001; 4 and 5 are the author's obsetvations.) 

B. The LDL receptor 
Heterozygous mutations in the IDL receptcr 
gene Ciluse FH (see next page). The gene am­
sists of 18 exons sp;inning 45 kb of genomic 
DNA. It is transaibed into 53-kb mRNA. The 
LDL receptor is a membr;ine-bound 160-kDa 
protein cell surface receptor of 839 amino 
adds with 6 distinct functional domains. 
Seven cysteine-rich units of 40 amino adds 
each form the lig;ind-binding region ( exons 
2-6). The epidermal growth factor (EGF) pre­
cursor homology domain (exons 7-14) allows 
the lipoprotein to dissociate from the receptor 
in the endosome (see next page). The intracel­
lular domain encoded by pilrt of exon 17 ;ind 
the 5' end of exon 18 contains signals for 

localizing the receptor in the coated pits dur­
ing endocytosis and tilrgeting within hepato­
cytes. (Figure adapted from Goldstein et al., 
2001, according to Hobbs et al., 1990.) 

C. LDL receptor-mediated endocytosis 
The LDL receptor mediates the endocytosis of 
LDL Receptors loaded with IDL accumulate in 
a coated pit (1). which forms an endocytotic 
vesicle inside the cell (2). (Photographs from 
Anderson et al, 1977.) 

D. Homology with other proteins 
The mammalian IDL receptor is highly con­
served in evolution (90% identical within mam­
mals, 79% identity between IDiln ;ind shark), 
dating back at least 500 million years. The prox­
imal halves of the extracellular domains of the 
LDL receptor family are structurally related to 
the epidefffiill growth factor (EGF) family 
(p. 284). The families of genes enmding the 
LDL receptor and EGF are related to proteins of 
the blood coagulation system: factors IX 
(134540) and X (613872), protein C (612283). 
and complement C9 (120940). Other related 
genes (not shown) are those enmding the 
VIDL (very-low-density lipoprotein) receptor, 
the APOE rereptor 2 (ApoER2, the IDL rereptor­
rela!Ed protein (LRPl, 107770). and IDL receptor 
protein 2 (LRP2, megalin, 600073 ~ 
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LDL Receptor Mutations 
MulAllions in the law-density lipoprorein (IDL) re­
ceptm OOl1I' throughout the gene. IDL is the main 
transport agent of cholesll!rol in the blood. llli 
hydrophobic <D1't! contains apprnximall!ly 1,500 
esterified cholesll!rol molecules surrounded by 
an outer layer of phospholipids and unesterified 
cholesll!rols contlining a single apoB-1 oo lipopro­
!Ein molecule. IDL delivers cholesll!rol to periph­
eral tissues and regulates de novo cholesterol 
synthesis in these tis.rues. 

A. LDL receptor classes of mutation 
The effects of IDL receptor mutations can be 
understood on the basis of IDL receptor me­
tabolism. The receptor-IDL complex enters the 
cell by endocytosis (see next page) within a 
coated vesicle. The receptor is separated from 
the lDL including the apoB-100 in the endo­
some. The lDL receptor is recycled to the cell 
surface. In the lysosome, the LDL is broken 
down into amino acids and cholesterol. Free 
cholesterol activates the enzyme acetyl-CoA 
cholesterol transrerase (ACAn, which catalyzes 
the esterification. The key enzyme for endoge­
nous cholesterol synthesis is 3-hydroxy-3-
methylglutaryl-CoA reductase (HMG-CoA re­
ductase ). This enzyme is downregulated by 
exogenous IDL uptake. IDL receptor mutations 
interrupt this feedback mechanism and result 
in increased endogenous cholesterol synthesis. 
Five principal classes of IDL receptor murations 
can be distinguished: (1) receptor null muta­
tions (R0) resulting from lack of receptor protein 
synthesis in the endoplasmic reticulum, (2) de­
fective intracellular transport to the Golgi appa­
ratus, (3) defective extracellular ligand binding, 
(4) detective endocytosis (R• mutations), and (5) 
failure to release the IDL molecules inside 
the endosome (recycling-defective mulillions). 
(Figure adapted from Goldstein et al., 2001.) 

B. Mutational spectrum 
A 5' signal sequence and five functional domains 
can be distinguished along the !DLR gene 
(606945) as shown (EGF, epidermal growth fac­
tor). More than 1,700 unique mutations have 
been recorded in the IDL receptor gene. Of 
these. 65% are missense mutations caused by 
substitutions, 24% are small DNA rearrange­
ments, and 11% are large rearrangements. 
MulAllions occur in all parts of the gene, but 

there is a relative excess of murations in exons 
4 and 9. A high proportion of murations (741) 
located in the ligand-binding domain ( exons 2-
6) involve amino adds conserved in evolution. 
Alu repeats may be involved as a cause of intra­
genic deletions. Some mutations differ in fre­
quency in different populations. (Figure adapted 
from Goldsrein et al. 2001.) 

C. A mutation In the LDL receptor gene 
This example of partial analysis demonstrares a 
mulAllion in exon 9. First, exon 9 was amplified by 
PCR (Pl, primer 1: P2 primer 2). The muration in 
codon 408. GTG (valine) to GTA (methionine1 
produces a remgnition site (N) for Niall! (GATC) 
that is not normally present. This results in two 
fragments of 126 and 96 bp instead of the usual 
222-bp fragment (1 ). Thus, afli!cted individuals (1 
and 3 in the pedigree) have two smaller frag­
menlli of 126 and 96 kb in addition to the 222-
kb fragment Cn Partial DNA sequence analysis 
of the patient (individual 1 in the pedigree) dem­
onstrares the mutation by the presence of an 
additional adenine (!.. yellow circle) next to the 
normal guanine (3). On this basis, other mem~ 
of a family cm easily be examined fur presence or 
absence of the mutition. Tuday, the entire gene 
may be sequenced. (Photographs kindly provided 
by Dr H. Schuster, Berlin.) 
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Lysosomal Storage Disorders 
Lysosomal disorders are a group of approxi­
mately 50 genetic diseases involving various 
functions of lysosomes. Lysosomes are mem­
brane--enclosed intracellular vesicles with a 
diameter of 0.05 to 0.5 µm. They are required 
for the intracellular degradation of large mol­
ecules. They contain more than 50 active hy­
drolytic enzymes (acid hydrolases). such as 
glycosidases. sulfatases, phosphatases, lipases, 
phospholipases, proteases, and nucleases (col­
lectively called lysosomal enzymes) in an acid 
milieu (approximately pH • 5 ). Lysosomal en­
zymes enter a lysosome by means of a recog­
nition signal (mannose 6-phosphate) and a 
corresponding receptor. Lysosomal disorders 
are characterized by abnormal storage of dif­
ferent macromolecules. They are grouped ac­
cording to the main class of stored mall!rial: 
glycogen, mucopolysaccharides, glycoproteins, 
glycolipids, sphingomyelin, gangliosides, and 
others. Different fonns of therapy using en­
zyme replacement are being developed for 
some of lysosomal disorders. 

A. Receptor-mediated endocytosls and 
lysosome formation 
Extracellular macromolecules to be degraded 
are taken into the cell by endocytosis. First. 
the molecules are bound to specific cell surfacr 
receptors (receptor-mediated endocytosis). 
The loaded receptors are concentrated in an 
invagination of the plasma membrane (coated 
pit). This separall!s from the plasma membrane 
and forms a membrane--enclosed cytoplasmic 
compartment (coated vesicle). The cytoplasmic 
lining of the vesicle consists of a network of a 
trimeric protein, clathrin. The clathrin coat is 
removed within the cell, forming an endosome. 
The receptor and the molecule to be degraded 
(the ligand) are separated and the receptor is 
recycled to the cell surface. 
A multivesicular body (endolysosome) forms 
and takes up acid hydrolases arriving in cla­
thrin-enclosed vesicles. Hydrolytic degradation 
i.ikes place in the lysosome. Parts of the mem­
brane are also recycled. 

B. Mannose 6-phosphate receptors 
A mannose 6-phosphate receptor serves as a 
recognition signal for upi.ike into the endoly­
sosome, which will also be recycled back into 

the Golgi apparatus. The acid milieu in the ly­
sosomes is maintained by a hydrogen pump in 
the membrane that hydrolyzes ATP and uses 
the energy produced to move hydrogen ions 
into the lysosome. Some of the mannose 
6--phosphate (mannose 6--P) receptors are 
transported back to the Golgi apparatus. 
Two types of mannose 6-phosphate receptor 
molecules exist They differ in their binding 
properties and their cation dependence. They 
consist of either 2 (cation-independent man­
nose 6-phosphate receptor, 0-MDR) or 16 
(cation-dependent mannose 6-phosphate re­
ceptor, CD-MDR) extracellular domains, with 
different numbers of amino acids. The cDNA 
of 0-MPR is identical to insulinlike growth fac­
tor 2 (IGF-2). Thus, 0-MPR is a multifunctional 
binding protein. 

C. Biosynthesis 

Two enzymes are essential for the biosynthe­
sis of mannose 6-phosphate recognition 
signals: a phosphate transferase and a phos­
phoglycosidase. The phosphate is delivered 
by uridine diphosphate N-acetylglucosamine 
(UDP-GlcNAc) tu uridine-5'-diphosphate-N­
acetylglucosamine-glycoprotein-N-acetylglucosa­
minyl-phospho-transferase (GlcNAc-phospho­
trans-ferase). A second enzyme (N-acetylglucos­
amine-1-phosphodiester-N-acetyl-glucosami­
nidase, GlcNAc-phosphoglycosidase) removes 
the N-acetylglucosamine, leaving the phos­
phate residue at position 6 of the mannose. 
(Figures adapted from de Duve, 1984, and 
Sabatini and Adesnik, 2001.) 

Further Reading 
de Duve c. A Guided Tour of the living Cell. Vols. 1 

and 2, New York, NY: Scientific American Books, 
1984 

Fuller M et al. Epidemiology of Iysosomal storage 
diseases. Chapter 2 in: Fabry Disease. Mehta A 
et al, eds. Oxford: Oxford PharmaGenesis, 2006 

Hopkin RJ, et al. Lysosomal storage mse-s. In: Longo DI. 
et al, eds. Harrison's Principles of Internal Medicine. 
18th ed. New York, NY: McGraw-Hill, 2012: 3191-3197 

Kingma SD, et al Epidemiology and diagnosis of ly­
sosomal storage disorders; challenges of screening. 
Best Pract Res Qin Endoainol Metab 2015; 29(2): 
145-157 

Sabatini DD, Adesnik MR The biogenesis of =branes 
and organelle.s. In: ScrM!r CR, et al., eds, The Meta­
bolic and Molecular Bases of Inherited Disease. 8th 
ed. New York, NY: McGraw-Hill, 2001: 433-517 
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Lysosomal Enzyme Defects 
Genetic defects in enzymes degrading different 
macromolecules in lysosomes cause a large 
group of diffi!rent diseases. Their clinica.l signs 
and biochemica.l and cellular manifestations 
depend on the function normally performed 
by the enzyme involved. Macromolecules that 
are usually degraded remain in lysosomes and 
accumulate in the eel~ resulting in lysosomal 
storage diseases. This occurs at different rates, 
so that each disease has its own characteristic 
course. Twelve groups of genetica.lly deti:r­
mined disorders of specific lysosomal func­
tions are known, each with approximately 3 
to 10 individually defined diseases. 

A. Defective uptake of enzymes into 
lysosomes: I-cell disease 
Murolipidosis type II alpha/beta (2525001 also 
called I-cell disease because of conspiruous cy­
toplasmic indusions, frrst described by Leroy 
and De Mars in 1967, is a severe, progressive 
autosomal recessive disorder of abnormal 
lysosomal transport and protein sorting in mes­
enchymal cells. The first step of a two-step 
reaction in the Golgi apparatus is defective be­
cause of homozygous or compound heterozy­
gous mutations in the GNPI'AB gene (6078401 
located at 12q23.2, encoding the lysosomal 
enzyme N-acetylglurosamine-1-phosphotrans­
ferase, a and fl subunits (GlcNAc-phosphotrans­
ferase, see previous page). This enzyme 
catalyzes the first step in the synthesis of the 
mannose 6-phosphate determinant for taigl!t­
ing hydrolases into the lysosome. As a result, 
the recognition marker that binds mannose 6-
phosphate is lacking and mucolipids accumulate 
in mesenchymal cells (1 ), but not in normal fi­
broblasts (2). Tue vesicular inclusions consist of 
hydrolases that cannot enter the lysosomes be­
cause the mannose 6-phosphati: recognition 
signal is absent. Lysosomes lack several 
enzymes, whereas the conrentration of these 
enzymes outside the cells is increased Mucoli­
pidoses usually become apparent in the first 6 
months of life (3). 1\lvo complemeni.tt:ion groups 
have been delineated An allelic disorder, mum-

lipidosis m alpha}beld is also caused by mutltion 
in the GNPTAB gene (2526001 and mucolipidosis 
m gamma is caused by mutations in the GNPTG 
gene (252605). 

B. Degradation of heparan suit.rte 
Lysosomal enzymes are bond specific, not sub­
strate specific. Thus, they also degrade other 
glycosarninoglycans, such as dermatan sulfate, 
keratan sulfate, and chondroitin sulfate (muco­
polysaccharides). Ten specific enzyme defects 
cause the mucopolysaccharide storage diseases 
(see next page). Heparan sulfate is an eXilIIlple 
of a macromolecule that is degraded stepwise 
by eight different lysosomal enzymes. The first 
step in heparan sulfate degradation is the re­
moval of sulfate from the terminal iduronate 
group by an iduronate 2-sulfatase. A defect in 
the gene encoding this enzyme leads to the 
X-chromosomal mucopolysaccharide storage 
disease type II (MPS I~ type Hunter). The sec­
ond enzymatic step removes the terminal idur­
onate by an a-L-iduronidase. lf this is defective, 
MPS I results. Enzyme defects in the next five 
steps cause genetica.lly different forms of auto­
somal recessive MPS IIIA, me, IIIB, and 1110 as 
shown (see next page). MPS type VII is caused 
by a defect in fl-glururonidase (step 7). It dif­
fers in phenotype from MPS types I, II, and III. 

Further Reading 
Cathey SS, et al Molecular order in mucolipidosis U 

and Ill nomenclature. Am J Med Genet A 2008; 
146A(4): 512-513 

Kornfeld s, Sly ws. !-all disease and Pseudo-Hurler 
polydystrophy: disorders of lysosomal enzyme 
phosphorylation and localiution. In: Scriver CR, 
et al, m The Metabolic and Molecular Bases of 
Inherited Disease. 8th ed. New York, NY: McGraw­
Hill, 2001: 3469-3482 

Leroy JG, Demars RI. Mutant enzymatic and cytolog­
ical phenotypes in cultured hwnan fibroblasts. Sci­
ence 1967; 157(3790): 804-806 

Marschner K, et al A key enzyme in the biogenesis of 
Iysosomes is a protease that regulates cholesterol 
metabolism. Science 2011; 333(6038): 87-90 

Tiede S, et al. Mucolipidosis n is caused by mutations 
in GNPTA encoding the alphafbeta GlcNAc-1-phos­
photransfttase. Nat Med 2005; 11(10): 1109-1112 
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Mucopolysac:diarkle Storage 
Diseases 
The mucopolysaa:haride storaae diseases 
(mllOlpolysaccharidoses) are a cliniC3lly and ge­
netically hererogcneous group of 1 O different 
genetic types (see phenotypic series In OMIM 
253200) caused by defects in different enzymes 
i>r mucopolysaa:haride degradation (glycosa­
minogl)Glls). All defects are ttansmltted by 
autosomal rea!SSive inheritance, l!m!pt for 
mucopolysaa:haride storage disease type II 
(Hun~; OMIM 309900) (see t.able 11 in the 
appendix, p. 411). 

A. Mucopolysaccharide storage disease 
type I (Hurter) 
Young infants with mucopolysaccharide storage 
disease type I (Hurler, MPS IH) (252800) seem 
nonnal at fll'St. Early signs of the disease occur 
at appraximan:ly t to 2 years of age. with 
incrNsing coarsening of the facial futures, re­
tarded ment.al development, limited joint mobi­
lity, cnbrged liver, umbilical hernia, and other 
signs. Radlographs show coarsening of skelet.al 
structures (dysostosis multiplex). The photo­
graphs show the same patient at different ages 
(author's photographs). MPS IS (Schele) ls a clin­
iC3lly different, less severe allelic disease. 

B. Mucopolysaa:harlde storage disease 
type II (Hunter-) 
This type of mucopclysaccharidosis is transmit­
ted by X~romcsomal inherit.ance (309900). 
Four cousins from one pedigree are shown in 
the diagram. Oinically, the disease is similar to, 
but less rapidly progressive than. MPS J. (Photo­
graphs from Passarge et al, 1974.) 

Diagnosis and therapy 
The diagnosis of MPS is based on the patient's 
history, clinical and radiological evaluation, 
and increased urinary concentration of one of 
several types of &Jyoosaminoglycan, depending 
on the type of MPS. Molccular genetic diaJno­
sis is possible in most forms. Different forms of 
enzyme substitution exist 

Further Reading 
Hopkin 11,f, et al. Lysosomal sto~e diseases. In: 

l.oniD DI. et al. eds. Harrison's Principles ol ln~r­
nal Medicine. 18th ed. N-Yorlc, NY: McGraw-Hlll, 
2012: 3191 -3197 

Kakki& ED. Enzyme repl;cement therapy tor the mu­
copoJysaccharide storage disorders. Expert Opin 
InveJtig Drugs 2002; 11(5): 675-685 

Neufi!Id EF, et al. The mucopolysm:haridoses. In: 
Scriver CR, et al, eds. The Metabolic and Molecular 
Bases ol Inherited Disease. 8th ed. N- York, NY: 
McGraw-Hil~ 2001 : 3421-3452 

OMIM (Online Mendelian Inheritmcr ol Man). Avail­
able at www.ncbi.nlm.nih.gov/omim 
~ E, et al. Disease awed by genedc defects 

in lymsonul muco-polysaa:haride-catabolism. Mu­
copolysaa:haridoses lin Germani. Disch Med Wo­
chensd!r 1974; 99(4): 144-155 

Ponder KP, et al. Gene therapy for mucopolysacchar­
idosis. Expert Opin Biol Ther 2007; 7(9); 1333-
1345 

Tolar J, et al Combination of enzyme replacement 
and h~poiedc stem cell transplantation as 
therapy i>r Hurler syndrome. Bone Marrow lnns­
plant 2008; 41(6): 531-535 

Wolf DA. et al. Gene therapy for ncurologjc mani~­
tations at mucopolysaccharidoses. Expert Opin 
Drug Deliv 2015; 12(2): 283-296 

Wraith JE. Mucopolysaa:haridoses. In: Rimoin DI, 
et al., eds. Emery and Rlmoin's Principles and Prac­
tice of Medial Genetics. 6th ed. Philadelphia, PA: 
Clmrchill Uvlnsstone-Elsevier, 2013 
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Peroxlsomal Disorders 
Peraxisomal disorders are a group of 20 IIlilinly 
autosomal recessive disorders due to defective 
enzyme or a transporter protein in peroxisomes 
or dysfunction of component in peroxisomal 
biogenesis (OMIM 170993). Major clinical fea­
tures are neonatal hypotonicity, craniofadal ab­
normalities, failure to thrive, and other features. 
Peroxi.somes are small membrane-bound in­
tracellular organelles of approxilililtely 0.5- to 
1.0-µm diameter, somewhat smaller than 
mitochondria. Their name is derived from 
hydrogen peroxide, which is fanned as an inter­
mediary product of oxidative metabolism. Most 
cells, especially in the liver and kidney, contain 
appraxilililtely 100 ID 1,000 peroxisomes. A per­
axisome is surrounded by a single-layer granular 
matrix, which mntains approximately 50 to 100 
diffi!rent matrix enzymes. These are involved in 
anabolic and catabolic metabolic functions, such 
as jklxidation of fatty acids, biosynthesis ofphos­
pholipids and bile acids, and others. Peroxisome 
biogenesis involves the synthesis of matrix pro­
reins (peroxins, PEXl, 3,5,7,10, 1lA,118, 11G, 12, 
13, 14, 16, 19, 26 see OMIM 602136). and their 
rereptor-mediated transfer into the organelle 
under the control of PEX genes and peroxisomal 
targeting signals (PJ'S). 

A. Biochemical reactions 
The electron micrograph (1) shows three per­
oxisomes in a rat liver cell. The dark striated 
structures within the organelles are urates, a 
result of an enzyme that oxidizes uric add. 
Peraxisomes have both catabolic (degrading) 
and anabolic (synthesizing) functions (2). Two 
biochemical reactions are especially important: 
a peraxisomal respiratory chain and the 
IJ-oxidation of very-long-chain fatty acids. In 
the peroxisomal respiratory chain (3), certain 
oxidases and catalases act ID~ther. Specific 
substrates of the oxidases are organic meta­
bolites of intennediary metabolism. Very­
long-chain fatty acids are broken down by ~­
oxidation ( 4) in a cyde with four enzymatic 
reactions. Energy production in peroxisomes is 
relatively inefficient compared with that of mito­
chondria. While free energy in mitochondria is 
mainly preserved in the fonn of ATP (adenosine 
triphosphate), in peroxisomes it is mostly mn­
verted into heat Peroxisomes are probably a 
very early adaption of living organisms to oxygen. 
(Photugraph from de Duve, 1984.) 

B. Peroxisomal diseases 
Six important examples of autosomal recessive 
peroxisomal diseases are listed, together with 
OMIM numbers. Patients with neonatal adreno­
leukodystrophy do not fonn sufficient amounts 
of plasmalogens and cannot adequately degrade 
phytanic add and pipecolic acid. 

C. Zellweger cerebrohepatorenal 
syndrome 
This is a group of13 reressive diseases resulting 
from mutations in PEX genes (see phenotypic 
series in OMIM 214100). It is recognized by a 
characteristic facial appearance (1-4), extreme 
muscle weakness (5), and several accompanying 
manifestations such as calcified stippling of the 
joints on radiographs (6), renal cysts (7, 8), and 
clouding of the lens and cornea. The severe fonn 
of the disease usually leads to death before the 
~of 1 year. (Photographs 1-5 from Passarge 
and McAdams, 1967.) 

Further Reading 
Crane DI et al PEX1 mutations In the Zellweger spec­

trum of the peroxlsome biogenelsls disorders. 
Hum Mutat 2005; 26: 167-175 

de Du~ C. A Guided Tour through the Llving Cell 
New York, NY: Scientific American Books, 1984 

Gould SJ, et al. The peroxisome biogenesis disorders. 
In: Scriver CR, et ill, eds. The Metabolic and Molec­
ular Bases of Inherited Dlseilse. 8th ed. New York, 
NY: McGmv-H!l~ 2001: 3181-3217 

Muntau AC, et ill Defective peroxisome membrane 
synthesis due to mutations in human PEX3 causes 
Zellweger syndrome, complementation group G. 
Am J Hum Genet 2000; 67(4): 967-975 

Passarge E, McAdams AJ. Cerebra-hepatD-renal syn­
drome. A newly recognized hereditary di$0rder of 
multiple congenital defects, lndudlng sudanophlllc 
leulmdystrophy, cirrhosis of the liver, and polycys­
tic kidneys.J Pediatr 1967; 71(5): 691-702 

Peroxisome Database. Available at http://www.per­
oxisomedb.org/. Accessed March 2017 

Shimozawa N, et ill A human gene responsible for 
Zellweger syndrome that all'ects peroxisome ilS­

sembly. Science 1992; 255(5048): 1132-1134 
Wanders RjA. Peroxisomal disorders. In: Rimoin DI. 

et al., eds. Emery and Rimoln's Prim:iples and Prac­
tice of Medical ~etics. 6th ed. Philadelphia, PA: 
Churdtill livingston~Elsevier, 2013 

Wanders RJA, Waterham HR. Biochemistry of mam­
malian peroxisomes revisited. Annu Rev Biochem 
2006; 75: 295-332 
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Components of the Immune System 
The immune system consists of an adaptive 
and an innate systrm. The adaptive immune 
systrm is a relatively Y!Jlllli evolutionary im­
mune response medloin:d by T and by B lym­
phocytes. Three key properties of the adaptive 
immune system, present In vertl!brates only, 
are: (1) a highly diverse repertDire of antigen 
receptors, (2) a memory function for antigens 
previously encountrred, and (3) immune toler­
ance to avoid unwarranted damage to the 
host's own cells. The innate immune system, 
originated from invertebrates, consists of 
ge:rmline-encoded proteins defending against 
pathogen-associated molecular patterns. It re­
acts nonspecifically when encountering a 
pathogen. Recently, it was shown that the in­
nate immune system also can build an immu­
nological memory. 
Three principal responses of the immune sys­
tem to invading foreign molecules are: (1) neu­
tralizing extracellular pathogens by antibodies, 
(2) destroying a cell that is Infected, and (3) 
killing bacteria directly by macrophages. 

A. Lymphatic organs 
The primary lymphoid tissues arc the thymus 
and bone marrow. Secondary lymphoid tissues 
are the lymph nodes, the spleen. and accessory 
lymphoid tissue (ALT) including tonsils and 
appendix. 

B. Lymphocytes 
The approximately 2 " 1 Oil lymphocytes in the 
human body are equal In mass to the brain or 
the liver. Their specific role In adaptive im­
munity was shown In the late 1950s by irradi­
ation experiments. A mouse irradiated above a 
certain dose was no longer able to mount an 
immune response. However, the adaptive im­
mune response could be restored by lympho­
cytes from a nonnal control mouse. 

C. T cells and B cells 
Two functionally different types of lymphocyte 
exist: T lymphocytes and B lymphocytes. Im­
mature T lymphocytes differentiate in the thy­
mus during embryonic and fl!IAll development 
(thus designated T celtsi B lymphocytes differ­
entiate in the bone marrow in mammals and in 
the bursa of Fabridus in birds (thus designated 
B cells i Further maturation and differentiation 

l<llce place in the lymph nodes (T cells) and in 
the spleen (B cells). 

D. c.elular and humoral Immune 
response 
The first phase of the immune response to an 
antigen (e.g., a bacterium, virus, fungus, or for­
eign protein) is rapid proliferation of B cells 
(humoral immune response). Mature B Cl!!ls de­
velop into plasma cells, which secretE effector 
molecules, the antibodies (immunoglobulins). 
These interact with the antigen by binding to it. 

E. lmmunoglobulln molecules 
The basic structural motif of an antibody mole­
cule (immunoglobulin, lg) is a Y-shaped protein 
composed of different polypeptide chains. A com­
mon type of lg has two heavy chains (H chains) 
and two light chains (L chains). Both chains con­
tlin regions with variable sequences and constmt 
sequences of amino adds. At. defined sites, the 
chains are held together by disulfide bonds. 

F. Antigen-antibody binding 
An antibody molecule is bivalent by having 
two identical antigen-binding sites at the end 
of each arm of the Y-shaped end. The structure 
that an antibody recognizes is an antigenic de­
tmninant or epitope. Here a foreign molecule. 
the antigen, is recognized and finnly bound to 
six hypervariilble regions (three from the light 
chain and three from the heavy chain). In the 
hypervariable regions, the amino add sequen­
ces differ from one molecule to the next. As a 
result, the antibodies can bind a wide spec­
trum of different antigenic molecules. 
(Figures adapted from Alberts et al~ 2015.) 

Further Reading 
Abbas AK, et al Cellular and Molecular Immunology. 

8th ed. Philadelphia, PA: Elsevier-Saunders, 2015 
Alberts B, et al. Molecub.r Biology of the Cell 6th ed. 

New York, NY: Gilrland Sdence, 2015 
Haynes Bf, et al. Introduction ID the immune system. 

In: lDngo DI., et al, eds. Harrisoo's Principles of 
Internal Medicine. 18th ed. Nrw York, NY: 
McGraw-Hill, 2012: 2650-2685 

Murphy K, et al. janeway's lmmunobiology. 8th ed. 
Nrw Yortc. NY: Gilrland Science, 2011. 

Netea MC, et al. 'IRined inununlty: A program of 
innilte immune memory in health and disNse. 
Sdmce 2016; 352(6284): aan098 

Parlwn P. l1te lmlilllne System. 4th ed. New Yortc. 
NY: Garland Science, 2014 
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lmmunoglobulln Molecules 
lmmunoglobulins are the effector molecules of 
the immune system. They exist in two basic 
forms: as membrane-bound cell surface recep­
tor molecules or as free antibodies, each in a 
vast array of variants. Each molecule has two 
binding sites for a foreign molecule (the anti­
gen). Each binding site contains regions that 
vary in their amino add sequence among indi­
vidual immunoglobulins. This enables each 
molecule to bind a foreign protein specifically 
to a particular epitope. A vast number of differ­
ent effector molecules provide spectacular di­
versity. Although they differ in detili.ls of their 
structure and function, they share a relatively 
simple basic pattern, which is derived from a 
common ancestral molecule during ewlution. 

A. lmmunoglobulin G (lgG) 
Immunoglobulin G is the prototype of secreted 
antibody molecules in humoral immunity. The 
molecule consists of two H chains and two L 
chains, held together by disulfide bonds. Each 
H chain has three constant regions (domains 
on. CH2, and CH3) and one variable region 
(VH) with a total of 440 amino acids (110 in 
the V region). Each L chain (214 amino acids) 
has one constant (Ci) and one variable (VL) do­
main, also with 110 amino adds. The variable 
regions of each chain contain the antigen-bind­
ing sites with three hypervariable regions called 
complementarity determining regions (CDRs), 
where the actual physical contact with foreign 
epitDpes takes place. A region called the hinge 
joins the constant region 1 (Ctit) and constant 
region 2 (Cti2) of the heavy chains. This allows 
considerable flexibility of the molecule. The 
two H chains, and the H and the L chains, are 
held together by interchain disulfide bonds ( -S 
-S-). Furthermore, there are intrachain disul­
fide bonds within each of the polypeptide 
chains. The L chains are of one of two types: 
kappa (K) or lambda (1.). 
Five classes of immunoglobulin exist: IgA, IgD, 
IgE, lgG, and lgM. They differ from each other 
in the constant part of their H chain (Ca. ~ C., 
Cy). The largest secreted immunoglobulin, lgM, 
exists as a pentamer of five lg molecules held 
together by disulfide bonds. The different 
types of H chains are referred to as isotypes. 

1Wo proteolytic enzymes deaw lg molecules 
into characteristic fragments (1). Papain deaves 
at the amino terminal disulfide bond (-S-S-) 
ID produce three pieces: two Fab fragments 
(fragment antigen binding) and one Fe fragment 
(fragment crystallizable). Pepsin deaves lg into 
one F(ab'}.z fragment with an intact disulfide 
bridge, and one Fe fragment (pFc'), and several 
small pi&eS. 

B. Structure of an lmmunoglobulln 
Three globular domains of similar size fonn 
the Y-shaped antibody molecule (immunoglo­
bulin, lg). The three regions, called domains, 
are connected by a flexible tether, called a 
hinge. The two heavy (H) chains are shown in 
yellow and grey, and the two light (L) chains 
in brown. The two antigen-binding sites are 
the two ends of the Y. (Figure adapted from 
Murphy et al., 2011 .) 

C. Genes encoding different 
polypeptides of an immunoglabulin 
Each immunoglobulin and receptor molecule is 
encoded by a different DNA sequence; these se­
quences belong to a multigene family. The genes 
for the H chain are located on chromosome 14 
at q32 in humans and chromosome 14 in mice. 
The genes for the K light chain are located on 
chromosome 2 at p12 in humans and chromo­
some 6 in mice. The genes for the 1t. light chain 
are loca!i!d on chromosome 22 at q11 in hu­
mans and on chromosome 16 in mice. 

Further Reading 
Abbas AK, et al Cellular and Molecular Immunology. 

8th ed. Philadelphia, PA: Elsevier-Saunders, 2015 
Alberts B, et al. Malerular Biology of the Cell 6th ed. 

New Yark, NY: Garland Science, 2015 
Delves (1, et al The immune system. First of two 

parts. N Englj Med2000; 343(1): 37-49, 108-117 
Haynes BF, et al. Introduction tD the immune system. 

In: Longo DI., et al, eds. Hmison's Principles of 
Internal Medicine. 18th ed. New Yark, NY: 
McGraw-Hi!~ 2012; 2650-2685 

Murphy K, et al. janeway's Immunobiology. 8th ed. 
London: Taylor a. Francis, 2011 

Nossa! GJ. The double helix and Immunology. Nature 
2003; 421(6921): 440-444 

Strominger JL ~lopmental biology ofT cdl recep­
tors. Science 1989; 244( 4907): 943-950 
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(;eneratfon of Antibody Diversity 
Different antibody molecules are generated in 
response to foreign molecules (antigens) by re­
aJTallglng DNA segments encoding different 
parts of each immune molecule. During differ­
entiation of B and T lymphocytes, different 
segments of genes present in the gennline are 
randomly selected and arranged in a new combi­
nation that is specific lbr each all and its prog­
eny. This generates a great diversity of cells, each 
expressing a different antigen-binding mo6ecule 
(approximately 1012 difii:rent molecules~ Each 
all expresses only one particuW type of rea:p­
tor. This is called allelic~ The main mech­
anism is somatic recombination during the dif­
ferentiation ofB Cl!l.ls and T a!lls. For each domain 
of an lg molecule, several selectable sequences 
are present in genomic DNA In lymphocyte 
DNA, these are combined in a variety of combi­
nations for each molecule. FUnctional genes are 
produced by gene rearrangements of different 
elements (V, D, J) from the germline DNA. For 
each element, several selectable sequences are 
present. These sequences are combined in a 
variety of combinations for each gene. encoding 
one of the polypeptide chains of the T a:ll or B 
cell receptor. In addition. somatic murations 
occur In the hypervariable regions. leading to 
further genetic diffi!l1!llces. 

A. Organization of immunoglobulln loci 
In the human genome 
Both B a!lls and T cells pass through a series of 
defined steps of differentiation to reach their 
final stage. During this process, somatic recom­
bination occurs within the gene lod encoding 
the two L chains and the H chain. The corre­
sponding loci consist of coding sequences for 
each of the fellowing segments: V (variable). 
J Uoining), and c (constant). For the H chain. 
there are in addition 25D (diversity) segments 
(Di!). The number of functional gene segments is 
approximarely 31N}. 40V., and 50VK. These gene 
segments are rearr.mgOO during B cell diffi!ren­
tiation as shown in B for the heavy (H) chain. 
The 4t genes form a large clusll!r spanning 200 
kb In the 3' direction from the j segments. Each 
segment has a leader or signal sequenCl! (L) for 
guiding the emerging polypeptides Into the 
lumen of the endoplasmic reticulum. (Figure 
adapted from Murphy et al, 2011.) 

B. Somatic recombination during 
differentiation of lymphocytes 
Here, the rearrangements by somatic recombi­
nation are shown for the locus of the immuno­
globulin H chain (1 ). The first rearrangement 
joins D and J segments in lymphocyte DNA 
(D-J joining, 2). The next rearrangement brings 
one of the VH senes tosether with the D-J seg­
ments joined previously, resulting in V- D-J 
joining (3~ The result is a transcription unit 
consisting of one VH. one Dti. one J, and one C 
gene arranged in this oroer in the 5' to 3' di­
rection (4). Each C segment consists of differ­
ent exons, corresponding to the domains of the 
comp I ell! C region and different isotypes (CA, 
(6), etc. The primary transcript is spliced to 
yield an mRNA consisting of one V, one D, 
one J, and one C segment (5). This is translated 
into a polypeptide corresponding to the com­
plete H chain (6i Following posttranslational 
modifications, such as glycosylation. the final 
H chain is produced (7). 
The result is an array of a!lls, each with a 
unique combination of molecules in the anti­
gen-binding site. This provides each molecule 
with an antigen-binding specificity that differs 
from that of all other cells. The L chains and the 
genes encoding the I-cell rea!ptor (seep. 304) 
are formed In a similar manner. In contrast to 
the H chains, the L chains have no diversity (D) 
genes, so that a J gene and a V gene are directly 
joined by somatic recombination during DNA 
rearrangement in the lymphocyta. (Figure 
adapted from Abbas et al~ 2015.) 

Further Reading 
Ab~ Af<, et al Cellular and Molecular bnmunology. 

8th ed. Phlladl!lphla, PA: Elsevier-Saunders, 2015 
Alberts B, et ~- Molecular Biology of the Cell 6th ed. 
N- York, NY: Garland Scien~. 2015 

Murphy K, et ~. janeway's lmmunobiology. 8th ed. 
London; Taylor 8o Francis, 2011 

Schwartz RS. Shattuck lecture: diversity of the im­
mune repertoire and lmmunoregulatlon. N Engl J 
Med 2003: 348(11): 1017-1026 
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lmmunoglobulln Gene 
Rearr.mgement 

The lymphocyte-specific rearrangement of 
codinJ DNA segments for immuno11obulins 
and T-cell receptors follows strict rules under 
the control of recombination-actiV'1ting genes 
(RAG1, OMIM 179615; RAG2, OMIM 179616). 
It must be assured that a V gene segment joins 
a D or j segment, and not another V segment. 
Conserved nonaxling DNA sequences located 
adjacent ID the point of recombination guide 
this process. The recombinations of V, D, and 
J segments are performed by lymphocyte­
specific DNA-modifying enzymes called V(DlJ 
recombinase. The lymphoid-specific genes 
RAG1 and RAG2 are expressed in pre-8 cells 
and immature T cells. The other enzymes in­
volved are DNA-modifying proteins required 
fur double-stranded DNA repair, DNA bending, 
and ligation of the ends of broken DNA. 

A. DNA recognition sequences 
The recognition sequences for the RAGt and 
RAG2 genes are noncoding, but highly ron­
served DNA segments of 7 bp (a CACAGTG 
heptamer) and a 9-bp nonamer (ACAAAAACC). 
Recombination takes place between segments 
located on the same chromosome. A gene seg­
ment flanked by a recombination signal se­
quence with a 12-bp spacer can only be joined 
to one flanked by a 23-bp spacer. This is referred 
to as the 12/23 rule. As a ronsequenoe, a D seg­
ment with a 12-bp spacer on both sides must be 
joined to a heavy chain j segment. U~se. a 
heavy chain V segment can be joined only to a D 
segment, but not to aj segment, because V andj 
segments are both flanked by 23-bp spacers. 
The RAC proteins induce DNA double breaks at 
the flanking sequences. Rejoining is mediated by 
DNA repair enzymes (see p. 80~ 
During fonnation of an H chain. nonhomolo­
gous pairing of the heptamer of a D segment 
and the heptamer of a J segment occurs. Lym­
phocyte-specific recombinase enzymes, RAG-1 
and RAG-2, recognize DNA sequences located 
at the 3' end of each V exon and the 5' end of 
each 1 exon. The RAG-1 and RAC-2 enzymes 
cleave both strands of DNA at the recognition 
sites. The RAG proteins align the recognition 
site sequences and the endonudease of the 
RAG complex cuts both strands of the DNA at 

the 5' end. This creates a DNA hairpin In the 
gene segment-roding region. The D and J seg­
ments are then joined (D-J joining) by means 
of rerombination: the spacer of 12 or 23 bp 
and all the intervening DNA form a loop. This 
loop is excised, and the D and J segments are 
joined by the nonhomologous end-joining ma­
chinery. By pairing and recombination of the 
recognition sequences at the 5' end of a D-j 
segment and the recognition sequence at the 
3' end of a V gene, a V segment ls joined ID the 
D-J segment. Diversity of T-cell receptors (see 
p. 304) is generated in the same manner. (Fig­
ure adapted from Abbas et al., 2015.) 

B. Antigen genetic diversity 
The total diversity, of approximately 101• pos­
sible combinations for all types of immunoglo­
bulins and T-cell receptor genes, is the result of 
different mechanisms. To begin with, different 
numbers of variable DNA segments are avail­
able for different chains (250-1,000 for the H 
chain. 250 for the L chains, 75 for the a chain 
of the T-cell receptor TCRa. etc.~ The different 
D and J segments also multiply the number of 
possible combinations. Finally, DNA sequence 
changes (somatic mutations) occur regularly 
In the hypervariable regions, further increasing 
the total number of possible combinations. 

Medical relevance 
Mutations in the RAG1 and RAG2 genes (OMIM 
179615/16) cause severe combined immune 
deficiency (SOD; OMIM 600802. see p. 310) 
as well as Omenn syndrome, which is caused 
by defective V(DlJ recombination. 

Further Reading 
Abbas AK. et al Cellular and Molecular Immunology. 

8th ed. Ph&delphla, PA: Elsevier-S.unders, 2015 
Agrawal A. et al. RAGl and RAG2 form a stable post­

demge synaptic complex with DNA containing 
signal ends In V(DlJ rm1mbination. Cdl 1997; 89 
(1): 43- 53 

Alberts B, et al. Molecular Biology or the cetL 6th ed. 
New Yorlc, NY: Ga~ Science, 2015 

Matthews ACW, et aL RAC2 PHD finger couples his­
tone H3 lysine 4 trirnethylation with V(DlJ recom­
bination. Nature 2007; 450(7172): 1106-1110 

OMIM (Online Mendelian lnMritancr of Man). Avail­
able at www.ncblnlm.nih.gov/omim 

Schwarz K. et al RAG mutations in human B cell­
negadve SOD. Sden~ 1996; 27-4(5284): 97- 99 
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T-c:ellReceptor 
T lymphocytes ~ a membrane-bound pro­
trin, the T cell receptor (TCR). The TCR enables 
T cells to recognize antigens displayed on the 
swface of a cell from their own body. The anti­
gens are small peptides derived from viruses or 
intracellular bacteria. They are presented to the 
TCR by the MHC dass I and dass II molecules 
(see next page). The genes encoding the a./P 
and 6 TCRs are arranged in germline DNA ac­
cording to the segments they encode, that is. 
variable segments (V), diversity (D), joining UJ. 
and constant regions (C). Gene .segments are 
rearranged during maturation in the thymus 
in the same manner as the genes encoding 
the immunoglobulins. 

A. T-cell receptor structure 
The T-cell receptor (TCR) resembles the Fab 
fragment of an immunoglobulin molecule. It 
is a heterodimer of one a. and one p polypep­
tide chain covalently linked by a disulfide 
bridge and produced as an integral membrane 
protein (1 ). The basic structure is similar to 
that of the cc:ll swface immunoglobulins. A 
subtype of TCR <D11sists of a y chain and a 6 
chain. The three-dimensional structure (2) re­
veals that the hypervariable regions CDRl, 
CDR2, and CDR3 can be aligned with antigen­
binding sites of the antibodies. Genomic DNA 
contains genes for 50 to 70 V segments, 2 D 
segments, 12 to 60 j segments, and 2 C seg­
ments. In a given T cell, only one of the two 
parental genes for a given Cl chain and p chain 
Is expressed (allelic exclusion). The P chain is 
the slightly larger chain. The V region of each 
chain consists of 102 to 109 amino acids and 
contains three hypervariable regions, as do the 
immunoglobulin molecules. Genes for T-cell 
receptor y and 6 chains exist in addition to 
those for a. and P chains. (Image in 2 adapll!d 
from Murphy et al., 2011.) 

B. Interaction of T-cell receptor and 
MHC 
The TCR intl!racts with an antigen-presenting 
cell carrying a major historompatibility romplex 
(MHC) molecule, either a human leulalcytl! anti­
gen (HIA) dass I or a dass II molecule (1 ). The 
three-dimensional structure (2) shows the tight 
<D11nection between the interacting molecules. 

T cells able to destroy an infected cell ( cytolytic T 
lymphocytl!S, Cl4 or "killer cells") rerognlze 
their antigl!n on MHC dass I molecules, while 
"helper cell" T cells specifically bind to MHC 
dass II molecules. CDS cells are restricted to 
MHC dass I molecules, and CD4 cells are re­
strietl!d to MHC dass II molecules. (Image In 2 
adaptl!d from Murphy et al., 2011.) 

C. Recognition of antigen and T-cell 
activation 
A few of the rmny molecules htvolved in T-cell 
activation are shown. CD4 and CDS molecules 
serve as restriction elements. By binding 
directly to the MHC class II molecule, CD4 sta­
bilizes the TCR interaction with the peptide 
antigen. CDS takes this role with cytolytic T 
lymphocytes (CTui, "killer cells") binding to 
MHC dass I molecules. Upon antigen recogni­
tion by the TCR, the associated CD3 complex Is 
phosphorylated. Complete T-cell activation re­
quires the engagement of costimulatory recep­
tors ( CD28, U:A-1) on T cells and their ligands 
(B-7 and ICAM-1) on antigen-presenting cells. 
This signal transduction activates the H.2 
(htterleukin 2) gene. Interleukin 2 is the main 
T-cell growth factor of T cells and is responsi­
ble for progression in the cell cycle from the Cl 
to the S phase. 

Medkal relevance 
The gp120 protein of the HN virus interacts 
with the second domain of CD4 cells.. 

Further Reading 
Abbas AK, et al Cellular and Mol~lar Immunology. 

8th ed. Phlladelphla, PA: Elsevil!r-Saun~rs. 2015 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Amadou c, et al lDcalizatlon of new genes and !Dill<­

m tD the distil part of the human m;iior hlstoa>m­
patibility am~ (MHC) regim and comparison 
with the mouse: new insights into the ewlution of 
mammalian gmornes. Gmomks 1995; 26(1 ): 9-20 

Fugger I. et al. The role of human major histoalm­
patlbility complex (HI.A) genes in disease. In: Saiv­
er CR. et al. eds. The Metabolic and Moleculir 
Bases of Inherited Disease. 8th ed. New York, NY: 
MtCraw-Hill, 2001 

Jiang H, et al. Reil!latlon of immune responses by 
T cells. N EnglJ Med 2006; 354(11): 116&-1176 

Murphy K, et al. janeway's Immunobiology. 8th ed. 
London: Taylor Iii Francis, 2011 
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The MHC Region 
The major histocompatibility complex (MHC, 
OMIM 613503), usually referred to as the 
human leukocyte antigen (HI.A) system 
(human leukocyte antigen), is a large chromo­
somal region containing more than 400 genes 
along nearly 4,000 kb (4 megabases, Mb) of 
DNA with the highest density of genes in the 
human genome (6per100 kb, average t). It is 
the most polymorphic region with up to 30 to 
60 alleles at many loci, with more than 400 
alleles at HIA-A. more than 700 at HlA-B, 
and more than 500 at HLA-DRB1. Each MHC 
molecule is composed of two polypeptide 
chains and is expressed on the swface of 
various cells. This can be demonstrated sero­
logically by a binding assay or by a cytotoxic 
cellular reaction in a mixed lymphocyte test. 

A. Cenomic Of'ganization cf the 
MHCcomplex 
In human, the MHC region is locared on the short 
arm «human duumosome 6 (6p2132); in the 
mouse. it is located on chronaome 17. The 
genes are grouped into three classes: I to Ill. 
Cass I and class 11 belong to the HIA system; in 
mice it is called the H2 system. Class I in humans 
consists of HIA-A. HIA-B, HIA-C. and se=-al 
other loci (HLA-E to HIA-J). Mouse dass I genes 
bm two groups: D and Lat the 3' end, and I< at 
the 5' end. Human dass D MHC molecules are 
grouped into DP. DQ and DR (in micr, they are 
I-A and 1-E; iettl!r I, not the roman nWDeRI). Class 
m includes genes that are not directly inYolVl!d in 
the immune sysll!m as wl!ll as genes involved in 
the immune response, such as tumor necrosis 
factor (TFN), and lymphotoxin. 

B. Ciene loci In the MHC 
The subgroups DP, DQ. and DR of the human 
class D HI.A loci, oriented toward the centro­
mere, are subdivided according to their rom­
pmition of a chains and II chains (some genes 
between OM and DO are not shown). The DR 
lorus contains three II chains, each of which 
can pair with the single a chain. Thus, three 
sets cf genes can produce four types of DR 
molecules. The class Ill loci, located between 
class I and class II, contain genes encoding 
complement factors C2 and C4 (C.cA, C4B), 
steroid 21-hydroxylase (CYP21B), and cyto-

kines (tumor necrosis factm; 1NFA; lymphotm­
in, LTA, LTB). Several other class Ill genes are 
located in the dass III region (not shown). The 
three-dimensional structure shows the tight 
arrangement of polypeptide chains of the 
MHC class II protein. (Image adapted from 
Murphy et aL, 2011.) 

C. Strudure of MHC molecules 
The MHC class I and class D molerules have 
distinct structures. Cass I molecules, HI.A-A. 
HLA-B, and HLA-C. consist of single mem­
brane-bound polypeptides, an a chain with 
three domains: at at the extracellular 
N-terminal, a2, and a3 (1 ). The a chain is non­
covalently bound to nonpclymorphlc 1!2-
microglobulln, which is encoded by a gene on 
human chromosome 15q13-q15 (OMJM 
109710). The three extracellular domains of 
the a chain have approximately 90 amino 
acids each. The al and a2 regions form the 
highly polymorphic peptide-binding region. 
The a3 domain and l!rmkroglobulin structur­
ally correspond to an immunoglobulinlike 
region. Cass II MHC molerules (2) have two 
polypeptide chains, a and j!, each with two 
domains, al and a2, and Ill and j!2; each has 
90 amino adds and a transmembrane region of 
25 amino adds. The peptide-binding regions 
at and j!l are highly polymorphic. The crystal­
line strucrures of the MHC molecules have 
revealed details of the binding mechanisms 
(3). (Figure adaptH from Bjorkman et al .. 
1987.) 

Medical relevance 
Certain allelic variants predispose to disorders 
associated with an altered immune response or 
immune deficiency. 

Further Reading 
Alberts B, et ill. MoleroLlr Biology of the Cell 6th eel. 

New York, NY: Galland Science, 2015 
Bjorkman P). et ill. Structutt ol the human class I 
histomm~llbllity an~ HU.-A2. Natu~ 1987; 
329(6139): 506- 512 

Murphy K, Tr2Vl!rs P, Walport M. janew:ly's Immunobi­
ology. 8th ed. New York: Taylor a. Francis, 2011 

Nepom GT. The major histocompatibillty CD111plex. 
In: Longo DI., et al, eds. Harrison's Principles of 
Intmlal Medicine. 18th ed. New York, NY: 
McGraw-Hill, 2012 

OMIM www.ncblnlm.nih.gov/omim 
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Evolution of the lmmunoglobulln 
Superfamily 
The structural similarity of most cell-cell or 
cell-antigen recognition molecules of the 
immune system suggests that they share a 
common evolutionary history, forming the im­
munoglobulin (lg) superfamily. A prominent 
functional feature is their ability to bind other 
molecules with high specificity. The common 
structural leitmotif is the Y-shaped lg struc­
ture. A prominent attribute of the Jg proteins 
is their ability to adhere directly ID another cell 
or a foreign protein through specialized cell 
membrane proteins known as the cell adhesion 
molecules (CAMs). This large family of mole­
cules is classified into four major families: the 
lg superfamily, cadherins, integrins, and selec­
tins. CAMs are usually built up in repeats of 
domains with different properties. The lg super­
furnily comprises a large group of molecules 
with globular domains. A gene superfurnily is a 
collection of genes of common evolutionary ori­
gin that arose by gene duplications and subse­
quently diverged into genes with new, different 
functions. 

A. Basic strudure of proteins of the 
immunoglobulin supergene filmily 

Characteristic structures shared by Igs are re­
peated domains, usually of approximately 70 to 
110 amino adds with variable (V) and constant 
(C) domains (1). Each lg domain is derived from 
conserved DNA sequences. The prototype, IgG, 
has three C domains in the heavy chain, one C 
domain in each of the two light chains, and a 
variable domain in each chain. The lg molecules 
of the T -cell receptors (TCRs) and the class I and 
class ll MHC molecules are basically similar. 
Although their genes are locat:l!d on different 
chromosomes, the gene products filrm func­
tional complexes with each other. Others, such 
as the V, D, and J gene segments of all antigen 
receptors and their genes for the C domain, form 
gene clusters. Genes of the MHC loci and for the 
two CD8 chains lie together. 
Accessory molecules such as CD2, CD3, CD4, 
CDS, and thymosin 1 (Thy-1) are members of 
this family with a relatively simple but similar 
structure (2). Other members of the lg super­
family are cell adhesion molecules, such as the 
Fe receptor ll (FcRII); the polyimmunoglobulin 

receptor (plgR). which transports antibodies 
through the membranes of epithelial cells; 
NCAM (neural cell adhesion molecules); and 
PDGFR (platelet-derived growth factor recep­
tnr, 3). (Figure adapted from Hunkapiller and 
Hood, 1989, and Alberts et al., 2008.) 

B. Evolution of genes of the 
immunoglobulin supergene family 

Distinct evolutionary relationships can be rec­
ognized by the homology of genes for lg-like 
molecules and their gene products. A precur­
sor gene for a variant (V) region and a constant 
( C) region must have arisen from a primordial 
cell by duplication, and then subsequently di­
verged into different cell surface receptor 
genes. Further duplication events have resulted 
in structurally related gene segments encoding 
proteins with repeated domain structures. At 
an early stage, rearrangements between differ­
ent gene segments occurred and became the 
standard for lgs, T-cell receptnrs, and COB. 
Other members of this superfamily evolved 
into cell adhesion molecules without somatic 
recombination, such as the thymosin {Iby-1) 
receptor or the poly-lg receptor. It is dear 
that somatic recombination of the genes for 
antigen-binding molecules has enormous evo­
lutionary advantilges. (Figure adapted from 
Hood et al, 1985.) 

Further Reading 
Abbas AK. et al Cellular and Molecular brunwiology. 

8th ed. Philadelphia, PA: Elsev:ier-Sawiders, 2015 
Albertll B, et al. Molecular Biology of the Cell 5th ed. 

New York, NY; Garland Science, 2008 
Hood I., et aL T cell antigen receptors and the immu­

noglobulin supergene t.unily. Cell 1985; 40(2): 
225-229 

H1Dlki1piller T, Hood I. Diversity of the immunoglobu­
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Primary Immunodeficiency Diseases 
Primill'Y immunodeficiency diseases comprise 
ii group of ilpproximiltely 200 genetic disorders 
resulting from mutations in approximately 150 
diffl!rent genes with a prevalence of approxi­
mately 1 in 20,000 individuals. They often 
result in severe, life-threatening diseases. 
Genetic immunodeficiency occurs either iso­
lated or as manifestations of a multisystem 
disease. Priffiill'Y immunodeficiency disorders 
involve adaptive and innate immunity. 

A. Hereditary lmmunodefldency 
diseases: overview 
This group of diseases can be classified accord­
ing to which branch of the immune system is 
prilllill'ily or solely involved. One group, severe 
combined immune deficiency (SOD, OMIM 
601457), results from ii genetic block of differ­
entiation of precursor cells before they differen­
tiate into B cells or T cells. Thus, both cell types 
are involved. It is a heterogeneous group of ge­
netic disorders resulting from various defects in 
both B-cell and T-<ell differentiation. 
X-linked agammaglobulinemia type Bruton 
(300300) was the first hereditary immune de­
ficiency described in 1952 by Ogden Bruton 
(see B). Here, the first developmental step of 
B-cell differentiation from pre-B to milture B 
cell is blockm by deficiency of Bruton tyrosine 
kinase (Btk) as a result of mutations in the BIK 
gcie on the X chromosome (Xq22.1 ~This gene is 
the key regulator of B-all development. The 
immunodeficiency results in failure of B lympho­
cytes to mature and fdilure of lg heavy chain 
rearrangements. OMIM 601495 lists other forms 
of agi111111li1globulinemia due to mutations in t O 
genes with a known molecular basis. 
Dysregulated later steps of differentiation lead 
to variable immune deficiency or isolated 
lg isotype (subclass) deficiencies. Several 
immune deficiency diseases involve T cells, 
such as T-cell receptor (TCR) signill transduc­
tion, V(DlJ recombination (mutations in RAG1 
and RAG2 genes; OMIM 179615/16), cytokine 
signal transduction, and apoptosis regulation. 
Several disorders involve T-cell activation and 
the function of one or both major subsets of T 
cells: CD4 or CDB. Predisposition to tumors of 
the lymphoid system and autoimmune dys­
function is relatively frequent in immunodefi­
ciency diseases. Effective therapy by bone 

marrow transplantation is possible in some of 
the diseases. 

B. Severe combined immune deficiency 
SOD is a heterogeneous group of disorders. The 
most common is X-linked SOD (OMIM 308380, 
300400). SODXl (300400) results from muta­
tions in the X-chromosomal gene II2RG on 
Xq13. t, encoding the y subunit of the interleu­
kin 2 receptor, gamma-c (IURy; 30838oi This 
subunit is shared with other interleukin recep­
tors. IURG is an atypicill member of the cyto­
kine ~ptor family. More than 200 different 
mutations have been remrded. (Figure adapted 
from Burmester and Pezzuto, 2003.) 

C. DiCeorge syndrome and deletion 
22q11 
DiGeorge syndrome (188400) is a combination 
of T-cell defi!cts associated with a highly vari­
able spectrum of congenital malformations 
involving absence of the thymus and other de­
rivatives of the embryonic third and fourth 
branchial arches. If the parathyroid glands are 
absent, neonatal hypocalcemia is immediately 
life threatening. In addition, abnormalities of 
the face may be present. DiGeorge syndrome 
is now considered part of an overlapping spec­
trum of disorders involving various-sized dele­
tions of 22q11 (microdeletion syndromes). 
This includes a previously remgnized distinct 
disorder, the velocardiofacial syndrome of 
Shprintzen (192430). Other examples of im­
mune deficiency diseases are listed in the Ap­
pendix, Table 12 p. 412. (Figure adapted from 
Burmester and Pezzuto, 2003.) 

Further Reading 
Belmont JW, Puck JM. T cell and rombi~ immuno­

deficiency dismders. In: Scriver CR, et al., eds. The 
Metabolic and Molecular Bases of Inherited DRilse. 
8th ed New York, NY: McGraw-Hill 2001: 4751-
4783 

Bunnester GR. Pezzuto A Color Atlas of brununology. 
Stuttgart: lbieml!, 2003 

Fischer A. Primary immune deficiency diseases. In: 
Longo DI. et al., eds. Harrison's Principles of Inter­
nal Medicine. 18th ed. New York, NY: McGraw-Hill, 
2012 

Notarangelo ID, et al. International Union of bnmu­
nological Societies Expert Committee on Primary 
Immunodeficiencies. Primary immunodeficiencies: 
2009 update. J Allergy ain lmmunoI 2009; 124(6): 
1161-1178 
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Genetic Causes of Cancer 
cancer is a heterogeneous group of approxi­
mately 200 different types of tumors. Each is 
characterized at the cellular level by unre­
strained proliferation of cells transformed to a 
malignant state. Multiple sequential mutations 
and genomic rearrangements in specific genes 
(cancer genes) follow an initial l!Vl!nt, as first 
suspected by Boveri in 1914. Cancer affi!cts one 
in every five individlli!ls Ol/l!T lifetime. A cancer 
cell breaks two rules imposed on all cells in a 
multicelluta.r organism: this cell and its daugh­
ter cells do not adhere to restrained cell division 
and they eventllillly invade and colonize other 
tissues. Cancer is classified aa:arding to the tis­
sue of origin: carcinoma from epithelial cells, 
sarcoma from ronnective tissue and muscle 
cells, /eulcmlia from hematopoietic cells, and 
lymphoma from lymphoid cells. In 85%, cancer 
occurs In single individuals due to somatic mu­
tations. In up to 15%, depending on the type of 
rells ilfli!cted, a predisposing mutation present 
in the germline represents a hereditary compo­
nent and may result in familial clustering. 

A. Multlstep clonal expansion of 
malignancy 
Starting usually from a single cell, a population 
of genetically altered cells acquires properties 
that confer a selective growth advantage over 
their normal neighbors. such a cell (1) may 
divide after passing an inhibitory barrier ( e.g~ 

cell cycle rontrol). A second change m;iy follow 
(2) and another selective barrier passed (3). 
Eventually, rumor progression ensues (4). Di­
viding cells are prone to errors In replication. 
If this ls not recognized and eliminated, it will 
be transmitted to daughter cells. Approxi­
mately 1016 cell divisions occur over an average 
human life time with an estimared rate of 
spontaneous mutations of 10.e per gene per 
cell division. Thus, age is an importmt contri­
buting factor to the causes of cancer. (Figure 
based on Nowell, 1976.) 

B. Four bask types of genetic alteratlon 
In tumor cells 
Tue genetic alterations affecting growth­
controlling genes can be classified into four 
major categories. (1) somatic mutation: in the 
example shown, a deletion of two adenines (A) 
in position 128 is present in the DNA sequence 

of ii growth-controlling gene, TGFBR2 (receptor 
type 2 of the transforming growth factor beta). 
In a colorectal cancer (CRC) cell line, this 
changes the codon AAG (lysine) to GCC (ala­
nine). followed by TGG (tryptophan) and a 
stop codon (TGA), resulting in a truncated pro­
tein. (2) lllciprocal chromosome trunslocation: 
the breakpoint of a translocation between a 
chromosome 1 and a chromosome 17 disrupts 
one or two genes as a cause of neuroblastoma 
(OMIM 256700) cell line. (3) Loss or gain of a 
chromosomt: a chromosome 3 and a chromo­
some 12 (yellow illTilWS) are lost in a clone of a 
colorectal cell line (SW837). (4) Amplification 
of chromosomal regions and the genes they 
carry: here the chromosomal region contilins 
the N-myc gene (OMIM 164840) shown in yel­
low. It occurs In 40% of childhood neuroblasto­
ma (OMIM 256700) and indicare.s a poor prog­
nosis. Amplifications were first viSllillized as 
homogeneously stained regions (HSRs) in 
1976. In addition, epigenetic changi:s or cata­
strophic chromosome breaking events ( chromo­
thripsis) have been observed (Stephens et al, 
2011, not shown~ (Data and figures adapted 
from Lengauer et al 1998.) 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New Yorlc, NY: Gilrlmd Science, 2015 
Aparicio s. Caldas c. The implications of donill ae­

nome evolution for cmcer medicine. N Ensl J 
Med 2013; 368{9): 842-351 

llolll!ri T. Zur Prage der Entstdnmg maligner Tumor­
ett. jena: c. Fischer, 1914 
H~ D, Weinberg RA ltllllllilrks of C<1J1Cer: the 

next generation. Cell 2011; 144(5): 646-674 
Lengauer C, et ill. Genetic instabilities in hwnm can­

cen. Nature 1998; 396(6712): 643-649 
Lodish H, et al. Moiccular Cell Biology. 8th ed. New 

Yorlc, NY: Freeman, 2016 
Morin i,, et al C.lncer genetics. In: Longo DI, et al, eds. 

Harri5on's Principles of Internal Medicine. 18th ed. 
New Yorlc, NY: McGraw-HW, 2012: 66H72 

Nowell PC. lbe clonal ewlution of tumoc all popu­
lations. Sciencr 1976; 194(4260): 23-28 

Stephens PJ, et al. Massive gmomic ~ment 
acquired in a sin&le catastrophic ~nt durinJ can­
cer development Cell 2011; 144(1): 27-40 

Vogelstein B, et ill. cancer genome landscapes. Sci­
ence 2013; 339(6127): 1546-1558 

Weinbe11 RA The Biology of Cancer. 2nd ed. New 
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Categories of cancer Genes 
Mutations in approximately 140 genes actively 
promote tumor development ("driver" muta­
tions). They are classified into three basic 
categories according to the effects of their 
mutations: oncogenes, tumor suppressor genes, 
and genome stability genes. 

A. Three categories of cancer genes 
The first dass is proto-oncogenes (1). Their mu­
tant fonns, called oncogenes, drive a cell to 
divide when it nonnally should not (gain-of­
function mutation). A single activating muta­
tion is the first step toward cancer (comparable 
to a stuck accelerator in a car). The semnd dass 
is tumor suppressor genes (2), which require 
two mutational events to induce tumor devel­
opment (comparable to a defective brake). The 
initial mutation predisposes the cell to become 
a cancer cell. The second mutation then inacti­
vates the other allele (loss-of-function muta­
tion) and results in loss of cell division control. 
Mutations in the third class of cancer genes (3), 
stllbllity genes, affect the stability of the ge­
nome by disrupting one of the various repair 
processes. 

B. Oncogene activation 
An oncogene positively influences tumor for­
mation following a mutation in one allele. 
Oncogenes serve in many signal pathways con­
trolling cell division. For example, the Ras 
genes HRAS, KRAS, and NRAS (OMIM 190020) 
encode a family of related cell-growth-control­
ling proteins. Ras proteins are G1Pase-binding 
proteins (GAP) functioning as switches, inactive 
when bound to GDP (guanosyldiphosphate) and 
active when bound to GTP (guanosyltriphos­
phate ~ Ras is activated by a receptor tyrosine 
kinase, which activates a guanine nucleotide 
exchange fuctor (GEF). Mutant fonns of Ras are 
hyperactive and do not respond to GAPs. 

C. Tumor suppressor genes 
A mutation in a tumor suppressor gene will 
only initiate tumor formation if both alleles 
have lost their normal function. Thus, two suc­
cessive mutational events are required within 
the same cell (1). The first event inactivates 
one allele, but does not result in a cellular 
tumor phenotype. However, it predisposes the 
cell to malignant transformation. Tilis occurs 

when the other allele is also inactivated by a 
mutation. Tumor suppressor genes can be as­
signed to two groups: gatekeepers and care­
takers. Gatekeeper genes directly inhibit 
tumor growth. Inactivation of caretaker genes 
leads to genetic instability, indirectly promot­
ing tumor growth. 
Loss of one allele in a somatic cell carrying a 
mutation in the other allele can be visualized 
by Southern blot analysis (2). Whereas somatic 
cells heterozygous at a marlrer lccus will give 
two signals, tumor cells which have one allele 
of the gene only will shaw one signal (loss of 
heterozygosity, LOH). LOH is a hallmark of a 
tumor suppressor gene. 
Mutations in tumor suppressor genes may be 
present in the zygote (by transmission or by 
new mutation) or occur in a somatic cell (3). 
A gennline mutation predisposes all cells to 
develop into tumor cells. A somatic mutation 
predisposes a single cell. Germline mutations 
are the basis for hereditary forms of cancer; 
somatic mutations are the basis for the non­
hereditary forms. A germline mutation occur­
ring after the initial division of the fertilized 
egg may result in a mosaic of mutated and 
normal cells. 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: Garland Science, 2015 
Bozic I, et al. Accumulation of driver and passenger 

mutations during tumor pro~ssion. Pree Natl 
Acad Sci US A 2010; 107(43): 18545-18550 

Hanahan D, Weinberg RA. Hallmarks of cancer: the 
next generation. Cell 2011; 144{5): 646-674 

Kinzler KW, Vogelstein B. Cancer-suscepnbility 
genes. Gatekeepers and caretalrers. Nature 1997; 
386(6627): 761-763, 763 

Lawrence MS, et al. Mutational heterogeneity in can­
cer and the seardt for new cancer-associated 
genei;. Nature 2013; 499(7457): 214-218 

Marin PJ, et al Cancer genetics. In: Longo DI. et al, edJ. 
Harrison's Principles of Internal Medicine. 18th ed. 
New Yorlc, NY: McGraw-Hill, 2012: 663~72 

lbkheim q, et al Evaluating the evaluation of cancer 
driver genes. Proc Natl Acad Sci U S A 2016; 113 
(SO); 14330-14335 

Vogelstein B, et al. The Genetic Basis of Human can­
cer. 2nd ed. New Yorlc, NY: McGraw-Hill, 2002 
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Watson IR, et al. Emerging patterns of somatic 
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cancer Cienomes 
More than 30 different tumor types from 11,000 
patients have been investigated by different 
methods including complete sequencing as 
recorded in Tue Cancer Genome Atlas. In partic­
ular, genomic analysis and massively parallel 
sequencing (p. 64) has provided Insight into the 
genome of cancer cells. More than 300 genes 
(cancer genes, 1 BX of the 21,000 protein-coding 
human genes) have been identified to date by the 
cancer Genome Project cemcer Gene census). A 
rinJ-shaped diagram. called ciiws plot. is used to 
display the pame of a cmar cell. 

A. Sequence of events from a nonnal 
cell to a cancer cell 
Age greatly influences the number of muta­
tions accumulating during life time. A normal 
cell accumulates mutations by an intrinsic 
process, influenced by lifestyle and environ­
ment E.arly dona! expansion of cells accumu­
lating mutations precedes the early stages of 
tumor development (mutator phenotype). Ap­
proximately 140 identified driver mutations as 
part of approximately 12 signaling pathways 
confer a growth advantage. Cell fate, cell sur­
vival, and genome maintenance are regulated 
in the interacting pathways (see Vogclstein 
et •L 2013). On aver;ige, a tumor growth is ini­
tiated by two to eight driver mutations. Addi­
tional mutations present do not confer growth 
advantage ("passenger" mutations). Subsequent 
stages involve the invasion of surrounding tis­
sues and metastasis. Resistance to chemother­
apy marks the final stages of a tumor. (Figure 
adapted from Stratton et al., 2009.) 

B. Clrcos plot 
A circos plot depicts the location of all mutltions 
and other changes in a cancer genome in a cir­
cular arri!Dglement. An outer circle shows the 
chromosomes schematK:ally. In ;i second circle 
on the inside, each mutation is indicated at the 
site of Its IOCi!tion with respect to each chromo­
some. A third drcle, IOCi!ted further inside, indi­
cates changes in DNA copy number, either an 
increase or a decrease of the normal ilffiount 
of DNA at each site. In the most Inner field. 
chromosomal rearrangements are shown: 
intrachromosoma.I rearrangements by a vertical 
line and interchromosomal rearrangements by a 

line connecting two chromosomes. Such a can­
cer genome is compared with the normal 
genome of an unaffected cell from the same in­
dividual. Genome sequences liom more than 
25.000 have been determined. (Figure adapted 
from Ledford, 2010, and Stratton et al, 2009.) 

C. <ienomlc profile of an 
adenocardnoma 
This plot illustrates the key features of the ge­
nome of an adenoarcinoma. Red lines indiate 
in~mo.somal structural variations; blue 
lines represent intrachromo.somal structural 
variations. This figure was created by using the 
circos program described by Krzywinski et al. in 
2009. (Image ad;ipted from Lee et al., 2010.) 

Further Reading 
Beroukhlm R. et ill. The landscape of somatic copy· 

number alteriltlon aaoss human C'1ncm. Nature 
2010; 463(7283): 899-905 
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Futre.11 PA. et al A c:ensw of human CilDCer genes. 
Nat Rev Ci1ncer 2004: -4(3): 177-183 
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Cell 2013 ; 153(1): 17-37 
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gers. Nature 2007; 446(7132): 145-146 
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NitUre 2010; 464(7291): 972-974 

Lee W, et al. 1be mutation spectrum ~led by 
paired genome sequences from a lung can= 
patient. Nature 2010; 465(7297): 473-477 
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Polak P, et al. Cell-of·orisin chromatin cqaniutlon 
shapes the mutational lanmape of can=. Niltll~ 
2015; 518(7539): 360-364 

Stephens Pj, et al. Complex landscapes of somatic 
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N;itu~ 2009; 462(7276): 1005-1010 

Striltton MR, et al The C'1ncer genome. Natu~ 2009; 
458(7239): 719-724 
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ena! 2013; 339(6127): 1546-1558 
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York, NY; Garland Science, 2013 
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The TP53 Tumor Suppressor Gene 
The TP53 tumor suppressor gene (191170) is ii 
centrill reguliltor of cell cycle control, DNA 
damage recognition and repair, ilpoptosis, ilnd 
other fundi!mental cellulilr functions (called 
"guardian of the genome• by D.P. Lane, one of 
its discoverers). It derived its mune from a 
53-kDa nudear phosphoprotein it encodes on 
the short arm of human chromosome 17 
(17p13.1). The p53 protein binds to specific 
DNA sequences and controls the expression of 
different regulillDr genes involved in cell divi­
sion illlll its control. SOnliltic mutations in the 
1P53 gene occur in more than 50% of all tumors. 

A. Function of the TPSJ 
Normally, the TP53 gene is inactive. This illlows 
the cell to proceed through mitosis (1 ). It is 
actiVilted in response to DNA damage and 
other cellular stress (2). If the subsequent 
DNA repair is successful, the cell may continue 
through mitosis. If cell cycle control is lost or 
repair fails, the cell undergoes ilpoptosis 
(p. 100). Mutated 1P53 results in dami!ged 
cells. This eventuillly leads to tumor foimiltion. 
(Figure adapted from Lane, 1992.) 

B. The human p53 protein 
The TP53 protein is transaibed from a gene 
spanning 20-kb DNA with 11 exons and 2 pro­
moters, translated from 2.8-kb mRNA It is a 
transcription factcr with five distinct domains 
that correspond ID its multiple functions. In un­
stressed normill cells, it is kept inactive by ubiq­
uitin ligase MDM2 (164785). The active form of 
the human p53 protein is a tetramer of four 
identicill subunits. They bind to promoters of 
severill tilrget genes. Normillly, p53 is extremely 
unstable because it is bound to ii protein MDM2 
(164785; its name is derived from mouse dou­
ble minute chromosomes in mouse Silllllmil). 
Phosphorylation at the MDM2-binding site dis­
places MDM2 and actiViltes p53. TP53 has se­
quence-specific DNA-binding sites and interacts 
with sevl!ral other proteins involved in DNA 
damage recognition and repair. Oncogenic mu­
tiltions in TP53 have a dominant-negative effect 
Most mutations are dustered in the conserved 
domains lltoV: codons 129to 146(exon4), 171 
ID 179 ( exon 5), 234 ID 260 ( exon 7), and 270 to 
287 ( exon 8). Six mutations are strikingly fre­
quent a replacement of conserved amino acids 

arginine (R) in positions 175, 248, 249, 273, and 
282, illlll glycine (G) in position 245. Mutiltions 
are missense, insertions, illlll deletions. The 
carboxyl end beyond amino acid 300 has a 
nonspecific DNA interaction domain and a tetra­
merization domain. p53 protein function is inhib­
ited by binding ID some virus proteins (papillomil 
virus protein E6, adenovirus protein E1b, SV40, 
illlll others~ Knockout mice develop nonnally, 
but devdop tumors at a high rilte. ActiVilted ben­
zopyrene induces mutations at codons 175, 248, 
illlll 275 in cultured bronchial epithelial cells. (Fig­
ure adapted from Lodish et al, 2016.) 

C. Cermline mutations of 1P53 
Germline mutations lead to cne of several fam­
ilial cancer syndromes. One form is the autosc­
mal dominant li-Fraumeni syndrome (OMIM 
151623) described in 1969 by li and Fraumeni 
in families with diverse types of tumors. The 
pedigree (1) shows four individuills (dark sym­
bols marked mt) with different types of tumor 
caused by a mutation as shown (R248W). This 
mutation is also present in individuills 1-1 and 
Ill-5; they have not developed tumors, but are 
at increased risk (data from Millkin et al., 
2016). The distribution of tumors (2) is wide, 
mainly involving soft-tissue sa.rcomils, but also 
early-onset breast cancer, brain cancers, cancer 
cf the bone ( osteosa.rcomil), and bone milrrow 
(leukemias), and carcinoma of the lung, pan­
creas, and adrenal cortex. li-Fraumeni syn­
drome can also be caused by mutations in the 
aIEK2 gene (609265) and I..FS3 gene (609266). 
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The APC Gene and Polyposls Coll 
The APC gene (611731) encodes a protein with 
rnajor functions in the WNT/~catenin signal 
pathway (p. 190), as well as in cell migration 
and adhesion, apoptosis, and others. Loss of 
function of the APC gene results in adenorna­
tous polyposis of the colon and, together with 
other mutations, subsequently leads to cancer 
progression. Mutant APC protein does not bind 
to j3-catenin. This induces transcription of sev­
eral growth-controlling genes, including the 
oncogene MYC (190080). Gennline mutations 
in the APC gene are the rnain cause of familial 
adenornatous polyposis of the colon. Cancer of 
the colon and rertum is the second leading 
cause of death from cancer. 

A. Familial adenomatous polyposis 
Familial adenornatous polyposis coli (FAP, 
175100) is an autosomal dominant hereditary 
disease. In late childhood and early adulthood, 
up to 1,000 and more polyps develop in the 
mucous membrane of the colon (1 ). In any 
polyp, an adenorna can develop (2). An adeno­
rna will develop into a carcinOlllil (3). (1 and 3 
kindly provided by U. Pfeifer, Bonn, G=ny; 
2 from Vogelstein et al., 2013.) 

B. Structure and function of the 
APCgene 
The APC gene (611731), located on human 
chromosome 5q22.2, has 8,538 bp in 15 
exons. It encodes a protein of 2,843 amino 
adds with several alternatively spliced forms. 
Exon 15 has an exceptionally long open read­
ing frame of 6,579 bp. Over 95% of mutations 
result in a nonfunctional truncated protein 
with variable loss of the C-tenninus resulting 
from nonsense mutations ( 40%), deletions 
( 41 %), insertions (12%), and splice site muta­
tions (7%). The site of the mutation influences 
the phenotypic manifestations. 

C. Diagnosis In FAP 
This example illustrates the formerly used in­
direct DNA analysis by haplotype analysis 
using polymorphic DNA marker loci flanking 
the APC locus (1) rather than directly analysis 
used now. Since two affected individuals (1-1 
and 11-3) share haplotype 6 to 8 at loci 05528 
and D5S346, this haplotype must carry the 

mutation. Individual 11-4 also inherited this 
haplotype and must be considered at risk of 
developing FAP. The protein truncation test 
(2) detects the abnonnal protein that migrates 
faster than the normal protein because of its 
srnaller size. (Data kindly supplied by W. 
Fried~ Bonn, Germany.) 

D. Tumor progression In stages 
Tumor formation progresses through several 
stages. After the first mutation has occurred 
in the APC gene, a second event may be loss 
of the normal allele (LOH) or a mutation in the 
second allele. Additional mutations in other 
growth-controlling genes are associated with 
increasing loss of differentiated cells in the gas­
troinll!stinal mucosa, formation of adenoma, 
polyps, and tumor development Apprmimately 
half of colorectal cancers have RAS mutations 
(603384). Other genes involved indude DCC 
(120470), '.11'53 (191170), SMAD4 (6009931 
SMAD2 (601366), and others. (figure adapted 
from Fearon and Vogelstein, 1990.) 
Hereditary nonpolyposis colorectal cancer 
(HNPCC, 120435) affects approximately 1 in 
200 to 1,000 individuals (3% of all colorectal 
cancers). It results from gennline mutation in 
one of the DNA-mismatch repair genes hMSH1, 
hMIR2, hPMS1, or hPMS2, or a related gene. 
Microsatellite instability is an important fea­
ture of HNPCC. 
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Breast and Ovarian cancer 
Susceptibility Genes 
Two major genes and more than 20 others con­
fer susceptibility to breast and ovarian cancer 
when mutated. The identification of two breast 
cancer-reliltedgenesBRCAl andBRCA2in 1994 
was a major discovery. Both genes encode mul­
tifunctional proteins with important roles in 
genomic stability and DNA repair (see p. 80). 
They interact with other proll!ins and partid­
pall! in cell cycle control (see p. 90). In addition 
to the usual somatic mutations, germline mu­
tations are the basis for familial occurrence in 
approximall!ly 1 o to 15%. The causative role of 
a particular sequence change may be difficult 
to assess in a given individual In addition, pol­
ymorphic sequence variants are common. Mu­
tations in approximately 90 other cancer genes 
are involved, in particular in DNA double­
strand break repair pathways such as A1M, 
Ara, CHEK2, RAD51C, RADSO, A1M, BRIP1, and 
H4LB2 (Nik-Zainal et al~ 2016). 

A. The breast cancer susceptibility gene 
BRCA1 
The BRCA1 gene (113705, 604370) on chromo­
some 17 ilt q2131 accounts for 20 to 30% of 
inherited, autosomal dominant forms of breast 
cancer. In 24 exons spanning 8 kb of genomic 
DNA, it encodes an mRNA transcript of 7.8 kb. 
somatic mutiltions in breast tissue and gennline 
mutations observed in unrelated patients are 
evenly distributed throughout the gene (red ar­
rows). A deletion of an adenine (A) and a gua­
nine (G) in nucleotide position 185 (185de!AG) 
and an insertion of a cytosine in position 5382 
(5382insC) are the most frequent mutations, 
each accounting for approximately 10% of muta­
tions. These mutations are particularly frequent 
in Ashlcl!nazi Jewish population. 
The protein with 1,863 amino adds has distinct 
functional domains: (BRCAt-a.ssodilted RING 
domain 11 three protein-binding domains that 
interact with the TP53 protein, the DNA recom­
binatuion protein RAD51 (a human homolog of 
the bacterial RecA protein), and an RNA helicase. 
RAD50 (604040) and RAD51 (179617) proll!ins 
are essential for repair of double-strand DNA 
breaks. The C-terminus contains a region in­
volved in transcriptional activation and DNA re­
pair. Two nuclear localization signals (NIS) are 

present at amino add positions 500 to 508 and 
609 to 615. 

B. The breast cancer susceptibility gene 
BRCA2 
Mutations in the BRCA2 gene (600185) at 
13q123 occur throughout the gene. A deletion 
of thymine ilt nucleotide position 6174 
(6174de!T} is relatively frequent (1%) in the Ash­
kenazi Jewish population. The BRCA2 protein 
also has distinct functional domains. A large 
central domain consists of eight copies of a 
repeat of 30 to 80 amino adds. Four of these 
interact with the RAD51 protein. BRCA2 is iden­
tical to FANCDl, a gene in the Fanconi anemia 
pathwily (p. 330). (Figures redrawn from Couch 
and Weber, 2002, and Welcsh et al., 2000.) 

C. BRCA1-mediated effect on 1P53 
BRCA 1 fimctions as a coactivator of transcription 
of several genes. Particularly important is the in­
teraction with the TP53 proll!in (p. 318) in induc­
ing apoptosis in damaged cells. Eukazyotic cells 
have two pathways to deal with double-stranded 
DNA breaks: nonhomologous end-joining and 
homologous recombination (HR; the mechanism 
used for recombination during meiosis, seep. 94). 
BRCA 1 is amnecll!d to HR. (Figure redrawn from 
Hohenstein and Giles, 2003.) 
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Oncogenk Clvomosome 
Translocations 
Genes with a control function in cell division 
are a ccmmon Ciluse of leukemias and lympho­
mas. A reciprocal transloCiltion involving two 
such genes leads to a fusion of parts of the 
genes. As a result, a new protein consisting of 
fragments of two proteins with altered dis­
ease-causing functions is formed. A common 
example is chronk myeloid leukemia (CML~ 
Several other oncogenic translocations are 
listed in the Appendix in Table 13, p. 413. 

A. Principal features of CML 
CML (608232) usually begins in adults with a 
greatly increased number of myelocytes (white 
blood cells, stained blue) in the bone marrow 
and peripheral blood (1 ). Its hallmark is a char­
acteristic chromosome abnormality in myeloid 
cells, the Philadelphia chromosome (Ph 1 ~ a re­
ciprocal translocation between a chromosome 
9 and a chromosome 22 (2. arrows~ (Images by 
Dr. A Schneider, Essen.) 

B. Ph1 transl«Kill:ion 
The Phi chromosome was recognized as the 
first specific chromosome aberration associ­
ated with a leukemia by Nowell and Hunger­
ford in Philadelphia in 1960 and 1973 by Janet 
D. Rowley in Chicago. The breakpoints of the 
reciprocal translocation (1, small arrows) dis­
rupt two genes on chromosomes 22 and 9 (2). 
Approximately half of the long arm of a chro­
mosome 22 ls transloCilted to the long arm of a 
chromosome 9, and a wry small part of the 
distal long arm of a chromosome 9 ls trans­
located to a chromosome 22, but this is not 
visible by light microscopy. 

C. Fusion of two genes: BCR and ABl 
The breakpoints of the translocation are in the 
BCR gene 151410) on chromosome 22qll.21 
and the ABL gene (189980) on chromosome 
9q34.12. As a result, the chromosome parts car­
rying these two genes are fused (151410~ In the 
BC1l gene, the breakpoints duster to a small re­
gion of 5.8 kb (break!>oint duster region, BCR) in 
exons 10 to 12 of this gene, and to a larger re­
gion of180 kb between exons la and lb in the 
MIL gene. In contrast, in a different type of leu­
kemia, arute Ph 1-pmitive leukemia (e.g., acute 

lymphocytic leukemia, AIL) the breakpoints are 
localized in the 5' direction in exons 1 or 2. 

D. The BCR/ABL fusion protein 

The ABL gene enrodes a tyrosine kinase with 
functions in cellular growth rontrols. It is tran­
scribed into two altematiw mRNA transcripts of 
7 kb (exon lb, 2- 11) and 6 kb (exon ta, 2-11) 
length (1), and translated into a 14!>-kDa protein 
called p145a1>1 (2). The fused genes are tran­
scribed into an mRNA transcript of 85 kb (3~ 
The fusion proa:in (4) is a 210-kDa prol'ein 
(p21Qlla/o61) that has an inappropria~y ;ictive 

ABL kinase domain As a result, hematopoietic 
alls in the bone marrow may prolii!rate exces­
sively requiring therapy. A small molecule, 
STI571 (5), a tyrosine inhibitor, precisely fits 
into the fusion proll!in and abolishes its abnor­
mal function (&~ It Is used for therapy in CMI. 
under the name Gleevec along with other small 
molecules serving as tyrosine inhibitors exist. 
Resistance to these roiq>Ounds may develop as 
;i result of new mutiltions in the BCJl/IJJL fusion 
gene. ( 6, adapted from Schindler et al., 2000.) 
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Retlnoblastoma 
Retinoblastoma (180200) is the most frequent 
malignant tumor of the eye in infancy and 
early childhood, with an incidence of approxi­
mately 1 in 15,000 to 25,000 live births. It re­
sults from loss of function of both alleles of the 
retinoblastoDlil gene RBI (614041) in undiffer­
entiated cells (retinoblasts) in the retina RBI is 
the first tumor suppressor gene, identified in 
1986. Thus, two inactivating events are required 
for tumor initiation, as predicted by A. Knudson 
in 1971 (two-hit hypothesis). The first mutation 
predisposes the cell to dew:lop a tumor, and the 
serond initiates tumor fofOliltion 

A. Phenotype 
Retinoblastoma (Rb) may occur in one or both 
eyes. An early sign is a white shimmer, called 
"Git's eye" (1 ). and/or rapidly df'lleloping strabis­
mus. One or several tumors ( unifocal or multi­
focal, respectively) may be pn!Sent in the retina 
of an aftected eye (2) and progress rapidly (3). 
Early diagnosis and therapy are essential. In 
some families, carriers of an onrogenic nNtation 
do not develop tumors (nonpenetrance). This 
low-penetrance phenotype is associated with 
specific RBI mutitions. Milder phenotypic ex­
pression is also observed when the mutation is 
present in only a proportion of genn cells (muta­
tional mosaidsm). (Images rourtesy of D. 
l.Dhmann and the late W. H!lpping, Essen.) 

B. Retinoblastoma locus 
The RBI locus at 13q14.2 was first identified 
by microscopically visible interstitial deletions. 
Approximately 60% of patients have somatic 
mutations {nonhereditary Rb) and usually de­
velop unilateral originating from one site (uni­
fucal Rb). Approximately 40% of patients are 
heterozygous for an RB1 mutation that is either 
transmitted from one parent as an autosomal 
dominant trait (10-15%) or is the result of a 
new mutation, usually in the paternal allele 
(approximately 10:1). 

C. Rli!!tinoblastoma gene RB1 and 
its protein 
The RBJ gene is organized into 27 exons of 
diffi!rent sizes {31-1,889 bp) spanning 200-kb 
genomic DNA (1). It is ubiquitously expressed 
and transcribed into mRNA of 4.7 kb (2). The 

gene product (pRB protein), a 100-kDa phos­
phoprotein with 928 amino adds (3), has im­
portant functions in the regulation of the cell 
cycle (p. 90). It is activated by phosphorylation 
at approximately 12 distinct serine and threo­
nine residues (P) during cell cycle progression 
from Go to G1. Three functional domains, A. B, 
and C. bind in a cell-cycle-<lependent fashion to 
transcription factors of other genes. A nuclear 
localization signal (NLS) is located at the C­
rerminus. Kanber et al in 2009 showed that 
the RBI gl!ne is imprinted. 

D. Diagnostic prtnclples 
In approximarely 3-5% of patients, an interstitial 
deletion of 13q14oralarger13q area is visible 
by chromosomal analysis (1). usually associated 
with signs of developmental delay. Formerly in­
direct DNA diagnosis using intragenic DNA 
markers is now replaced by direct gene analysis. 
In this example, intragenic haplotype analysis 
(2) of an affected girl (11-1) reveals that in 
tumor a:lls the paternal haplotype (a -3332) 
only was present due to loss of heterozygosity, 
LOH) and carried the mutation. An example of 
direct DNA analysis in familial Rb {3) prior to 
sequencing analysis available today demon­
strares a germline mutation in blood cells ( 4). 
Two affected individuals (1-2 and 11-2) carry a 
disease-related mutation (a cytosine to thymine 
in codon 575). This changed a CAA glutamine 
(Q) to a TAA stop codon (X). (Photographs cour­
tesy of W. HOpping and D. l.Dhmann, Essen, 
Germany.) 

Further Reading 
Dommering CJ, et al. RBI mutation spectrum in a 

comprehensive nationwide cohort of retinoblasto­
ma patient3. J Med Genet 2014; 51(6): 366-374 

EloY P, et al A parent-of-origin effect lmpaas the 
phenotype in low penetrance retinoblastcma fam­
ilies. PI.oS Genet 2016: e1005888 

Kanber D, et al The hwnan retinoblastoma gene is 
imprinted. PLoS Genet 2009; 5(12): e1000790 

Lohmann DR, Gallie BL Retinobla.st:oma: revisiting 
the model prototype of inherited cancer. Am J 
Med Genet 2004; 129C: 23-28 

Retinoblastnma Eye Canrer Network. Available at: 
http:/fwww.eyecancer.mm/ (Acressed 4 Seprember 
2017~ 

Zhang J, et al A novel retinoblastoma therapy from 
genomic and epigenetic analyses. Nature 2012; 
481(7381 ): 329-334 
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Neuroftbromatosls 
The neurofibromatoses arc a group of dinically 
and genetically different autosomal dominant 
dl!eases that predispose to benign and 
malignant tumors of the nervous system. 
Most common among others are neurofibro­
matosls 1 (NFl,162200) and neurofibromatosis 
2 (NF2,607379). 

A. Main mantfestadons of 
neuroflbromiltosfs 1 

NFl. also called von Recklinghausen disease, 
affects 1 in 3,000 individuals with highly vari­
able manifestations. Characteristic are Usch 
nodules of the iris (1) in more than 90% of 
patients, ate-au-lait spots (2) (more than five 
spots of more than 2-an diameter are consid­
ered diagnostic) in more than 95% of patients, 
and multiple neurofibromas (3) In more than 
901 of patients, usually apparent between the 
ages of 4 and 15 years. Approximately 2 to 3% 
of patients devielop a neurotibrosarcoma or 
other malignancies. The NF1 phenotype may 
overlap with Noonan syndrome (601321 ). 

B. The NF1 gene 
The neurofibromin gene (NFt, 613113) is large, 
spanning 350-kb genomic DNA. and organized 
into at least 59 exons. It is a tumor suppressor 
~ loCilliml on human duomosome 17 at 
q112. The gene WilS isobted in 1990 from a 
~ NruJ restriction fragment by positional 
cloning. Two patients with a translocatlon involv­
ing the lo~ arm of chromosome 17 with break­
points at 17q112 and CpG islands provided an­
chor points. Three unrelated genes, OMGP 
(1643451 EVl2B (1583811 and EV12A (1583801 
are located within an intron of NF1, but in the 
opposite DNA strand. The types of NF1 mutations 
are deletions, insertions, base substitutions, and 
splioe mutations. NF1 bas one of the highest mu­
tition rates, with a new mutation in ilppl'CO!i­
matdy sm; of patients. l'lllnerous NFJ pseudo­
genes are present in the human genome. 

C. NF1 gene product, neuroflbromin-1 
The gene product, neurofibromin-1, is a multi­
domain cytoplasmic: protein, which regulates 
several lntrac:ellular sign.al processes, Including 
the RAS/MAPK pathway (p. 252). The human 
neurofibromin is a protein of 2,818 amino 
acids. It is transaibed from multiple altema-

tivl!ly spliced transcripts and expressed in 
many tissues. A region of GAP homology with 
a gene product in yeast (Saa:haromyces ctrevi­
siae), IRAl (inhibitor of RAS mutants), is lo­
cated between amino adds 840 and 1.200. 
(Figure adapted from Xu et al~ 1990.) 

D. Neuroflbromiltosls 2 gene, NF2 

Neurofibromatosis 2 (101000) is characterized 
by multiple tumors of the eighth cranial nerve, 
mainly meningioma, often bilateral. with an in­
ddenc:e of 1 in 25,000. The NF2 gene (6073791 
loc:alized on human c:hromosome 22 ;it q12.2, is 
organized into 17 constitutive exons and one 
alternatively spliced emn, spanning approxl­
marely 1 to kb of genomic: DNA. The widely ex­
pressed gene product, neurofibromin-2 (also 
called sc:hwannomin or merlin), regulates 
c:ell proliferation, c:ell-cell adhesion, transmem­
brane signaling. and other functions. It Is a 
member of the band 4.1 cytoskeleton-associated 
protein superfalnily (seep. 334) called the ERM 
family (induding ezrin. radixin, moesin, and 
several protein tyrosine phosphatases). The 
gene was identified within a msmid c:ontig of 
YA!:. (yeast artlfic:ial chroIDOsome) clones. Two 
deletions (Del 1 and Del 2) in unrelated patients 
Wl!re useful In the process of finding the gene. 
Mutttions c:an be detected in more than sm: of 
patients (large deletions, including the entire 
gene or several exons, and small deletions are 
frequent). (Figure adapted from Rouleau et al. 
1993.) 
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2009; 373(9679): 1974-1986 
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D.: Charles C Thomas, 1956 

Huson SM. et al The Neurofibromatoses. In: Rlmoin 
DI., et ;al, eds. Emeiy and Rimoin's Principles and 
Practitt or Medical Genetics. 6th ed. New Yorlc, NY: 
Elsevier, 2013 

Jett IC, et al. Oinical and genetic aspectS or neurofi­
bromiltosis 1. Genet Med 2010; 12(1): 1-11 

Riccardi VM, et al Neurofibromatosis. Phenotype, 
Nillural History and Pathogenesis. 2nd ed. Balti­
more, MD: johns Hopkins University Press, 1992 

Rouleau GA et al Alteration in a new gmf! enaxiirlg a 
putatM membrane-orpniz proCrin causes llN'D­

fibmmatosis type2.Na~ 1993; 363 (6329): 515-521 
Xu CF, et al. The neurofibromatosis type t gene enc-
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Genomic lnstablllty Diseases 
Genomic instability diseases are a group of dif­
ferent disorders thilt share an increi!sed risk to 
lllillignant twnors and a cellular phenotype 
consisrent with genomic instability. Mutations 
in their genes result in different defects of 
DNA dillllilge recognition and repair. AtlXia­
tEiangiectilsiil, Fa.nconi anemia, and Bloom 
syndrome are important examples. Different 
patrerns of chromosomal breaks and rearrange­
ments are visible by light microscopy of meta­
phase cells. 

A. Ataxla-telanglectasla (AT) 
AT (208900) is a variable autosomal recessive 
disease resulting from mutations in the ATM 
gene at (607585) at 11 q22.3 with an incidence 
ofl :40,000. The lllilin manifestations, which de­
Vl!lop in early childhood, are cerebellilr ataxia, 
immune defects, and characteristic telangiecta­
sias of the conjunctivae (1). Aftected individllills 
are highly sensitive to irradiation and are prone 
to lymphomas and leukemias. The ATM gene has 
66 exons spanning 150-kb genomic DNA. The 
ATM protein consists of 3,056 amino acids and 
is a member of the phosphiltidylinositol 3-
protein kinase family thilt respond to DNA dam­
age (PIIC3, 601232).AlM is activatl!d in response 
to double-strand DNA breaks. It has a central 
role in a network of proteins that regulilte 
cellulilr responses to DNA damage and recombi­
nation (2). Heterozygotes also are predisposed 
to tumors. Mutations in a functionally relatl!d 
gene result in the Nijmegen breakage syndrome 
(NBSl,251260). 

B. Fanconl anemia (FA) 
FA (227650) is a genetically highly heterogene­
ous group of 19 subtypes (see Appendix, Table 
14, p. 413). It manifests in early childhood as 
pancytopenia, growth deficiency (1). hypoplas­
tic radius ofu!n with hypoplastic or absent 
thumbs (2), and other malformations. The sub­
types are assigned to 19 complementation 
groups named FANCA, B, C, D2, E, F, G, I, J, I., M, 
N, 0, P, Q. R, T, U, and V (see phenotypic series in 
OMIM 227650). Seven proteins FANCA, -B, -C, 
-E, -F. -G, and L !Orm a nuclear core complex as 
part of an FA/BRCA pathway. They act in re­
sponse to DNA damage and in cooperation 
with several other proteins (3, TP53, ATM, 
BRCAl, BRCA2, NBSl, BLM, RAD50/51). FANCB 
is the only X-chromosomal (Xp222); all others 

are autnsomal. FANCD2 with a central role is 
activated by addition on an ubiquitin (Ub) in 
response to DNA damage. The most prevalent 
mutation is FANCA, in approximately 65% of pa­
tients. FA cells are hypersensitive to DNA cross­
linking agents, such as diepoxybutane (DEB). 
FANCD1 and BRCJ\2 are identical (3, adapted 
from Schindler and Hoehn. 2007.) 

C. Bloom syndrome (BLM) 

BIM (210900) is a prenatal and postnatal 
growth deficiency disorder (birth weight 2,000 
g, birth length 40 cm, adult height approxi­
marely 150 an) with ii distinct phenotype (1): 
narrow face, sunlight-induced facial erythema, 
variable immune deficiency, and a greatly in­
creased risk of difti!rent malignancies (approxi­
mately one in five patients). Chemotherapy is 
very poorly tolerated. The diagnostic hallmark 
is a 10-fold increase in the spontaneous rate of 
sister chromatid exchilnges (2, 3). BIM results 
from autnsomal recessive mutations in the 
RECQJ.3 gene (604610) ilt 15q26.1, encoding a 
member of the RecQ family of DNA helicases. 
The mutations are mainly protein-truncating 
nonsense mutations, and they are distributl!d 
fairly evenly along the gene ( 4 ), but some mis­
sense mutations occur. A founder mutation oc­
curs in populiltions of Ashkenazi Jewish origin: a 
6-bp deletion/7-bp insertion at nucleotide 2281. 
(Figure in 4. courtesy of NA. Ellis and J. German, 
New York.) 
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ataxia-tElangiectasia. Accessed March 22, 2017 
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Huang Y, et al. Modularized functions of the Fanconi 
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1849-1857 

Kim H, et al. Regulation of DNA cross-link repair by 
the Fanami anemla/BRCA pathway. Genes Dev 
2012; 26(13): 1393-1408 

Sanz MM, et al. Bloom's syndrome. March 22, 2006 
!updated 2016]. In: Gen~ews•. Availilble at: 
www.ncblnlm.nih.govfbooks/NBK1116/. Accessed 
March 22, 2017 
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DNA Excision Repair Disorders 
Nucleotide excision repair (NER) is a Iniljor 
form of DNA repair (see p. 80). Three lllilin 
exmiples of this genetically heterogeneous 
group of disorders are presented here: xero­
dermil pigmentosum, Cockayne syndrome, 
i!Dd trichothiodystrophy. 

A. Xeroderma plgmentosum (XP) 
The leading signs of XP (278700) are dry and 
pigmented skin in ultraviolet light (UV)­
exposed regions of the skin (1,2), from which 
the Dilffie was derived, when it was first de­
scribed by F. von Hebra i!Dd M. Kaposi in 1874. 
Unexposed areas are not affected. Thus, it is 
important to proll!ct patients from UV lighL 
An especially important feature is the tendency 
for multiple skin tumors to develop in the ex­
posed areas (3). These InilY occur as early as 
childhood or early adolescence. The types of 
tumors are the same as those occurring in 
healthy individuals after prolonged UV expo­
sure. The basic defect is DNA excision repair 
deficiency, as first shown by Qeaver in 1968 
due to mutations in the XPA gene (611153). 
The causes are mainly autosomal recessive mu­
tations in genes at several loci encoding one of 
the several excision repair proteins: XPA. -8, 
-C. -D, -E, -F, -G, or XPV. These genes are highly 
conserved in bacteria, yeast, and Inilmmals. 

B. Cellular phenotype of XP 
The UV sensitivity is evident in cultured fibro­
blast cells. When exposed to UV light, XP cells 
show a distinct dose-dependent decrease in sur­
vival rate compared with norinill cells (1). When 
cultured in the presence of 3H-thymidine and 
exposed to UV light, an autoradiograph (a film 
that, placed on the cells) develops black dots at 
sites where radiolabeled thymine has been in­
mrporated during DNA synthesis. XP cells show 
few dots over the nucleus of repair-deficient XP 
cells, here XP-D i1Dd XP-A (:Z). HDWl!Vl!r, if XP 
cells with dilferent defects are fused they can 
mrrect each other (as in the heterokaryon 
XPA/XPD). This established the existence of dif­
ferent types ofXP, assigned to complementation 
groups based on their ability to complement 
(correct) each other. (Photograph courtesy of 
Bootsinil i!Dd Hoeijmalcers, 1991.) 

C. Cockayne syndrome (CS) 
The leading signs of cs (216400) are delayed 
development with cachectic, progeroid ap­
pearance (1), cutaneous photosensitivity and 
atrophy (2), and manifestations in other organ 
systems. Two types of CS can be distinguished, 
type A and B, caused by different genes at 
5q12.1 (609412) and lOqtl.23 (133540), 
respectively. In addition CS overlaps with XPG 
(XPG/CS (278780/133530). (Images obtained 
from Google in 2012.) 

D. Trichothiodystrophy 
This heterogeneous group consists of six genet­
ically different members (601675) at five auto­
somal i!Dd one X-<hromosomal loci (Xq24, 
300953) with photosensitive i!Dd a nonphoto­
sensitive forms. lchthyotic skin (1) associated 
with developmental delay and sulfur-deficient 
brittle hair (2) and nails are the phenotypic hall­
mark of this group. Other abnormal hair struc­
tures are apparent by different methods of light 
microscopy (3-5), such as trichoschisis and tri­
chorrhexis nodosalilcl! fractures. (Figure modi­
fied from Liang et al., 2006.) 

Further Reading 
Boulton SJ. DNA repair: Decision at the break point. 

Nature 2010; 465(7296): 301-302 
Bootsma D, Hoeijmakers JH. The genetic basis of xe­

roderma pigmentosum. Ann Genet 1991; 34(3-4): 
143-150 

Cleaver JE. Defective repair replication of DNA in xe­
roderma pigmentosum. Nature 1968; 218(5142): 
652-656 

Cleaver JE, et al. A summary of mutations in the W­
sensitive disorders: xeroderma pigmentosum. 
Cockayne syndrome, and trichothiodysttophy. 
Hum Mutat 1999; 14(1): 9-22 

Cleaver JE, et al Disorders of nucleotide excision re­
pair: the genetic and molecular basis of hereroge­
neity. Nat~ Genet 2009; 10(11): 756-768 

de Boer J, et al. Nudeotide excision repair and human 
syndromes. carcinogenesis 2000; 21(3): 453-460 

Hashimoto s, et al. Trichothiodystrophy view from the 
molecular basis or DNA repairftransaiption factor 
11'!1H. Hwn Mol Genet 2009; 18(R2): R224-R230 

Liang C. et al Structural ilild molecular hair abnor­
malities in trichothiodystrophy. J Invest Dennatcl 
2006; 126(10): 2210-2216 

Pion P. Disorders of DNA ~pair and Metabolism. In: 
Rimoin DL, et al., eds. Emery and Rimoin's Princi­
ples and Practice of Medic.al Genetics. 6th ed. New 
Yorlc, NY: Elsevier, 2013 



DNA Excision Repair Disorders 333 

1. 2. J. 
A. Xeroclenn1 plgmentosmn: C .. lcal plienotype 

• 
.... 
110.1 XP-0 

f 
:I 

"' 
. . . 

0.01 

Dose/W light 

1. lN sensltMty :Z, Complemermitlon following fusion of XP-A and XP-D cells 
B. Xll'odennll plgmentosum: C.llullr phenotype 

1. 

:z. 3. 5. 
C. t.ocbyne syndrome D. TrfthothlodyJtruphy 



334 npalred Cell and Tusue Stnicture 

Cytoskeletal Proteins in Erythrocytes 
The cytoskeJeton is an intracellular system of 
proteins with a fibrillar structure. The three 
main components are microfilaments (7.9-nm 
diilmeter). intermediate filaments (10-nm 
diilmeter). and microtubule (24-nm diilmeter). 
They consist of polymers of small subunits. Mi­
crofilarnents and membrane-binding proteins 
sel"VI! as a skeleton of the cell under the plasma 
membrane. A medium-sized protein of 375 
amino adds is actin. It is the main cy1XJSlceleton 
protein (0.5" 109 molecules) and accounts for 1 
to 5% of all cellular proteins; in muscle cells, it 
accounts for 10%. The actin c:ytoskeleton is ar­
ranged in bundles and networks that are con­
nected to eadJ. other and the cell wall. Actins 
form an evolutionarily mnserved gene family. 
Erythrocytes have to meet extreme require­
ments: they traverse small capillaries with 
diilmeters less than that of the erythrocytes 
themselves approximately a half million times 
during a 4-month lifespan. 

A. Erythnxytes 
A normal erythrocyte is maintained in a char­
acteristic biconcave discoid form by Its cytos­
keletal proteins. This renders the erythrocyte 
flexible and allows its passage through narrow 
capillaries. Genetic defects in different cytoske­
letal proteins lead to characteristic erythrocyte 
deformations as shown. The various forms are 
the result of defects of different cytoskeleton 
proteins (see D ). (Figures based on scanning 
electron micrographs from Davies and Lux, 
1989.) 

B. Proteins in the erythrocyte 
membrane 
Spectrin is a 200-nm long, rod-shaped protein 
that runs parallel to the erythrocyte plasma 
membrane. The characteristic shape of an er­
ythrocyte is maintained by attachment of the 
spectrin-actin cytoslceleton to the erythrocyte 
plasma membrane. This is acaimplished by 
two specific integral membrane protrins: an­
kyrin and band 4.1 protein. Ankyrin mnnects 
to band 3 protein, which is an anion transport 
protein in the plasma membrane. Band 4.1 
protein binds to glycophorin. Glycophorins (A. 
B, and C) are transmembrane proteins with 
sl!W!ral carbohydrate units. Glycophorin A, the 
major protein marlcl!r in the erythrocyte, is a 

single-pass transmembrane sialoglycoprotein. 
The anion channels in erythrocytes are Impor­
tant for carbon diaxide transport. (Figure 
adapted from Luna and Hitt, 1992.) 

C. a- and P·Specbin 
Spectrin is the main component of erythrocyte 
cytoslreletal proteins {1 ). It is a long protein 
composed of a 260-kDa a chain and a 225-
kDa .P chain. The chains consist of 20 (a 
chain) and 18 (.P chain) subunits, respectively 
(2~ each with 106 amino acids. Each subunit is 
composed of three a-helical protein strands 
running counter to one another. The individual 
subunits are assigned to different domains (1-V 
in the a chain, and I-IV in the .P chain). (Figure 
adapted from Luna and Hitt, 1992.) 

D. Erythrocyte skeletal proteins 

Sodium dodecyl sulfate (SOS) polyacrylamide 
gel electrophoresis differentiates numerous 
membrane-associated erythrocyte proteins. 
Each band of the gel is numbered. and the in­
dividual proteins are assigned to them. The 
main proteins include a- and .P-spectrin, an­
kyrin, an anion-channel protein (band-3 pro­
tein), proteins 4.1 and 4.2, actin, and others. 

Medical relevance 
Inherited red cell membrane disorders are: fiVI! 
types of spherocytosis (182900, 270970) 
caused by mutations in different genes; ellip­
tocytosis, including the rare pyropoildlocytosis 
(130500); acanthOcytosis (109270); and sto­
matocytosis type 1 and type 2 (185000). With 
the exception of an autosomal recessiVI! spher­
ocytosis type 3 (270970), all have autosomal 
dominant inheritance at loci shown in D. 

Further Reading 
Davies KA. Lux SE. Hereditary disorders or the ~ 

cell membr;ne skeleton. lh!nds Genet 1989; 5(7): 
222-227 

DdallllaY J. The molecular basis or httedimy IN cell 
membrane disorders. Blood~ 2007; 21(1): 1-20 

Glader B. Other hereditary Rd blood cell disorders. 
In: Rimoin DJ.. et al.. eds. Eml!ry and Rimoins's 
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ed. New Yortc. NY: EIJevier, 2013 
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Perrotta S. et al. Hereditary spherocytosis. Lanett 
2008; 372(9647): 1411-1426 
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Hereditary Muscular Dystrophles 
Mulilt:ions in genes encoding the lllilIIY proteins 
in muscle cause a large group of clinically and 
genetically different neuromuscular diseases. 
Hereditary neurom11SCUlar diseases are classi­
fied into muscular dystrophies, congenital and 
other myopathies, spinal muscular atrophies, 
motor neuron diseases, and others. They are ge­
netically heterogeneous and clinically variable, 
with well over 50 distinct fonns known. 

A. The dystrophln-glycan complex 
The dystrophin-glycan complex is a system of 
six interronnected proteins bound to the 
muscle cell plasma membrane (sarrolemma). 
The proteins belong to the group of dystrog)y­
CilDS and sarcoglycans. Laminins connect with 
the extracellular matrix. The central protein is 
dystrophin, a large elongated protein of 175 
nm with a specific structure of two subunits, 
which are connected to the thin myofilament 
F-actin (filamentous actin) at the N-terminus 
and to dystrobrevin and syntrophin at the 
C-tenninus. Dystrophin provides a bridge be­
tween the intracellular cytoskeleton involvi:d 
in the contractile myofilaments and the extrac­
ellular matrix. The largest of the interronnect­
ing proteins, a-dystroglycan, is located outside 
the cell. It is connected to the extracellular ma­
trix by a heterotrimeric protein, laminin-2. Its 
partner, Jl-dystroglycan, is embedded in the 
sarrolemma and connected to a series of 
other cytoskeletal proteins, which are divided 
into the sarroglycan and syntrophin subcom­
plexes. 1'No dystrophin molecules connect 
neighboring dystrophin-glycan complexes. 
several types of congenital muscular dystro­
phies are known. The complex group of six 
types of limb girdle muscular dystrophies 
(OMIM 607155, 253600) is classified according 
to the type of sarrog]ycan involved. 

B. Model of the dystrophin molecule 
Dystrophin, the largest member of the spectrin 
superfamily, is composed of 3,685 amino adds, 
which fonn four functional domains: ( 1) the 
N-tenninal actin-binding domain of 336 amino 
adds; (2) 24 long repeating units, each con­
sisting of 88- to 126-arnino-acid triple-helix 
segments, as in spectrin; (3) a 135-amino-acid 
cysteine-rich domain, which binds to the sarro­
lemma proteins; and ( 4) the C-tenninal domain 

of 320 amino acids with binding sites to syn­
trophin and dystrobrevin. The triple helix 
segments form the central rod domain, 
which is 100 to 125 nm long. (Figure adapted 
from Koenig et al., 1988.) 

C. The dystrophin gene 
The human dystrophin gene (DMD, 300377) is 
located on the short ann of the X chromosome 
in region Xp21.2-p21.1 (1). DMD is the largest 
known gene in man, spanning 2.3 million base 
pairs (2.3 Mb) in 79 exons (2). The large DMD 
transcript has 14 kb. The dystrophin gene con­
tains at least seven intragenic promoters. The 
primary transcript is alternatively spliced into 
a variety of different mRNAs that enaxle 
smaller proteins expressed in tissues other 
than muscle cells, especially in the central 
nervous system. A related gene encodes utro­
phin (128240). 

D. Distribution of deletions 
The most frequent types of disease-causing 
mutations in the DMD gene are deletions, 
which occur in 60 to 65% of patients. They are 
unevenly distributed. Most frequently involved 
are exons 43 to 55 and exons 1to15, roughly 
corresponding to the F-;ictin-binding site and 
the dystroglycan-binding site. Duplications of 
one or more exons (in 6% of patients) and 
point mutations also occur. {Data kindly pro­
vided by Professor C.R. Milller-Reible, Univer­
sity ofWUrzburg, Germany.) 

Further Reading 
Duchenne muscular dystrophy. Available at: www. 

ncbi.nlm.nih.govfbooks/NBK22263/ 
Kaplan JC. The 2011 version of the gene table of neu­

romuscular disorders. Neuromuscul Disord 2010; 
20(12): 852-873 

Koenig M, et al. The complete sequence of dystrophin 
prediclli a red-shaped cytoskeletal protein. Cell 
1988; 53(2): 219-228 

Mercuri E, et al Muscular dystrophies. l=cet 2013; 
381(9869): 845-860 

NIH. Musculill" dystrophy information page. Available 
at: www.nlnds.nlh.gov/Dlsorders/. Aaessed April 
7, 2017 

OMIM (Online Mendelian Inheritance of Man). Avail­
able at www.ncbLnlrn.nih.gov/omim 

Sarkozy A. et al Muscular dsytrophies. In: Rimoin DI., 
et al., eds. Emery and Rimoin's Principles and Prac­
tice of Medical Genetics. 6th ed. New Yorlc, NY: 
Elsevier, 2013 
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Duchenne Muscular Dystrophy 
Dud!enne mllSCUlar dystrophy (DMD, 310200) 
is the most mmmon of the musculiir dystro­
phies, with a frt!quency cl 1 in 3,500 livebom 
males. It is named afu!r the French neurologist 
Guillaume Dud!enne (1806-1875) who desaibed 
this disease in 1861. It is caused by mutations in 
the DMD gene (300377), either by a new mutation 
or by transmission of the mutation from a hetero­
zygous mother. Gennline nmaicism has been ob­
served in females carrying a DMD mutation in a 
variable proportion of her gmn a:lls. In appmxi­
mately one-third of patienl3, DMA is the result of a 
new mutttion. 

A. Cinical signs 
Progressive generalized muscle weakness usu­
ally results in death from respiratory failure by 
the age of 18 to 20 years. The age of onset is 
usually less than 3 to 5 years. Progressive mu.s­
cular weakness of the hips, thighs, and bad< 
causes difficulties in walking and in using 
sreps. A wheelchair is required by the age of 
13 to 15 years. Lumbar lordosis and enlarged 
but weak calves (pseudohypertrophy) are 
visible (1 ). The affected child performs a char­
acteristic series of maneuvers to rise from a 
kneeling position (Gower's sign, 2). Other 
signs occur during the second decade: cardio­
myopathy and impaired cognitive abilities and 
verbal skills. Female heterozygotes show mild 
dinical signs in 8%. 
A clinically milder variant, Bed<er muscular 
dystrophy (BMD, 300376) is an allelic disorder 
with a milder course and a later age of onset of 
the disease (mean age, 11). The clinical differ­
ence results from different rearrangements of 
the DMD gene. In DMD, the reading frame is 
changed. whereas in DMD it is maintained. 
Thus, even a relatively large deletion is com­
patible with residual muscle function if the 
reading frame is not changed. [Drawings by 
Duchenne, 1861, and Gowers, 1879; from 
Emery and Muntoni, 2003.) 

B. Dystrophin analysis in muscle cells 
Dysttophin is normally located along the plas­
ma membrane (sarcolemma) of muscle cells (1), 
whereas in patients it is absent (2). Female het­
erozygotes show a patchy distribution of groups 
of normal and defective muscle cells (3) as a re­
sult of X inactivation [see p. 184~ [Photographs 

kindly provided by Dr R. Gold, Department of 
Neurology, University ofWllrzburg, Germany.) 

C. Investigation of a family with DMD 
This pedigree is an example of indirect geno­
typing prior to the direct analysis of the gene 
available today. A simple two-allele sysrem 
(marker DXS7) indicares that two patients (111-
1 and IU-2) carry the allele 1. The mothers, 11-1 
and 11-2, are heterozygous 2-1 for the marker. 
Their unaffi:cted brother (11-4) carries allele 2. 
(Figure based on data kindly provided by Dr C. 
R. Miiller-Reible, Wiirzburg, Germany.) 

D. Other forms of muscular dystrophy 
The table (see next page) shows examples of 
other forms of genetically derermined muscu­
lar dystrophy. Course, diagnosis, and molerular 
genetic analysis depend on the basic disorder. 
Selected examples are listed along with their 
chromosomal location and McKusid< (OMJM) 
number. 

Further Reading 
Amata AA, et al. Muscular dystrophies and other 

muscle diseilSeS. In: Longo DI., et al., eds. Harrison's 
Principles oflntemal Medicine. 18th ed. New York. 
NY: McGraw-Hi!~ 2012: 3487 

llu5hby A. et al.; DMD care Coruideratioru Worldng 
Group. Diagnosis and management of Duchenne 
muscular dystrophy, part 1 : diagnosis, and phar­
macological and psychosocial management uacet 
Neural 201 O; 9(1 ): 77-93 

Bushby K, et al.; DMD care Considerations Worldng 
Group. Diagnosis and management of Duchenne 
muscular dystrophy, part 2: implementation of 
multidisciplinary care. Lancet Neural 2010; 9(2): 
177-189 
~ry AEH, et al. Duchenne Muscular Dystrophy. 

3rd ed. Oxford: Oxford University Press, 2003 
Kaplan JC. The 2011 version of the gene table of neu­

romuscular disorders. Neuromuscul Dfsord 2010; 
20(12): 852-873 

NIH. Muscular dystrophy information page. Available 
at: www.ninds.nih.gov/Disorders/. Acttssed April 
7, 2017 

Sarlcmy A, et al. Muscular dsytraphies. In: Rimoin DI., 
et al., eds. Emery and Rimoln's Principles and Prac­
tice of Medical Genetics. 6th ed. New York, NY: 
Elsevier, 2013 

Wortlln RG, et ill. The X-linkEd muscular dystrophies. 
In: Scriver CR, et al., eds. The Metabolic and Molec­
ular Bases of Inherited Disease. 8th ed. New York. 
NY: McGraw-Hi!~ 2001: 5493-5523 
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FGF Receptor Mutations In Skeletal 
Dysplaslas 
S21etal dysplasias are a large iJOUP of clinically 
and smetically different d isorders of bone and 
cartilage development, often associated with 
short stature. Mutations in one of three fibro­
blast growth factor receptors (FGFR1, FGFR2, 
FGFR) cause a charaell!ristic phenotypic spec­
trum of skeletal dysplasias. Fibroblast growth 
!actors (!Q's) transmit signals into cells by 
means of highly specific membrane-bound re­
ceptors (FGFRs) that belong to the laf&' family of 
KrKs (receptor tyrosine kinases, p. 186). Binding 
of the FGF ligand to their receptors requires 
both interaction with proteogl;ycans, such as 
heparin or heparan sulfate, and dimerization. 
FGF- FGFR interactions are required to regulate 
growth in the developing vertebrate limb. 

A. Examples of phenotypes 
The six examples shown represent distinct types 
of sla!le!al dysplasias, which are charactl!lized by 

their clinical and radiological manifl!stitions. Syn­
ostDsis of crani.al sutures ( craniosynostosis) is a 
typical sign of Crouzon (1, 123500). Preiffi!r's 
(2, 101600), and Apert syndromes (3, 101200). 
Complete syndactyly of fingers and toes are a 
hallmark feature of Apert syndrome. The combi­
nation of short~ (mean adult height 115-
145 cm). midface hypoplasia, and other skdetal 
manifestations are characteristic of ;idiondropla­
sia (4. loa!OO). ThanatDphoric dysplasia (S. 
187600) is a seYl!l1!, lethal, genetically hell!roge­
neous IOrm. Muenke syndrome (&. 602849) is 
charactrrized by coronal craniosynostosis (bilat­
eral or unilat:l!ral). tlrsal andfor carpal fusion, 
sensorineural hearing loss, and developmental 
delay. (Photographs 1, 2, and 4-6 courtesy of Dr 

Maximilian Muenke, National Institutes of Health, 
United States; photograph 3 from Gilbert, 2016.) 

B. Mutations and clseases 
Mutations in either of the three fibroblast 
growth factor receptors (FGFR1, 136350; 
FGl'R2, 134920; FGFR3, 134934) cause the fivi: 
skeletal dysplasias in different distributions as 
shown, including Antley Bixler syndrome 
(OMIM 176943, p. 340, not shewn). The extrac­
ellular ligand-binding component of FGFRs, 
three immunoglobulin (Ig}-lilce domains (Igl, 

Jgll, 1g11i are connected to a single transmem­
brane domain of 22 amino adds. The cytosolic 
corqionent has two kinase domains. ICFR-re­
IalEd disorders have a rather specific spectrum 
of allelic gain-of-function dominant mutations. 
Mutations in either R;FR1 or FGFR2 cause Pfeiffer 
syndrome. Nearly all individuals (97%) with 
achondroplasia have the same causative muta­
tion, a G380R substitution (glycine replaced by 

arginine) within the transmembrane domain. 
The three clinically distinct disorders achondro­
plasia, thanatophoric dysplasia, and Muenla! syn­
drome ( 4-6 in A) are allelic since they are all 
caused by mutations in R;FR3, (Figure modified 
from Gilbert and Barresi, 2016.) 

C. Effects on the growth plate 

The normal pattern of chondrogenesis, i.e., the 
normal transition of resting chondrocytes tn 
proliferating chondrocytes, and early osteo­
blasts in the growth plate (left) of developing 
bone is totally disorganized thanatophoric dys­
plasia with lack of proliferating chondrocytes 
(right). Most FGFR mutations increase the 
affinity of the ligand to the rea:ptor (gain-of­
function). For further information see Table 15, 
Appendix p. 414. 

Further Reading 
Bonafe L. et al. Nosology and dassification of 1enet!c 

sla!letal d isorden: 2015 reWion. Am J Med Genet 
A 2015; 167A(12): 2869-2892 

Chen C. et al SRleton Genetics: a oo~nstve 
database filr genes and mutations related to genet­
ic mletal dlsorders. D.aba!e (Oxford) 2016. 2016: 
baw127 

Gilbert SF, Barresi MJF. Developmental Biology. 11th 
ed. Sundedand: Slnauer, 2016 

Givol D, et al Molecular and cellular biology of 
growth factor stinalins pathway. In: Erickson RP. 
et al. eds. Epsrein's Inborn Errors of Development 
3rd ed. Oxford: Oxford Uni11ersity Press, 2016 

Muenla! M, ed. Cranlosynostoses. Molecular Genet­
ics, Principles of Diilllosis. and Tkeatment !Wei: 
Karger. 2011 

CJff1.ah N:.. Slaelftal dyspluias: An ~. Endoa 
Dev 2015; 28: 259-276 

Wilkie ACM. FGF receptor mutations: bone dysplasia, 
craniosynostosis, and other syndromes. In: Erick­
son RP, et al, eds. Ep.ttein's Inborn Errors of Devel­
opment 3rd ed. Oxlbrd: Oxford Uni11ersity Press, 
2016 
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Marfan and Loeys-Dletz Syndromes 
Marfiln syndrome (MI'S) ilnd Loeys-Dietz syn­
drome (IDS) are autosOIIlill dominilnt syn­
dromes associated with aortic ilneurysms and 
other manifestations. MFS, flfSt described in 
1896, is caused by mutations in the fibrillin-1 
gene FBNl (134797). Mutations in a similar 
gene, FBN2 (612570), located at 5q23-q31, 
cause a related disorder known as congenital 
contractural arachnodactyly (CCA, 121050). 
IDS, flfSt described in 2005, is caused by mu­
tations either in the 'ffiFBRl gene (trilnsform­
ing growth factor beta receptor 1, 190181) in 
IDS type 1, or in the 'ffil'BR2 gene (190182) in 
IDS type 2. 

A. Marfan syndrome (MFS) 
MFS (154700) mainly affects the slreleton, the 
cardiovascular system, and the eyl!. Hyperex­
tensible joints (1 ), long fingers (arachnod.ac­
tyly, 2), pectus excavatum (3), subluxation of 
the lens in 50 to 80% of cases (4) are leading 
signs. The main cardiac manifestation is pro­
gressive aortic root dilatation ilnd a high risk 
for aortic ilneurysms leading to aortic dissec­
tion. jJ-Adrenergic blockiide (proprilnolol) 
delays the rate of aortic dilatation. In view of 
excessive signaling by TGFP cytokines, blocking 
the angiotensin II type 1 receptor (AGTRl; 
OMIM 106165) promises to be an effective 
therapeutic approach. (Photographs in part 
provided by Dr. Beate Albrecht, Essen, and Dr. 
M. Siepe, Herzzentrum Freiburg, Germany.) 

B. Loeys-Dietz syndrome (LDS) 
The main manifestations of IDS (609192) are 
facial dysmorphia with hypertelorism. pectus 
carinatum, scoliosis (1). deformed feet (2), vas­
cular tortuosity (3), cleft palati: or bifid uvula 
in some patients (4) associated with mitral 
valve prolapse, ilneurysms in the aorta (5) 
ilnd other arteries. The phenotype may also 
overlap with Shprintzen-Goldberg syndrome 
(182212). (Photographs from Lindsay and 
Dietz, 2011.) 

C. Fibrillin-1 protein (FBNl) 
Fibrillins are glycoproteins in the extracellular 
microfibrils in connective tissue. The FBNl 
protein consists of several distinct regions. 
There are two types of motif: 43 calcium-bind­
ing EGF-like (epidermal growth factorlike) 

motifs, and seven motifs, each with eight cys­
teine residues; there are two hybrid domains 
consisting of EGF-like motifs ilnd motifs con­
taining eight cysteine residues. The proti:in is 
encoded by the FBN1 gene located at 15q21.1, 
consisting of 65 exons extending over 235-kb 
genomic DNA. The mRNA is 10 kb in length 
(9,749 nucleotides) with three alternatively 
splia:d noncoding 5' exons. 

D. TGFBR1 and TCiFBR2 genes 
These genes encode a serine/threonine kinase 
trilnsmembrilDe receptor for TGFjl Activation by 
their ligand regulatrs cell prolikration and differ­
entiation in various dl!lll!!opmental processes. 
Mutations in these two genes lead to increased 
TGpP signaling ilnd cause lDeys-Dietz syndrome. 
(Figure adapted from l.oey.i et al., 2006.) 

E. Increased TCF-11 signaling 
TGFJl signaling stimulati:s multiple intracellular 
pathways. One of these involves extracellular 
matrix proteins, including fibrillin-1. Inhibition 
of increased TGpP signaling ameliorati:s aortic 
ilneurysms in mice. (Figure based on Habashi 
et al, 2011.) 

Further Reading 
Allbart M, et al The dinical pruentatlon of Marfan 

syndrome ls modulated by expression of wild-type 
FBNl allele. Hum Mol Genet 2015; 24(10): 2764-
2770 

Habashi JP, et al Angiotensin n type 2 receptor sig­
naling attenuates aortic aneurysm in mice thrcugh 
ERK antagonism. Science 2011; 332(6027): 361-
365 

Judge DP, Dietz HC. Marfan's syndrome. Lancet 2005; 
366(9501 ): 1965-1976 

Lindsay ME, Dietz HC. Lessons on tM pathoge~sis of 
aneurysm from heritable conditions. Nature 2011 ; 
473(7347): 308-316 

Loeys Bl, et al. Aneurysm syndromes caused by mu­
tations in the TGF-p receptor. N Engl j Med 2006; 
355(8): 788-798 

MacCarrlck G, et al. Loeys-Dietz syndrome: a primer 
for diagnosis and management Genet Med 2014; 
16(8): 576-587 

Pyeritz RE. Marfan syndrcme and related disordtts. 
In: Rimoin DI, et al, eds. Emery and Rimoin's Prin­
ciples and Practice of Medical Genetics. 6th ed. 
New York, NY: Elsevier, 2013 

StMneur C. et al Study of phenotype ewlution dur­
iDg childhood in Marfan syndrome to im~ din­
ical recognition. Genet Med 2014; 16(3 ): 246-250 
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Collagen Moleaile Disorders 
Numerous genetic disorders result from muta­
tions in genes encoding different fonns of colli!­
gen molecules. They consist of a large group of 
insoluble, extraa!llular glycoproteins with spe­
cialized functions in the maintenance of tissue 
shape and structure. COllagens account for ap­
proximately one-quarter of the total body pro­
tein, occurring in skin, bones, tendons, cartilage, 
ligaments, blood vessels, !Eeth, basement mem­
branes, and supporting tissues of the internal 
organs. Most collagens have a remaikable 
mechanical resiliena:. The 27 known types of 
collagens, nwnbered I to XXVII, are classified 
according to their main structural and function­
al features. The most important ccllagens in hu­
mans are fibrillar collagen types I, II, m, V, and 
XI, and basal membrane collagen {type IV). Col­
lagen types I, II, and III acccunt for 80 to 90% of 
collagens. '!YPe I is the main mmponent of ten­
dons, ligaments, and bones; type II occurs in 
cartilage and the notcchord of vertebrate em­
bryos; type III occurs in arteries, the intestine, 
and the uterus; and type IV, in the basal lamina 
of epithelia, in particular around the glomeruli 
of the kidney, and in blood capillaries. 

A. Collagen structure 
Collagen is a triple helix of three chains. It is 
SYnthesized in seven principal steps. The se­
quence of the approximately 1000 amino adds 
of a typical ccllagen is simple and periodic (1 ). 
Every third amino add is glycine (Gly). Other 
amino adds alternate between the glydnes. 
The general structural motif is (Gly-X-Y),,. Xis 
either proline or hydroxyproline; Y is either ly­
sine or hydroxylysine (:Z). Three chains of pro­
collagen form a triple helix (3). In cclli!gen type 
I, the helix is composed of two identical al 
chains and one a2 chain. First a precursor mol­
ecule, procollagm is funned ( 4). Proccllagen 
peptidases cleave peptides at the N-tenninal 
and C-tenninal ends to fonn !rnpocolla,gen (5). 
Tropoccllagen molecules, ccnnected by numer­
ous hydmxylated proline and lysine residues, 
fonn a collagen fibril (6). Each fibril consists of 
staggered, parallel rows of end-Ill-end tropocol­
lagen molecules, separated by gaps (7). Collagen 
fibrils are visible as transverse stripes under the 
electron microsccpe (EM) (8). A fiber of t-mm 
diameter can hold a weight of almost to kg. 
(Photcgraph from Stryer, t995.) 

B. Prvtotype of a gene for procollagen 
Procollagen type II consists of a triple helix of 
three procollagen type II chains, designated as 
al [II]. The ccrresponding gene, COI.2A 1 
(120140), located at t2q13.11, consists of 52 
exons of different sizes, each encoding 5, 6, 
11, t2, or t8 Gly-X-Y units. The translated 
part of exon t (85 bp) encodes a signal peptide 
necessary for secretion. The genes for procolla­
gen types I, II, and Ill differ in that same exons 
are fused, but otherwise they are similar, espe­
cially for the three main fibrillar collagen types 
(1, II, III). Mutations in COL2A1 occur in several 
different disorders (see OMIM 120140). 

C. Gene strudure of procollagen 
type al(I) 
Procclli!gen type I consists of two at chains and 
one a2 chain, designated at (il:z a2(II). The cor­
responding genes are COL1A1 (120150) and 
COL1A2 (t20t60~ The 52 exons of the gene 
COL1A1 enccding proccllagen type I correspond 
ta the different domains (A-G) ofprocollagen at 
(I). The COL1A2 gene is approximately twice as 
large (approximately 40 kb) as the COL1A1 gene 
because the introns between the exons are 
twic:e as long as in COL1A1. 
Examples cf human diseases caused by muta­
tions in one of the genes encoding different 
collagen molecules are listed in the Appendix, 
Table 16, p. 415. 
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Osteogenesls lmperfecta 
Osteogenesis imperfecl:il (OI, 120150), or "brit­
tle bone disease," is ii heterogeneous group of 
approxil1liltely 20 clinically and genetically dif­
ferent types of diseases with a total frequency 
of approxil1liltely 1 in 10000 individuals (phe­
notypic series in OMIM 166200). Common 
manifestations include spontaneously occur­
ring bone fractures, bone deformity, small 
stature, defective dentition ( dentinogenesis im­
perfecta), hearing impainnent due to faulty for-
11liltion of the iluditoiy ossicles, and blue sclerae. 
In most. but not all patients, collagen type I is 
defective owing to ii mutation in one of the two 
genes encoding the two chains COL1A1 
(120150) or COL1A2 (120160). Both autosomal 
dominant and recessive types of OJ exist 

A. Mutations in mllagen 

In normal procollagen type I the two chains 
pro at (I) and a2(I) are produced in equal 
amounts (1 ). Some mul:iltions lead to reduced 
production of pro at (I) (:Z). The resulting im­
balance causes degradation of a2(1) chains. 
Thus, the amount of procollagen is reduced. Dif­
ferent types of mutations in the genes fur pro al 
(I) and a2(1) (COLJA1 and COllA2) cause defec­
tive procollagen (3) because of a deletion in a 
COL1A1 allele, either due to a splicing defect or 
other type of mutation Mutations in the 
COL1A1 gene are more severe than murations 
in the COL1A2 gene because more defective col­
lagen is formed with the furmer. (Figure adapted 
from Wenstrup et al., 1990.) 

B. Mutations and phenotype 

A relationship between genotype and pheno­
type exists. Generally, mutations in the 3' re­
gion ilfe more serious than mutations in the 5 
region (position effect). Mutations of the pro al 
(1) chain are more severe than those in the pro 
a2(I) chain (chain effect). The substitution of a 
larger amino acid fur glycine, which is indis­
pensable for the formation of the triple helix, 
leads to a severe disorder (size effect). Different 
types of mutations may occur, such as dele­
tions, mutations in the promoter or enhancer, 
and splicing mutations. The codons (AAG, AAA) 
fur the amino acid lysine, which occurs fre­
quently in collagen, ilfe readily transformed 
into a stop codon by substitution of the first 
adenine by a thymine (TAG or TAA), so that a 

short, unstable procollagen is formed. Splicing 
mutations may lead to the loss of exons (exon 
skipping). (Figure adapted from Byers, 2001.) 

C. Different types of 01 

01 is classified into four basic phenotypes, I to 
N, according to the Sillence classification. 01 
types I and N (1, 166220), progressively de­
furming type Ill (:Z), and neonatal lethal 01 
type II (3) with distinctly thickened and short­
ened long bones in the newborn). Gennline 
mosaicism has been shown to account fur 
rare instances of affected siblings being born 
to UDilffected parents. 
Several new types of OJ have been described: 
types V to XVII (see OMIM 166200), some with 
hyperplastic callus formation About 8 types 
are autosol1lill dominant and 10 autosomal re­
cessive (OMIM 166220). 
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Molecular Basis of Bone 
Development 
Bone develops from three mesodennal cdl lin­
eages committed to differentiate into three 
specialized cdl types: chandrocytes (cartil;ige­
forming cells), ostroblasts (bone-forming cells), 
and osttoclasts (bone-degrading cells). Two 
major processes form bone (osteogenesis): (1) 
direct conversion of mesenchymal tissue into 
bone tissue (inlromernbnmous or dermal ossifi­
cation); and (2) mdodumdra/ ossification, with 
cartilage intermediates produced by chondro­
cytes, which are later replaced by bone cells 
( osteoblasts ). Osteoblasts produce most of the 
proteins for the extracellular bone matrix and 
control its mineralization. The osteoblast cell 
lineage involves osteoblast-specific transcrip­
tion factors (OSFs). One such transcription 
factor is a major regulatnr of osteoblast difler­
entiation in direct intramembranous bone 
bmation: the core-binding factor CBFAt (runt­
related transcription fac!Dr, RIJNX2; OMIM 
600211). Three mammalian Rum: genes are ho­
mologs of the Drosophila pair-rule gene Runt. 

A. Effects of homozygous Rumr2 
mutations in mice 
Targeted disruption of the Rul!IC2 gene, located 
on mouse chromosome 17. in the homozygous 
state (- /- ) results in lack of ossification of the 
entire skeletnn (1). Normal calcified slcelet:on 
stains red with alizarin (a, c). whereas bones 
lacking o.5sification stain blue (b, d. e). These 
mice are small and die at birth from respira­
IDry failure. The humerus and humer;!l tuber­
osity (circle, c) in heterozygous mice ( +/-. d) 
and homozygous mice (-/-) show reduced os­
sification of the long bones and severe hypo­
plasia, respectively ( d, e ). The skull and thorax 
are also severely affected (2). Heterozygous 
(+/-)mice lack ossification of the slrull (b). Nor­
mal calcified bone is stained red by alizarin 
red. here at embryonic day 17.5, three and a 
half days bei>re birth. cartilage is stained blue 
by alcian blue. Heterozygous mice lack clavicles 
(arrows, d) in contrast to nonnal mice (c). 

B. Cleldocranlal dysplasla In humans 
Oeidocranial dysplasia (aD, 119600) is an auto­
somal dominant sb!let!l disease caused by muta­
tion in the human lfilNX2 gene (600211). 

loGlized at 6p21. t . It is characteri7.ed by absence 
of the davides and deficient l:xme foonatian of 
the skull. Radiological fi~ shaw generalized 
underossification. Patients can oppose their 
shoulders (1) due to absence of the clavides (2; 
photograph by Dr J. Willkany, Children's Hospital 
Research Foundation. Cincinnati, United States). 
The calvarium (skull case) is enlarged. with a 
poorly ossified midfrontal area (3~ 

C. The human RUNX2 gene 
The RUNX2 gene at 6p21 encodes a transcrip­
tion factor of the core-binding factor ( CBF) 
Runt-related family (OMIM 600211). It has 
nine exons (not seven as previously detl!r­
mined and shown). It contains two alternative 
transcription Initiation sites with two pro­
moters, Pt and P2. Part of exons 1, 2, and 3 
encode the DNA-binding runt domain; exons 
4, 5, 6, and 7 encode the transcriptional acti­
vation and repression domains. The nuclear lo­
calization signal (NLS) is located at the 5' end 
of exon 3. Exon 6 is alternatively spliced and 
unique to RUNX2. The role of the RUNX2 gene 
also includes a major regulatory function in 
chondrocyte differentiation during endochon­
dral bone formation. As such, it functions as a 
"master gene• In bone development All muta­
tions result In loss of function, that is, haploln­
sufficiency causes the CCD phenotype. (Figures 
in A and B kindly provided by Professor Stefan 
Mundlos. Berlin, Germany.) 
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Hemoglobin 
Hemoglobin is a tettameric oxgen-transporting 
molecule, named by Hoppe-Seyler in 1862. It 
consists of two slightly different pairs of poly­
peptide globin chains with a characteristic 
three-dimensional structure. Each globin chain 
contlins an oxygen-binding site. Hemoglobin 
wa.s the first human protein to be defined by 
its amino add sequence by Ingram in 1956 and 
its three-dimensional structure at 5.5-A resolu­
tion by Perutz et al. in 1960. The genes encod­
ing the individual globin chains were the first 
genes for which the molecular structure wa.s 
elucidated in 1979. More than 1,000 genetic var­
iants are known, and IIlililY cause severe hemo­
globin disorders. 

A. Types of hemoglobin 
Six dilferent globin polypeptide chains form 
diffi!rent hemoglobin tettamers at different de­
velopmental stages. The subunits of adult he­
moglobin are designated by the Greek letters 
a, p, y, and ll. Specialized globin subunits exist 
in mammals during embryonic development, 
designated as e (epsilon) and C (zeta). A hemo­
globin molecule is stable only when the two 
pairs of globin differ. Adult hemoglobin (HbA) 
is composed of two a and two P chains ( a2P2), 
and retal hemoglobin (HbF) is composed of 
two a and two y chains (a2y2). A minor adult 
hemoglobin, HbA2, has a variant delta chain 
(a2ll2). Dilferent types of globin chains are 
synthesized during embryonic, retal, and post­
natal life. (Figure adapted from Lehmann and 
Huntsman, 1974.) 

B. Hemoglobins In thalassemlas 
The thalassemias are a group of genetically de­
tennined disorders of hemoglobin synthesis. 
They are classified acmrding to which chain is 
affected, the a chain or the P chain. Hemoglo­
bins with four identical globin chains are highly 
unstable and incompatible with life (HbH with 
lbur p chains IP4J, Hb Bart's with four y chains 
[y41). (Figure adapted from Lehmann and 
Huntsman, 1974.) 

C. Evolution of hemoglobin 
The difterent types of hemoglobin existing in 
mammals today arose by duplication of genes 
encoding the globin chains. A primordial single­
chain oxygen-binding protein. present early in 

evolution, adapted to the rising mnrentration of 
oxygen in the earth's atmosphere at an early 
stage approximately 1100 million years ago. Sub­
sequent duplications gave rise to the 5eW!ral 
different types of globin genes. Approximately 
500 million years ago, a hemoglobin gene under­
went the first duplication, and from this the 
genes encoding the a type and the p type hemo­
globins arose. During the past 100 million years, 
hemoglobin evolved from an ancestral P type into 
different types: ll. two types ofy (yAand rG1 and 
e, by further duplication events. 

D. Globln synthesis during embryonic 
development 
During early embryonic stages transient em­
bryonic hemoglobins are present: Hb Gower 1 
(C2e2), Hb Gower 2 (a2e2), and Hb Ponland 
(C2Y2). (Most hemoglobins are named after 
the town or institution where they were dis­
covered.) During the first 6 weeks in humans 
the embryonic hemoglobins in the yolk sac, 
from the 6th week until prior to birth (fetal 
hemoglobin HbF, a2y2), in the liver and spleen, 
and during adult life in red blood cell precur­
sors in the bone marrow. They differ in oxy­
gen-binding affinity. Thus, oxygen delivery is 
optimized for different phases of development. 
(Figure adapted from Weatherall et al., 2001.) 

Further Reading 
Forget BG, et al Classlfication of the disorders of he­

moglobin. Cold Spring Harb Perspect Med 2013; 3 
(2): a011684 

Ingram VM. A specific chemical difference ~n the 
globins of normal hmnan and sickle<ell anaemia hae­
moglobin. Nature 1956; 178(4537): 792-794 

Lehmann H, Hunuman RC. Man's Hemoglobins. 
Amsterdam: North-Holland, 1974 

Old j. Hemoglobfnopathies and lbalassemlas. In: 
Rimoin DI. et al, eds. Emery and Rimoin's Princi­
ples and Practice of Medical Genetics. 6th ed. 
N- Yorlc, NY: Elsevier, 2013 

Perutz MF, et al Structure of haemoglobin: a three­
dimensional Fourier synthesis at 5.5-A. resolution, 
obtained by X-ray analysis. Nature 1960; 185 
(4711): 416-422 

Smith EC. Orldn SH. Hemoglobin genetics: recent 
contributions of GWAS and gene editing. Hwn 
Mol Genet 2016; 25(R2): R9S-R105 

Weatherall DJ, et al. The hemoglobinopathies. In: 
Scriver CR, et al. eds. The Metabolic and Molecular 
Bases of Inherited Disease. 8th ed. N- Yorlc, NY: 
McGraw-Hfl~ 2001: 179-190 



CDa en en co5 
~~~~~ 

A F A2 

A. Types of hemoglobin 

~ thalassemias: effect on HbA 

~fl©~~~ 
affected not affected 

ex thalassemias: effect on all 

Hemoglobin 351 

Myoglobln 
~ 

One 0 2 binding site 

Hemoglobin A Four 0 2 binding sites 

1100 million years ago 

IJ4(HbH) ')'4 (Hb Bart's) M(doe>notoccur) Myoglobin II 

B. Hemoglobin in thalassemias 

Cell type 

Site of 
erythro­
poiesis 

Proportion 
of total 
globin 
synthesis(%) 

40 

30 

20 
~\ £ 

10 ' ., . .... .,.. 

C. Evolution of hemoglobin 

e Normocytr 

Bonemmow 

0 6 1 2 18 24 30 36 0 6 1 2 18 24 30 36 42 48 

Prenatal age (weeks) 

D. Clobln synthesis during ontogeny 

Blrth Postnata I age (weeks) 



352 Hemoglobin Disorders 

Hemoglobin Genes 
The different hemoglobin chains m: encoded 
by dusters of a-type (two a and one C and 
fl-type globin genes (p, yG, yA, 6, and E) on 
hwnan chromosomes 16 and 11, respectively. 
A specific gene is responsible for each type of 
different globin polypeptide chain. They are 
arranged and expressed in a sequence, accnrd­
ing to the time of activation during develop­
mental stages. Their structural and DNA 
sequence similarity predisposes to malalign­
mcnt during meiosis and unequal crossing­
over leading to duplications and deficiencies. 

A. The P- and a-globln genes 
lbe ~globin-like genes (p, 6, yA, yG, and E) of 
man are locatl!d at the Hb p locus HBB (OMIM 
141900) as a gene duster in the 3' to 5' direc­
tion on the short arm of chromosome 11 in 
region 1, band 5.5 (1tp15.5). They span ap­
proximately 55,000 bp, or 55 kb (kilobases), 
of DNA (1 ). There arc two y genes, yG and yA, 
which have arisen by a duplication event. They 
differ only in codon 136, which encodes an 
alanine in yA and a glycine in yG. A pseudo­
gene (1pfJl) containing deletions and intl!mal 
stop codons is located between the yA gene 
and the 6 gene. A locus control region (I.CR) 
located upstream (in the 5' direction) jointly 
regulatl!s these genes. 
1W'O a-globin genes are located ;at the a locus 
HBAl (OMIM 141800) and HBA2 (OMIM 
141850) on the short arm of hwnan chromo­
some 16 (16ptcr-p13.11) on a DNA segment of 
approximately 35 kb. A C gene, which is ;active 
during the embryonic period only, lies in the 5' 
direction. Three pseudogenes (ipt2, ipCl. ipa2, 
and ipa1) arc located 5' of the a genes. A fur­
ther gene locus HBQJ (theta, 9; 142240), with 
possible function in early erythroid tissue 
function, has been identified in this region. 
1be p-g!obin gene, the prototype, spans ap­
proximately 1.6 kb (1,600 bp). It consists of 
three e:xons separated by a short a.nd a long 
intron (2). lbe coding sequences of the other 
p-like genes ;are also manged in three cxons. 
The a genes HBAI and HBA2 span approxi­
mately 0.8 kb (800 bp). 

B.. Tertiary structure ol the fl-globln 
chain 
lbe characteristic three-dimensional struc­
tures of myoglobin and of the hemoglobin a 
and p chains, shown schematically, are very 
similar, although their amino add sequences 
correspond in only 24 of 141 positions. lbe P 
chain, with 146 amino acids, is somewhat lon­
ger than the a chain, with 141 amino ;acids. 
Each chain harbors a heme group with an oxy­
gen-binding site inside the molecule, protected 
from the surroundings. (Figure adapted from 
Weatherall et al~ 2001 .) 

C. Functional domains of the P chain 
Three functional and structural domains can 
be distinguished in all g]obin chains. They cor­
respond to the three cxons of the gene. 1Wo 
domains, consisting of amino acids 1 to 30 
and 105 to 146 (encoded by CJa>Ds 1 and 3), 
arc located on the outside of the molecule, and 
consist of mainly hydrophilic illllino acids. A 
third domain, lying inside the molecule (en­
coded by exon 2), contains the oxygen-binding 
site and consists of mainly nonpolar hydropho­
bic amino adds. lbe hydrophilic amino adds of 
the two chains forming the outside of the mol­
ecule render It flexible and water soluble. (Fig­
ure adapted from Gilbert, 1978.) 
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Sickle Cell Disease 
Sickle aill disease, first described in 1910 by Her­
rid<, is ii severe hemolytic anemia ilSSOdi!ted with 
lllilllY complications. It is cawed by a structurally 
abnormitl hemoglobin (HbS) resulting from ho­
mazygosity for a specific mutation in the Jl-globin 
gene. It is frequent in tropical regions where 
malaria is endemic (seep. 126). With a frequency 
of 1 in 500, it is an important cause of morbidity 
and mortality in these regions. Sickle aill anemia 
was the first human disease to be understood at 
the molecular levi:l by Pauling et al. in 1949. It is 
transmitred by ilUIDsomal re=isM: inheritance 
(Neel, 1949~ Hererozygous Cill'riers can readily 
be identified. 

A. Sidde cells 
The leading hematological manifestation is 
anemia associated with mainly sickle-shaped 
erythrocyti!s in a blood smear under the light 
microscope of affected persons (1 ). Sickle cells 
lose the pliability needed to pass through small 
capillary blood vessels and provoke occlusions 
of small blood vessels (2~ As a result, the blood 
supply to many tissues is diminished. In ii nor­
mal blood smear (3). erythrocytes appear as 
regular round disks of ilpproximately 7 µm in 
diilmeter. In the course of the diseilSe, ilCUte he­
molytic episodes, called sickle crises, occur. Het­
erozygotes (sickle trait) shaw occasional sickle 
cells but do not develop sickle crises, and are 
associated with only very mild signs and symp­
toms. Other sickle hemoglobinopathies occur 
when the HbS mutation is present on one allele 
and a c:lifferent mutation at the same site is 
present on the other allele. (Figure in 1 and 3, 
Dr Daniel Nigro, Santi! Anil College, Californiil, 
United Sti!res; 2. National Heart, Lung and Blood 
Institute, Bethesda, Maryland, United Sti!tes.) 

B. Consequences of the sickle cell 
mutation 
All manifestations of sickle cell anemia ccn be 
understood on the biisis of the underlying mu­
tation. In 1956, V .M. Ingram detennined, by 
using amino add sequence analysis, that gluta­
mic add is replaced by valine in codon 6 of the 
Jl-globin gene (mutation E6V). This alteration 
results from the transversion of an adenine (A) 
to a thymine {T). which changes codon GAG to 
GIG. Valine is a hydrophobic amino add on the 

outside of the molecule. This makes sickle cell 
hemoglobin (HbS) less soluble than normal he­
moglobin. HbS crystallizes in the deoxy state, 
forms small rods, and does not allow erythro­
cytes to deform when passing through small 
blood vessels. As a result local oicygen defi­
ciency occurs in various organs. Otronic oxy­
gen deficiency of the brain le.ads to learning 
disability. Defective erythrocytes are destroyed 
and cause hemolysis. Otronic anemia results in 
numerous sequelile such ilS heilrt f.rilure, liver 
damage, and infections. In 2010, ilpproximately 
305,800 children with sickle aill disease were 
born, approximately two-thirds in Africc. Ap­
proximately 50% die before their fifth birthday. 

C. Seledive advantage for HbS 
heterozygotes In areas of malarla 
In 1954, Allison suggested that individuals 
heterozygous for the sickle cell mutation are 
protected from severe malaria infection. Eryth­
rocytes of heterozygotes for the sickle cell 
mutation are a less favorable environment for 
the malaria parasite than those of normal 
homozygotes. Heterozygotes have a higher 
probiibility of survival and of being able to re­
produce. The sickle cell mutation has arisen 
independently ilt lei!St four or five times in dif­
ferent malaria-infested regions. 
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Mutations In Globln Genes 
Mutations in globin genes Ciluse three different 
types of hemoglobin disorders: (1) structurill 
hemoglobinopathies, (2) different genetic 
types of thalassemia caused by impaired globin 
synthesis, and (3) hereditary persistence of 
fetal hemoglobin (HPFH). Some variants com­
bine features of structural hemoglobinopathies 
and thalassemia. More than 750 human hemo­
globin variants with single amino add substi­
tutions in one of the globin chains are known. 
These are distributed to the types of globin 
genes as follows: 217 mutations in a genes, 
362 in fl genes, 70 in y genes, in 32 6 genes, 
19 variants involving two mutations, 27 dele­
tions, 6 insertions, 4 deletion/insertions, and 
to hybrid fusions. 
In some cases, a globin chain is elongated or 
shortened or fused with parts of others. The 
functional consequences of mutations are de­
creased elasticity of the molecule, altered O'X!f­
gen affinity, or instability. 

A. Stnictural changes In the ~globln 
gene 
More than 300 point mutations in the fl-globin 
gene and over 100 in one ofthe a-globin genes 
have been documented. 1Wo clinically impor­
tant mutations affect codon 6: the sickle cell 
mutation, 6 Glu to Vill (sickle cell hemoglobin, 
HbS, see previous page) and 6 Glu to Lys (he­
moglobin C, HbC. incorporating lysine instead 
of glutamic add in codon 6). Compound heter­
ozygotes with the HbS mutation on one chro­
mosome and the HbC mutation on the other 
(HbSC) show the sickle phenomenon. The 
marked methemoglobin formation in Hbznrl<h 
and Hbsasbtoon results from substitutions fur 
histidine (His) in codon 63, which alter the 
oxygen-binding region of the hemoglobin mol­
ecule. HbE ( a2fl226Cht-+INS) is very common in 
Thailand, Cambodia, and Vietnam 

B. Unequal crossing-over 
The sequence homology between the globin 
genes may lead to nonhomologous pairing and 
unequal crossing-over during meiosis. A charac­
ll!ristic example is HemoglobillGun Hill. described 
in 1968. This variant results from pairing of 
codon 90 with codon 95, 91 with 96, etc. As a 
result, codons 91 to 95 are subsequently deleted 

in one strand and duplicated in the other (not 
shown). The result is an unstable hemoglobin, 
of which more than 90 are known. 

C. Fusion hemoglobin 
Fused or hybrid hemoglobin variants probably 
also result from unequal crossing-aver involv­
ing parts of adjacent genes. The first is Hb1.eporeo 
described in 1962. Here the fll'St so to 80 
amino adds of the 6 chain are fused with the 
last 60 to 90 residues of the normal C-tenninal 
amino adds of the fl chain. The complementa­
ry situation is Hb anti-Lepore, a lifl fusion gene 
together with the normal 11 ilnd fl genes. 

D. Hemoglobins with a chain 
elongation 
More than 10 globin chain Vilriants with an elon­
gall!d chain are known. Single base substitutions 
in a chain termination mdon, frameshift muta­
tions, or mutations afli!cting the translation ini­
tiatm methionine are responsible for this type of 
Vilriant. In Hbc:un-. an insertion in codon 145 of 
the fl chain changes UAU (tyrosine) ID AGU (ser­
ine). This changes the stop codon after position 
146 into Alli (tyrosine) and causes a read­
through until aidon 157, and consequently a 
chain that is 10 amino acids too long (1 ~ 
In HbConstant Spring (2), the a chain is elon­
gated by il mutation in the stop codon UAA to 
CAA, which codes for glutamine (Gin). 
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The lhalassemlas 
Thalilssemias are inherited disorders of a- or 
p-gtobin synthesis. Decreased or absent syn­
thesis of a globin chain results in an anemic 
state ofvariilble, often life-threatening severity. 
The thi!lilssemias occur predominantly in re­
gions where ma.laria is endemic (see p. 126). 
The term is derived from the Greek ea:Aaaaa 
( thalassa, sea). More thi!n 300,000 children 
with a severe hemoglobin disorder are born 
each year, most in low- or middle-income 
tropical countries (Weatherall, 2010). 

A. Thalassemla, a chronic anemia 
Thalilssemia is a chronic anemia of various 
grades of severity, depending on the type, first 
described by Cooley in 1925. It ma.y be assod­
ali!d with ma.ssive extramedullary hematopoie­
sis (outside the bone marrow) in the lilll!r and 
spleen, causing both organs to be enlarged, or 
bone. Infections, ma.lnourishment, and ather 
signs add to severe illness. Thali151lemias are 
classified into a-thi!lilssemias, P-thalassemias, 
or unstable liP fusion globin. (Photographs 
from Weatherall and Clegg, 2001.) 

B. IJ-Thalassemla and a-thalassemla 
More than 200 different point mutations in the 
p-gtobin gene cause a wide spectrum of differ­
ent genotypes and phenotypes in the P-thalas­
semias (1 ). Complete absence of the p chain 
(p0 ) is distinguished from decrei!Sed levels of 
p chains. Since there are four a-globin loci, 
a-thalassemias (2) have ii complex pattern of 
genotypes: aaaa/aaa- (silent carrier); a mu­
tation in two a loci on the same chromosome 
in cis: aa/a-a-(thal-1); or a mutation in two a 
loci on different chromosomes in trans: a-/a­
(thal-2). Since the a gene loci are located with­
in a 4-kb region of homology interrupted by 
small nonhomologous regions, they are prone 
to mispairing and nonhomologous crossing­
over during meiosis, resulting in deletion or 
duplication. 

C. Spectrum of mutations in 
P-thalassemia 
Mutations occur throughout the JJ gene. The 
entire gene may be deleted. Regulatory regions 
upstream (5' direction) may be affected, result­
ing in decreased transcription. Nonsense 

mutations leading to a truncated globin due 
to a frameshift, missense mutations, and 
splice mutations occur. (Figure adapted from 
Antonarakis et al, 1985.) 

D. Haplotypes in RFLP analysis 
Many common mutations in the p globin gene 
are in linkage disequilibrium with polymor­
phic restriction sites in the p globin complex. 
Thus, certain mutations linked to a particular 
haplotype can be identified by restriction frag­
ment length polymorphisms (RFI.Ps. see p. 58) 
or by SNPs (single nucleotide polymorphisms, 
p. 72). For example, seven polymorphic restric­
tion sites (red arrows) define nine haplotypes, 
of which five are shown (A: + - - - - + +; 
B: - + + - + + +; etc.). Prior to modem direct 
DNA analysis this information was used for 
simplified genetic diagnosis. 
a-Thalassemia may be associated with mental 
retardation. Two different syndromes exist: 
ATR-16 syndrome (OMIM 141750) associated 
with a large (1-2 Mb) deletion at 16pti:r­
p13.3 including the a-globin gene cluster; the 
other is an X-linked disorder (OMIM 301040; 
gene locus at Xq13). 
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Hereditary Persistence of Fetal 
Hemoglobin (HPFH) 
Hereditary persistc:na: of fetal hemoglobin 
(HPFH; OMIM 141749) is characterized by 
high levels of fetal hemoglobin (HbF) in adult 
life (5-30% instead of less than 1%). Oiniully 
HPFH Is relatively benign, although HbF is not 
optimally adapted to postnatal conditions. 
Analysis of HPFH has yielded Insight into the 
control of globin gene transcription and the 
effects of mutations in noncodlng sequences. 
In some conditions, HbF may be the only 
p-gtobin-like gene product formed. 

A. Large deletions In the ~globln 
gene cluster 
HPFH is caused by at least 25 different muta­
tions (deletions or point mutations) within the 
p-gtobin gene cluster or point mutations in the 
y-gene promoter regions. Several 111:ry large 
deJetions in the jl-globin gene cluster region 
are known, especially at the 3' end. Diffcrmt 
types of deJetions occur in different ethnic 
populations, reflecting that they originated at 
different points in time. 6P-Thalassemia and 
failure of p-globin production have been the 
result in some cases. 

B. Mutations in noncoding sequences of 
the promoter region 
Hereditary persistence of fetal hemoglobin can 
result from mutations in noncodlng sequences 
of the promoter region upstre.lm (5' direction) 
of the p-g]obin gene clusttr (on the 5' side of 
the y-globin genes). Even though the highly 
conserved sequences CACCC. CCMT, and 
ATAM are not affi:ctc:d, the number of ob­
served mutations substantiates the significance 
of the remaining noncoding sequences (long­
range transcription control). They are probably 
required lbr the changes in transcription con­
trol in the different gene loci that occur during 
embryonic and fetal development. {Figure 
adapted from Celehrtcr and Collins, 1990.) 

C. Frequent mutations of ll·thalassemia 
In different populations 
P-Thalassemia mutations occur in diffcrmt 
ethnic populations with different frequencies, 
as shown here for 1 O examples. The difference 
in types and distribution of mutations allows 

relati\ll!ly simple screening tests to identify 
Individuals who might have an increased risk 
lbr a severe thalassemia in their offspring. 
According to estimates of the World Health Or­
ganization, approximately 275 million persons 
are heterozYilJUs fur hemoglobin diseases 
worldwide. Substantial numbers are due ID the 
P-thalassemias in Asia (over 60 million). c:t>-tha­
lassemia in Asia (30 million), HbE/P-thalassemia 
in Asia (84 million), and sickle cell heterazygosity 
in Africa (SO nullion), India. the Cari>bean, and 
the us (approximately 50 million~ At J~t 
200000 ~rely affected homozygotrs are born 
annually: approximately 50% with sickle cell 
anemia and 50% with thalassemia (Weatherall, 
2010). 
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Mammalian Sex Determination 
A series of early embcyonic sequentiill binary ac­
tivi!ting or inhibitory developmental proresses in 
mammals derennine whether anatomical devel­
opment will result in a ma1e or a fema1e. Genes 
expres.sed at sped.fie stlgl! of devl!lopment in 
relevant tissues initiate a sex delE:rmination 
pathway toward one sex or the other. The first 
decision is made by the presence or absence of a 
functional Y chromosome Thereafter, indifferent 
stages of the gonads and of the internal and ex­
ti:mal genital mgans diffi:rentiare inlD those of 
the feIIlille or IIlille gender. 

A. Role of the mammalian 
Y chromosome 
The crucial role of the Y chromosome in man 
became evident in 1959 from chromosoIIlill 
analysis of two disorders: Klinefelter syn­
drome and Turner syndrome. Individuals with 
Klinere!ter syndrome have two X chromosomes 
and a Y chromosome (XXY) as discovered by 
Jacobs and Strong in 1959, but clearly have a 
ma1e phenotype, although this is incompletely 
developed (p. 384). Even the presence of several 
X chromosomes does not result in a female phe­
notype as long as one functional Y chromosome 
is present. In contrast, individuals with Turner 
syndrome have only one X chromosome and no 
Y chromosome (45)<0) discovered by Ford et al. 
in 1959, but nevertheless show a feIIlille pheno­
type, although it is inmmpletely developed and 
usually acmmpanied by malformations (p. 384). 
Thus, the Y chromosome is required to induce 
male development 

B. Sex-determining region 5RY 
In human males, a small region of approxi­
mately 35 kb on the distal short ann of the Y 
chromosome at Ypl 1.2 is required to induce 
male development. This region is named SRY 
(sex-detennining region Y, OMIM 480000). 
SRY is located just proximal to the pseudoau­
tosomal region 1 (PARl) within Y-chromoso­
mal interval lAl. Presence of SRY results in a 
development toward a male and its absence 
toward a female. 

C. SRYgene 
The SRY gene consists of a single exon with 841 
bp spanning 3.8 kb. It encodes a transcription 
factor that is a member of the high-mobility 
group (HMG)-box family of DNA-binding 

proteins. A motif TATAAA binds to transcrip­
tion factor TFIID. It is transcribed into RNA of 
1.1 kb. From a coding region of 612 bp, a pro­
tein of 204 amino adds is translated (1 ). The 
conserved HMG motif binds to DNA and causes 
reversible bending (2). The bending opens the 
double helix and permits access of transcrip­
tion factors. HMG proteins are nonhistone 
DNA-binding proteins. SRY is part of a network 
of genes regulating developmental processes. 
Its binding target is SOX9 (608160), a tran­
scription factor required for both sex and 
skeletal development. Mutations result in cam­
pomelic dysplasia with sex reversal (114290). 
(Photo in 2 kindly provided by Dr Michael A. 
Weiss, Oeveland, United States, from Li et al., 
2006.) 

D. Sry-transgenic male XX mouse 
The crucial role of SRY was shown in transgen­
ic mice. When a 14-kb DNA fragment contain­
ing the mouse Sry gene is inserted into the 
blastocyst of a chromosomally female (XX) 
mouse, a male phenotype develops. (Figure 
from Koopman et al., 1991.) 

E. Tlme pattern of Sry expression 
Expression of Sry is limited to short period of 
time during embryonic development In a 
mouse embryo with XY chromosomes, Sry is 
expressed only between days 10.5 and 12.5 of 
embryonic development. (Figure from Koopman 
et al, 1991.) 

Further Reading 
Ellis PJ, Erickson RP. The sex de~tion pathway. 

In; Erickson RP, et al. eds. Epstein's Inborn Errors 
of Development. 3rd ed. OXford: OXford Unillersity 
Press, 2016 

Graves JA. In retrospect: Twenty-llw years of the 
sex-<letennining gene. Nature 2015; 528(7582): 
343-344 

Kn~r KC, et al Failure of SOX9 regulation in 46XY 
disorders of sex development with SRY, SOX9 and 
SFl mutltions. PLoS One 2011 ; 6(3): e17751 

Koopman P, et al. Male development of chromoso­
millly l'emale mice transgenic for Sry. Nature 
1991; 351(6322): 117-121 

ll B, et al SRY -ilirected DNA bending and hwnan sex 
reyersal: reassessment of a clinical mutation un­
covers a global coupling between the HMG box 
and its tail J Mal Biol 2006; 360(2): 310-328 

Selcido R. SRY: A transcriptional activator of mamma­
lian testis determination. Int J Biochem Cell Biol 
2010; 42(3): 417-420 
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Sex Differentiation 
Sex differentiation follows sex determination 
in a series of consecutive activating or inacti­
vating developmental processes during early 
mammalian embryogenesis, resulting in either 
female or male gender. From initially undiffer­
entiated anatomical structures, male or female 
development is induced under the Influence of 
specific genes. 

A. Gonads and external genrtalla 
At about the end of the sixth week of preg­
nancy in humans, after the primordial iernl 
cells have migrated to the initially undifferen­
tiated gonads, an inner portion (medulla) and 
an outer portion (cortex) of the gonads can be 
distinguished (1 ). The cortex develops Into an 
avary, the medulla into a testis. The early em­
bryonic testes develop under the influence of 
the testis-detl!rmining factors (1DF1 the SRY 
gene (in humans1 or the r:nary in its absence. 
Under the influence of estradiol, mllllerian 
ducts develop in females and wolffian ducts 
develop in males. In XY embryos, testes devel­
op at about the 10th week of pregnancy under 
the Influence of a testis-determining factor 
(IDf1 the SRY gene (OMIM 480000). If this is 
not present, ovaries develop. 
The excl'l!tory ducts differentiate under the in­
fluence of the hormones produced by the early 
gonads (2). The early enixyonic testis produces 
two hormones: tEstDsterone, with a male differ­
entiating effect; and the mQllerian inhibition 
factor MIF (anti-mQllerian hormone, AMH; 
OMIM 600957). The mQllerian ducts, precursors 
of the fallopian tubes, the uterus, and the upper 
vagina, develop when a male differentiating in­
fluence is absent In the male pathway, their 
development is suppressed by AMH. AMH 
shares homology with transforming growth fac­
tor beta (TGFJI, OMIM 190180). The wolffian 
ducts, precursors of the male efli!rent ducts 
(vas deferens, seminal vesides, and prostate1 
develop under the influence of testosll!rone, a 
male steroid hormone formed in the fetal testis. 
If ll!s!Dsll!rone is absent or inelfecdll'e, the wolf­
fian ducts degenerate. 
The external genitalia develop after the gonads 
have differentiated into testes or r:naries. In hu-

mans this oa:urs relatively late, in the 15th to 
16th week of pregnancy (l ). FUil development of 
male external genitalia depends on a derivative 
of male-inducing testosterone, 5-dihydrotestlls­
terone, a metabolite of testosterone produced 
by the enzymatic action of Sa-reductase. 
The differentiation of the gonadal ridge into 
the bipotential gonad (4) requires genes encod­
ing transaiption factors SFl (OMIM 601516), 
WI1 (OMIM 6071021 and UIX9 (OMIM 
606066). The undifferentiated gonad develops 
into an r:nary under the influence of the genes 
llAX1 (OMIM 300473) on Xp212 and WNT4 
(OMIM 603490). The early stages of testis de­
velopment require SRY and SOX9 (OMIM 
608160). In addition other genes are involved 
(not shown). 

B. Sequence of events in sex 
differentiation 
Four leYels of sex differentiation can be defined: 
(1) genetic, (2) gonadal, (3) anatomical (exll!mal 
genitalia). i!ld (4) psychological. from early 
childhood on. A fifth. the legal gender. recorded 
as "female" or "male" in all legal documents, can 
be added. Each level is reached in a series of 
time-regulated successive steps. The male dif­
ferentiating effect of restosterone depends on 
the function of an Intracellular androgen recep­
IDr (see next page). Whereas the first three lev­
els of differentiation are anatomically defined, 
the psychological may be less clearly markrd. 

Further Reading 
Achennan JC. et al. Disorclss of mruaJ dill!rentia­

tion. In: Lon.so DL. et al, ech. Harrison's Prindp~ 
or lntm!al Medicine. 18th ed. New Yodc, NY: 
McGraw-Hill, 2012: 3046-3055 

Cox ll. et al. A SOX9 duplication and tamili<ll 46,XX 
de\'elopmental testicular disorder. N Engl J Med 
2011; 364(1): 91-93 

Ellis PJ, Erickson RP. The sex ddrrmination pathway. 
In: Epstein's Inborn Errors of ~Jopment. led ed. 
Oxilrd: Oxixd University P=s, 2016 

Gilbert SF, Danesi MJF. Developmental Biology. 11th 
ed. SUnderland: Siniuer, 2016 

Goodfellow PN. et al. SRY md prinmy sex-reversal 
syndromes. In: Valle D, et al., eds. The Online Met­
abolic and Molecular Bases or Inherited Disease. 
9th ed. New Yodc, NY: McGraw-Hii~ 2016. Availa­
ble at: www.ommbid.com. Aa:essed May 7, 2016 
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Disorders of Sexual Development 
Disorders of sexual development (DSD) may 
occur at any level of sex determination or dif­
ferentiation (see previous pa.ge ). DSD can be 
classified according to (1) aberrations of the 
XY chromosome system, (2) abnormal gonadal 
development, (3) impaired androgen synthesis 
or androgen effect, ( 4) androgen excess, and 
(5) syndromic forms as part of a generalized 
disorder involving other tissues or organs. In 
some forms, the gonads do not correspond to 
the genital duct system or external genitalia, or 
the external genitalia may be ambiguous, that is, 
partly female and partly male (pseudohermaph­
roditism). In true hermaphroditism, gonads 
contain both testicular and ovarian tissues. 
Therapy requires that the underlying develop­
mental error be correctly diagnosed. 

A. XX males and XV females 
These are examples of an impaired XY system. 
Normally, the male-determining Y-specific DNA 
sequences (SRY gene; OMIM 480000) remain on 
the Y chromosome during the homologous pair­
ing and crossing-over during meiosis. Since SRY 
is located very close to the pseudoauto50IIlal 
region 1 (PARl ), crossing-over outside PARt 
transfers the SRY region to the X chromosome 
and results in a male individual with an XX kar­
:yotype (XX male syndrome; OMIM 278850). 
The complementary Y dtromosome does not 
receive SRY, which results in a female pheno­
type with XY chromo50IIles (XY female gonadal 
dysgenesis sex reversal OMIM 400044). 

B. Point mutations In the SRY gene 
Mutations in the human SRY gene lead to sex 
reversal that is, failure of normal male sex dif­
ferentiation in the presence of a Y chromo­
some. SRY encodes a 204-amino-acid protein 
containing a DNA-binding domain of 79 highly 
conserved amino acids, the HMG box (high­
mobility group protein), in the middle section 
between amino adds 58 and 137. Most point 
mutations and small deletions cluster in this 
region. This results in complete or partial go­
nadal dysgenesis. (Figure adapted from McEl­
reavey and Fellous, 1999.) 

C. Androgen receptor disorders 
Testosterone binds to the androgen receptor 
and enters the nucleus (1 ). The activated 

hormone-receptor complex (TR and DR) indu­
ces the differentiation of the wolffian ducts. 
Dihydrotesmsterone (DHT), converted from 
testosterone in the urogenital sinus by 5a-re­
ductase, also requires a receptor (DR) in order 
to induce the male differentiation of the 
urogenital sinus into the external genitalia. 
Mutations in the gene encoding an androgen 
receptor (OMIM 313700) on Xq12 result in a 
broad spectrum of disorders including andro­
gen insensitivity syndrome (AIS, 300068), for­
merly called testicular feminization, and in 
spinal and bulbar muscular dystrophy type 
Kennedy (SBMA, 313200). XY Individuals af­
fected with AIS have a normal male karyotype 
XY, a normal SRY gene and testes that produce 
testosterone. However, since testosterone can­
not exert any effect, the resulting phenotype is 
female (2). Partial androgen insensitivity re­
sults in incomplete external male genitalia 
(Reifenstein syndrome, 312300, Mongan et al., 
2015). 
For classification of DSD, see appendix Table 17 
(p.415). 

Further Reading 
Achennan JC. et al. Disorders or sexual di!Jerentia­

tion. In: Longo DI. et al. ecb. Harrison's Principles 
of lnremal Medicine. 18th ed. New Yorlc, NY: 
McGraw-Hill, 2012: 3046-3055 

Bashamboo A. McElreavy K. Mechanisms of sex de­
termination in humans: Insights ftom disorders of 
sex development Sex Dev 2016; 10(5-6): 313-325 

Medscape. Disorders or sex development Available at: 
http://emedldne.medscape.com/artide/1015520 

Griffin JE. et al. The androgen resistance syndromes: 
steroid 5 a-reductase detidency, tcmcular femini­
zation, and related disorders. In: Valle D, et al., eds. 
The Online Metabolic and Molecular Bases of In­
herited Disease. 9th ed. New Yorlc, NY: McGraw­
Hill, 2016. Available at: www.ommbidmm. Al:­
cessed May 13, 2017 

McElreavey K, Fellous M. Sex detennlnatlon and the 
Y chromosome. AmJ Med Genet 1999; 89(4): 176-
185 

Mendonca BB, et al. 46.XV disorders of sex develop­
ment (DSD~ din Endocrine! (Oxf) 2009; 70(2); 
173-187 

Mongan NP, et al Androgen insensitivity syndrome. 
Best Pract Res din Endoalnol Mettb 2015; 29(4): 
569-580 

Ohnesorg T, et al The genetics of disorders of sex 
~lopment in humans. Sex Dev 2014; 8(5): 
262-272 
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Congenital Adrenal Hyperplasia 
Congenitill adrenal hyperplasia (CAH), also ailed 
adrenogenitill syndrome (OMIM 201910~ is an 
autoSOIIlill recessiVl! deficiency of cortisol ll!Sult­
ing from insufficient biosynthesis of sreroid 
21-hydroxylase, a microsomal cytochrome P450 
enzyme. A compensatory increase in adrenocort­
ical hormone (ACTH) excretion causes hyperpla­
sia of the adrenal cortex with increased prenatal 
production of androgenic steroids. With a fre­
quency of approximately 1 in 5,000 newborns, it 
is the most common fumt of aberrant sex diffi:r­
entiation with highly variable clinical milllifesta­
tions. The hererozygote frequency is 1 :50 in 
Europe and North America. 

A. Overview 

The main characteristics of this disease are 
listed {1 ). Ambiguous or virilized genitalia are 
present in newborn girts (2). The biochemical 
defect results in hyperplasia of the adrenals 
(3). Inheritance is autosomal recessive (4). Un­
treated or poorly treated children show ad­
vanced growth and early puberty, but are short 
as adults because of early closure of the epiphy­
seal plates. Such girls develop a male physical 
appearance (5). CAH occurs in three major man­
ifestations, depending in part on the type of 
mutation: (1) a severe salt-losing form, in ap­
proximately 60 to 75% of patients; (2) a virilizing 
form without salt loss; and (3) an attenuated, 
late-onset form. The severe salt-losing form is 
life-threatening in newborns. 

B. Biochemical defect 
The enzymatic defect blocks the conversion of 
progesterone to deoxycortisol (OCX:) by hydrox­
ylation at position 21 (steroid 21-hydraxylase). 
N. a result. the plasma concentration of 17-
hydroxy-progesterone is increased. 

C. The CYP21 gene structure 
The CYP21A2 gene (OMIM 613815) encodes 
the 21-hydroxylase enzyme. It is located at 
6p21.33 in tandem with three closely linked 
genes upstream (in the 5' direction): the com­
plement 4A (C4A) gene (OMIM 120810), a CYP 
pseudogene (CYP21P) without function. These 
genes lie within the class III HU\ genes of the 
major histocompatibility complex (MHC; see 
p. 306). The CYP21A2 gene has to exons and 
spans nearly 6 kb. Deletions and nonsense or 

frameshift mutations result in the severe salt­
losing form. Missense mutations occur in the 
salt-losing and virilizing forms. Most patients 
are compound heterozygotes. The sites of 
seven mutations are shown. Deletions account 
for approximately 20% of the classical salt­
losing form. Duplications occur without clinical 
consequences. 

D. Crossing-over events 
The four genes, C4J\, CYP21P, C48, and CYP21, 
share structural and sequence similarity as a 
result of a duplication event in evolution. This 
predisposes to mispairing and unequal cross­
ing-over at meiosis. Gene conversion occurs in 
approximall!ly 75% of patients. It results from 
mismatch between the functional CYP21 gene 
and the nonfunctional pseudogene CYP21P, 
which converts part of the CYP21 gene to a 
pseudogene (CYP21P). 

E. Molecular analysis 
This example of a previous approach shows the 
detection of an 8-bp deletion by a semiquantita­
tive PCR method. In normal individuals {lanes 2, 
4, IHI) the intensity of a 952-bp fragment (de­
rived from eicims 1-3) and a 200-bp fragment is 
about the same. In heterozygotes {lanes 5 and 9). 
the 952-bp fragment is less intense than in con­
trols, and it is absent in the patient (lane 3 i The 
fragments at the bottom of each lane represent 
parts of the jHctin gene for control. (Figure cour­
tesy of Dr Alireza Baradaran. Mashhad, Iran, now 
Vancouver, from Vakili et al, 2005.) 

Further Reading 
Donohoue PA, et al. Congenital adrenal hyperplasia. 

Jn; Valle D, et at, eds. The Online Metabolic and 
Molecular Bases of Inherited Disease. 9th ed. New 
York, NY: McCraw-Hil~ 2016. Avallable at: www. 
ommbidcom 

Mente DP, Bornstein SR. Congenital adrenal hyper­
plasia. Lancet 2005; 365(9477): 2125-2136 

S~iser PW et al. Congenital adrenal hyperplasia. J 
Qin Endoainol Metabol 2010; 95: 4133-4160 

Lln-SU K, et al. Genetic disorders of the adrenal gland. 
In: Rlmoin DI. et al. eds. Emery and Rlmoin's Prin­
ciples and Practice of Medical Genetics. 6th ed. 
New Yorlc, NY: Elsevier, 2013 

Valdli R. et al. Molecular analysis of the CYP21 gene 
and prenatal diagnosis in families with 21-hydrox­
ylase deficiency in northeastern Iran. Harm Res 
2005; 63(3): 119-124 
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Rhodopsln, a Photoreceptor 
Vertebrates hilve evolved sensory systems thilt 
enable them to perceive light, sound, taste, and 
smel~ and convert this into advantageous be­
hilvioral patterns. Two types of pholDreceptors 
in specialized cells of the retina in the eye pro­
vide color vision and light perception in the 
dark. The human retina has approximately 
6 million cone cells (cones) for color vision 
and approximately 110 million rod cells (rods) 
that operate in weak light The photoreceptor 
responsible fur weak light is rhodopsin. It is a G­
protein-mupled rea:ptm activated by light Only 
rods contain the nimeric G protein coupled to 
rhodopsin 

A. Rod cells 
A rod cell is a highly specialized cell containing 
the pholDreceptor rhodopsin. An ourer segment 
of a rod contains approximately 1,000 discs with 
approximately 4 x 101 molecules of rhodopsin. 
The discs are folded by the prorein peripherin. 
The trimeric G protein coupled to rhodopsin is 
called tramducin. At the other end of a rod is an 
inner segment with the cell nucleus, endoplas­
mic reticulum, Golgi apparatus, and mitochon­
dria. Each rod has a synapsis. Prom here, a signal 
is transmitted ID the optic nerve and from there 
to the visual cortex of the brain. 

B. Photo exdtation 
In 1958, George Wald and coworkers discovered 
that light isomerizes 11-cis-retinal (1) into all­
trans-retinal (2). This structural change in fem­
toseconds is so great that it triggers a reliable 
and reproducible nerve impulse. The absorption 
spectrum of rhodopsin (3) corresponds to the 
spectrum of sunlight, with an optimum at a 
wavelength of 500 nm. In the dark, all-tnms­
retinal is converted back into 11-cis-retinal. 
All-trans-retinal essentially does not exist in 
the dark. Although verll!brares, arthropods, 
and mollusks have anatmnically different types 
of eyes, all three phyla use 11-cis-retinal fur 
photoactivation. 

C. Light cascade 
PholDactivated rhodopsin triggers a series of 
enzymatic reactions, known as the light cas­
cade. First, the photoactivated rhodopsin acti­
vates a G-protein-<:0upled receptor protein, 
transdudn (Gt). Activated transdudn is bound 

to guanosyltriphosphilte (GTP; seep. 188). GTP 
activates cyclic guanosylmonophosphilte phos­
phodiesterase ( cGMP) by binding to its inhib­
itory y subunit This converts cGMP to GMP 
and doses the cGMP-gated ion channels. 

D. Rhodopsin 
Rhodopsin is a seven-helix transmembrane pro­
ll!in structure with binding sites for functionally 
important molecules such as transdudn, rho­
dopsin kinase, and arrestin on the cytosolic 
side. The binding site fur the light-absorliing 
11-cis-retinal is lysine in position 296 of the 
seventh transmembrane domain. 

E. cCMP as transmitter of light signals 
Cyclic guanosine monophosphate ( cGMP) is 
the second messenger in the light signal trans­
duction system. Rod outer segments normally 
contain a high concentration of cGMP. Light 
absorption by rhodopsin activates cGMP phos­
phodiesterase. This hydrolyzes cGMP to 5'-GMP 
and decreases the cGMP concentration. The 
high concentration of cGMP in the darl< keeps 
cGMP-gated cation channels open. On exposure 
ID light, the channels are dosed, the membrane 
becomes hyperpolarized, and a nerve impulse is 
triggered. (Figures adapred from Stryer, 1995, 
and Lodish et al, 2016.) 

Medical relevance 
Mutations in genes encoding the proteins of 
the light cascade signal pathway are frequent 
causes of different forms of hereditary blind­
ness resulting from pigmentary degenerative 
changes to the retina (see next page). 

Further Reading 
Alberts B, et al. Molecular Biology of the Cell 6th ed. 

New York, NY: GS Garland, 2015 
Locllsh H, et al. Molecular Cell Biology. 8th ed. New 

York, NY: W. H. Freeman, 2016 
Nathans J, H~ss DS. Isolation and nudeotide 

sequence of the gene encoding human rhodopsin. 
Proc. Nat Acad Sci 1984; 81; 4851--4855 

Stryer L Molecular basis of visual excitation. Cold 
Spring Harb Symp Quant Biol 1988; 53(Pt 1): 
283-294 
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Plgmentary Retlnal Degeneration 
Pigmentilry degeneration of the retinil (retinitis 
pigmentoSil, RP) is ii group of hereditilry eye dis­
l!i!SeS involving more ilppraKimi!tl!ly 80 autos om.al 
and 6 X-chromosomal loci (see OMIM 268000 
phenotypic series) causing progressive blindness 
in approximi!tely 1 in 3 ID 5,000 children and 
adults. Mutations at these gene loci interfere 
with the light cascade signal pathway and ca11Se 
retinal degeneration. Aside from rhodopsin, these 
include peripherin, cAMP phosphodiesterase, and 
others. Ri:tina1 degi:m:ration may occur alone 
(nonsyndromic) or as part of a systi:mic disorder 
involving other o~ systems (syndromic limns, 
see OMIM 276900. Usher syndrome). 

A. Retinitis pigmentosa 
Affected individuals first lose midperipheral 
vision; then, the visual field is progressively 
reduced to a small island of central vision (tun­
nel vision). This is associated with the inability 
to perceive weak light (night blindness). The 
fundus of the eye shows thin retinal vessels, a 
pale, waxy yellow optic nerve, and multiple 
areas of im:gular hyperpigmentation and de­
pigmentation. Approximately 30 to 40% of 
cases of RP are the result of autosomal domi­
nant inheritilnce determined ilt approximately 
40 gene loci. Approximately 50 to 60% of cases 
of RP are inherited as autosom.al recessive 
traits at approximately 60 genes and additional 
gene loci (see OMIM 268000 for overview). Ap­
proximately 5 to 15% of cases of RP result from 
X-linked inheritance (OMIM 268000). However, 
in a single case without a family history, the 
mode of inheritance may remain uncertain. 
(Pho!Dgraph kindly provided by Profi:ssor E. 
Zrenner, Tiibingen, Germany.) 

B. The first mutation In modopsln 
The first mutation of rhodopsin WilS described 
by Dryjil et al. in 1990. It is a transversion of 
cytosine (C) to ildenine (A) in codon 23 of excn 
1. This ca11Ses an exchange of ii proline for a 
histidine in codon 23 (ca: for pro line to CAC. 
lbr histidine, designated as mutation P23H). 
The partial DNA sequence in the banding pat­
ti:m shows the mutation as an additional band 
representing the adenine in codon 23. Proline in 
position 23 is highly conserved in evolution and 
occurs in more than 10 related G-protein recep­
tors. The figure, ildapted from Dryja et al., shows 

the previous Sanger sequence pattern, which 
has been replaced by autnmated sequencing. 

C. Mutations in rhodopsin 
The gene for human rhodopsin (RHO; OMIM 
180380) has five excns and spans 5 kb. It is 
located on the long arm of chromosome 3 in 
region 2, band 2.1 (3q22.1) and encodes a trans­
membrane protein of 348 amino adds. Thirty­
eight amino acids are invariant in verti:brates. 
The figure shows the distribution of selected 
mutations in the rhodopsin molecule. Most are 
missense mutations lei!ding to an exdtange of 
one amino acid by another. Reilrrangements in­
wlving a li!w base pairs cause small deletions. 

D. Simplified diagnosis of a mutation 
The figure shows an example of indirect DNA 
diagnosis prior to direct mutational analysis 
available today. In the family shown, 13 individu­
als in three generations (grey squares males, grey 
circles temales) are affected (1). lhe mutation is 
the same (P23H) as shown in B. By using allele­
specific oligonudeotides and the polymerase 
chain reaction, individuals carrying the mutation 
can be distinguished from those who do not. The 
oligonucleotide corresponding ID the mutant al­
lele (3'-CATGAGCJTC.ACa:AC-5') hybridiz.es 
with the mutant allele only, not with the norm.al 
allele (2). Individuals ll-2, 11-12, and Ill-4 were not 
examined. (Data from Dryja et al. 1990.) 
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Arna Get al Mutations in REEP6 call5e autosamal­
re~ retinitis pigmentosa. Am J Hum Genet 
2016; 99; 1305-1315 
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D, et al., eels. The Online Metabolic and Molecular 
Bases of Inherited Disease. 9th ed. New Yark, NY: 
McGraw-Hill, 2016 

Dryja TP, et al. A point mutation of the rhodapsin 
gene in one form of retinitis pigmentasa. N~ 
1990; 343(6256); 364-366 

Hartong DT, et al. Retinitis pigmentasa. Ullcrt 2006; 
368(9549): 1795-1809 

ShankM SP. Hereditary retinal and charoldal dystro­
phies. Jn; Rimain DL. et al., eds. Emery and Ri­
moin's Principles and Practice of Medical Genetics. 
6th ed. New Yark, NY; Elsevier, 2013 

Sheffield VC, et al. Genomics and the eyl!. N Engl J 
Med 2011; 364(20); 1932-1942 

Wright M, et al. Photoreceptor degeneration: genetic 
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Color Vision 
In 1802, Thomas Young suggeslCd ma: mlor 
vision in hwmns is trichromatic: red. green. and 
blue. Cone cells in the retina mntain three types 
of photoreceptms. which respond ID long-wave 
(red), middle-wave (green), or short-wave (blue) 
light This was confirmed in 1986 when Nathans 
and CCNIOl"ilers identified the genes and molecu­
lar structure d the mlor recep!Drs. X-linlced 
red-green mlor vision defects in humans afl'ect 
approximately 8% of males. 

A.Humanphotorecepto~ 

The overlilpping absorption spectra of the 
three classes of recep!Drs have peaks of sensi­
tivity at 420 nm (blue; OMIM 613522), 530 nm 
(green; OMIM 300821), and 560 nm (red; 
OMIM 300822). 

B. Evolution 
The genes for the visual pigment photorecep­
tors hiM! arisen in evolution by duplication of 
an ancestral gene encoding a light-sensitive 
protein. Approximately 800 million years ago 
(mya), an ancestral visual pigment diverged by 
a duplication event into the rod pigment rho­
dops!n and another, not yet differentiated, 
cone pigment. A short-Wi!Velength-responsive 
(blue) pigment gene and a single mid-wave­
length (green-red) gene diverged approximately 
500 million years ago lbllowing another duplica­
tion ~ The split betwl!en New World mon­
lreys with a single X-linlced rec:eplllr and Old 
World monkeys with two X-linlced rec:eplllrs oc­
cuned approximately 30 to 40 million years ago 
when the single green-red pigment gene dupli­
cated. The two copies then evolved into the green 
and the red pigment genes. 

C. Structural slmllarlty 
Four photopigments with identical structures 
exist as heptahelical (seo.oen helices) t:ransmem­
br.me protl!iils with similar sequences of amino 
adds. Nathans et al in 1986 detmnined the per­
cmtagl! of identical amino adds shown in the 
figure in pairwise arrangements. Open cirdes in­
dicate invariant amino adds present in all; dark 
cirdes Indicate dilferences in amino add sequen­
ces. (Figure adapted from Nathans et al, 1986.) 

D. Polymorphism In the photoreceptor 
Subtle diffemx:rs in red light perception were 
detemd by Motulsky and roworkers (Winder-

ickx et al, 1992). They are due to polymorphic 
variants at three sites of the receptor ( 1 ): serine/ 
alanine at amino acid postion 180, 230, and 233 
(2). The distribution of red light perception 
showed a d.itference for the red/red and green 
mix distribution, depending on whether serine 
or alanine was present (3). (Figure adapted from 
Wlnderickx eta!., 1992.) 

E. Nonnal and abnormal red-green 
vision 
Defects in color vision can affect any of the 
three photopigments. 
The tandem arrangement of the X-linked pcs 
at Xq28 encoding the red and the green recep­
tors (1) predispose to color vision defects. 
Owing to the sequence similarity, unequal 
crossing-over occurs frequently In the lnter­
genic region (approximately 15 kb), which 
results in deletion/duplication and different 
degrees of red-green vision defects (2). 1Wo 
types of photoreceptors are involved in defec­
tive color vision: blue plus green in protanopia 
In the OPNlLW gene (OMIM 303900) or blue 
plus red in deuteranopia in the OPNlMW gene 
(OMIM 300822). 
Other vision defects involve the blue pigment 
(tritanopia; OMIM 190900) or cause complete 
loss of color vision (achromatopsia; OMIM 
216900). 

Further Reading 
Deeb SS. et ii. 1he moleculM basis ot nmtlon In 

humm color vision. Oin Genet 2005; 67(5): 369-
377 

Deeb SS, et al. Color vision defects. In: Rimoln DI. 
et al., eds. Emery and Rimoln's Principles and Prac­
tice or Medlcal Genetics. 6th ed. New Yorlc. NY: 
Elsevier 

Motulsky AG, et al. Color vision and its genetic de­
fKts. Jn: Valle D, et al. eds. The Online Metabolic 
and Molecular Bases ol Inherited Diseise. 9th ed. 
New Yarlc, NY: McGraw-Hit~ 2016. Available at: 
www.ammbid.com. Accessed May 14, 2017 

Nathans J. et ii. Molecubr genetics of human color 
vision: the genes encodlng blue, green. and red 
pigments. Science 1986; 232(4747): 193-202 

Winderickx J. et al Polymorphism in red pha!Dpia­
ment underlies variation in colour natchi111- Na­
ture 1992; 356(6368): 431-433 

Young T. The Bmrian Lecture: On the theory of light 
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Auditory System 
The auditory system develops and functions under 
the rontrol of more than approximatrly 120 
known genes. Mutations cause a large genetically 
hen!rogeneous group ofhearing disorders ranging 
from congenital deafness to impaired hearing at 
later ages. Genetic causes account for approxi­
mately 35%, approximately 35% are acquired, and 
in 30% the cause remains unknown. Approxi­
mately 1 in 1.000 individuals is affected by severe 
hearing impairment or deafitess at birth or in early 
childhood (prelingual deafness). 

A. The main components of the ear 
Sound waves are transmitted from the outer 
ear by vibrations in the tympanic membrane 
to the middle ear to the inner ear by a chain of 
three small movable bones (malleus, incus, and 
stapes }. In the cochlea, the organ of Corti, the 
acoustic signals are amplified and processed 
(auditory pathway}. The inner ear also harbors 
the vestibule with the three semicircular ca­
nals, which regulate the sense of equilibrium. 

B. The cochlea 
The rodtlea contains three fluid-filled r.anals: the 
scala wstibuli, the scala media, and the SCilla tym­
pani. Between the endolymph of the scala media 
and the perilymph of the scala wsobuli and SCi1la 
tympani, there is an electrical poll!ntial diffi!rence 
of approximately +85 mv. Potassium ions (K'"} 
secreted from the stria vascularis of the scala 
media into the endolymph are recycled through 
supporting cells by K'" channels and gap junctions 
(e.g., connexin 26 [Cx261}. The cochlea contains 
two types of sensory cell: one row of inner hair 
cells and three rows of oull!r hair cells. Sound­
induced vibrations of the tectorial membrane 
deflect the sll:reocilia, open mechanose:nsitive 
channels, and cause an influx of K+. The altered 
membrane poll!ntial elicilli an impulse at the 
aroustic nerw, and this is transmitted to the 
auditDry corli!X of the brain. 

C. Outer hair cells 
The stereadlia of approximately 50,000 oull!r hair 
cells (1) are arranged in arrays resembling an 
organ pipe. Their tips are connected by tip linlcs 
containing myosin and the cell adhesion mole­
cule cadherin-23. The regular arrangement of 
the oull!r hair cells (2. top) is disrupted by muta­
tions affecting the cytoskeleton (2. bottom). 

D. Congenital deafness 
The more than 120 genes involved in heredi­
tary deafness are localized on nearly every 
human chromosome. Approximately 70 to 
80% of mutations are autosomal recessive 
(gene loci designated DFNB1-DFNB105 in 
2017, see 85 entries in OMIM 220290, pheno­
typic series), 15 to 20% autosomal dominant 
(DFNA1-DFNA67, see 54 entries phenotypic 
series in OMIM 606346, 166800), and 1 to 2% 
X-chromosomal (DFN1-DFN6, OMIM 304500), 
The more than 60 identified genes encode a 
variety of proteins of the acoustic pathway 
(see Appendix, Table 18 p. 416). The most fre­
quent mutations are in connexin 26 (CX26/ 
GJB2; OMIM 121011: DFNA3, DFN; Bl}. Indi­
viduals carrying certain mtDNA mutations are 
highly sensitive to antibiotics of the aminogly­
coside class (e.g., streptomycin). Seven genes 
(OTC) are involved in otosderosis (see OMIM 
166800, phenotypic series). 
In 30% of the prelingual forms, other organ 
systl!ms are involved in addition to the ear (syn­
dromic forms). Usher syndrome with both deaf­
ness and retinal pigment degeneration consislli 
of 13 different genetic types (OMIM 276900}. 
Approximatrly 95% of deaf children are born to 
parents with normal hearing. 

Further Reading 
Falk RE, Pandya A. Hereditary hearing impairment. 

In: Rimoin DI., et al., eds. Emery and Rimoin's Prin­
dple.s and Practice of Medical Genetics. 6th ed. 
New York, NY: Elsevier 

Hereditary Hearing Loss. Available at: http://heredi­
tary~aringloss.org/. Accessed May 18, 2017 

Hilgert N, et al. Function and expression pattern of 
nonsyndromic deafness genes. Curr Mal Med 
2009; 9(5): 546-564 

Lalwani AK. Disorders of hearing loss. In: Longo DI., 
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cine. 18th ed. New Yorlc, NY: McGraw-Hill Medical, 
2012: 248-255 

Petit C. et al. Hereditary hearing loss. In: Valle D, 
et al, eds. The Online Metabolic and Molecular 
Bases of Inherited Disease. 9th ed. New Yorlc, NY: 
McCraw-Hil~ 2016. Available at: www.ommbld. 
com. Accessed Mow 18, 2011 

Smith RJH, et al Sensorineural hearing lms in chil­
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Odorant Receptors 
Vertebrates are able to differentiate thousands 
of individual odors by meilllS of specific recep­
tors on the cilia of olfactory neurons ( odorant 
receptors, ORs). OR genes have arisen in evolu­
tion by many duplication events. Genes of the 
OR family form the largest family of genes 
known in mammals, and account for approxi­
mately 3 to 4% of all genes. The mammalian 
genome contains approximately 1,000 OR 
genes, and the fish genome contains approxi­
mately 100. The rat genome contains 1,866 
ORs in 113 locations, consisting of 65 multi­
gene dusters and 44 single genes. In humans, 
approximately 60% of the genes are pseudo­
genes without function. 

A. Sensory olfactory nerve cells 
The peripheral olfactory neuroepithelium of 
the nasal mucous membrane consists of three 
cell types: olfactory sensory neurons with 
axons leading to the olfactory bulb, supporting 
cells, and basal cells. The latter serve as stem 
cells that replace olfactory sensory neurons. 
Each olfactory neuron is bipolar, with olfactory 
cilia in the lumen of the nasal mucous mem­
brane and a projection to the olfactory bulb. 
From there, odorant-induced signals are trans­
mitted via the olfactory nerve to the brain. 

B. Odorant-specific receptor 
The odorant-spedfic receptor is a GTP-binding 
protein (seep. 188) with a specific stimulatory 
a-subunit, the Golf· Binding of the odorant 
ligand to the receptor activates Goll\ which in 
tum activates adenylate cyclase. The increase 
in cAMP (cyclic 3',5'-adenosine monophos­
phate) opens a cAMP-gated ion channel, 
which depolarizes the cell membrane and elic­
its a nerve signal. Each receptor in the cilia of 
the olfactory neurons binds specifically to one 
odorant ligand only. 

C. The olfactory receptor protein 
The odorant receptor is a typical seven trans­
membrane G-protein-coupled protein. Unlike 
rhodopsin, the OR proteins contain many vari­
able amino adds, especially in the fourth and 
fifth transmembrane domains, and this is 
likely to be related to their function. 

D. Exclusive gene expression 
Only one allele of an OR gene is expressed and 
each gene is expressed in a few olfactory neu­
rons only. Receptor-specific probes recognize 
only very few neurons in the olfactory epithe­
lium of the catfish (lctalurus punctatus): probe 
202 hybridizes to two neurons (two black dots, 
1 ); probe 32 hybridizes to one neuron (2). 
Odors are distinguished in the brain according 
to which neurons are stimulated. (Figure 
adapted from Ngai et al., 1993.} 

E. Subfamilies within the OR family 
Olfactory receptor genes form a large family of 
related genes. Amino add sequences derived 
from partial nucleotide sequences of cDNA 
clones (F2-F24} are variable, especially in 
transmembrane domains lll and IV (1 ). For ex­
ample, families F12 and F13 differ in only 4 of 
44 positions. On the other hand, within a sub­
family evolutionary homology is evident by 
considerable amino add sequence identity 
(2). (Figures adapted from Buck and Axel, 
1991, and Ngai et al., 1993.) 

Medical relevance 
Olfactory dysfunction affects approximately 1% 
of the population below the age of 60 years. 
Anosmia (lack of ability to smell) is associated 
with hypogonadotropic hypogonadism result­
ing in the genetically heterogeneous Kallmann 
syndrome involving approximately 19 autos­
mal loci and 1 X-chromosomal at Xp2231 
(OMIM 308700; 147950; 244200). 

Further Reading 
Buck I., Axel R. A n~l multigene family may encode 

odorant receptors: a molecular basis for odor rec­
ognition. Cell 1991; 65(1): 175-187 

Doty RI., Bromley SM. Disorders of smell and taste. 
In: Longo DI., et at, eds. Harrison's Principles of 
Internal Medicine. 18th ed. New York, NY: 
McGraw-HU~ 2012: 241-247 

Emes RD, et at Evolution and comparative genomics 
of odorant- and pheromone-associated genes in 
rodents. Genome~ 2004; 14(4): 591-602 

Keller A, et al, Genetic variation in a human odorant 
receptor alters odour perception. N:iture 2007; 449 
(7161): 468-472 

Ngai J, et al. The famUy of genes encoding odorant 
receptors in the channel catfish. Cell 1993; 72(5): 
657-666 
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112 FPSH LIMNLYPWLGAI ISLSGILYSYF Kll/SSVRS I SSYQGKHK 
f2) FLND VIMVFALVLLAYWPLLGILYSYS Kll/SSIRAI S'NQGKYK 
Fl FLND LVI YFTLYLLATVYPLAGIFYSYF Kll/SSICAI SSYHGKYK 

2. Homologywltfiln subfamllles 

E. Subf.-nlllts vwflhln t:M mullfglne flmlty 
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Mammalian Taste Receptors 
Humans can distinguish five types of taste: 
sweet, sour, Sillt, bitter, and glutilmate 
(umami, the taste of monosodium glutamate, 
present in Asian food). Hydrogen ions (ff+) of 
adds are responsible for sour taste. The salty 
taste is the result of dirert influx of sodium 
ions (Na+) from water-soluble salts. Bitter, 
sweet, and glutamate taste perception is medi­
ated by families of G-protein-coupled receptor 
(GPCR) signaling pathway systems. 

A. Mammalian chemosensory eplthella 
The oral and nasal cavities of mammals con­
tain: (1) the main olfactory epithelium (MOE) 
containing sensory cells with odorant recep­
tors in the nose (see p. 378); (2) the taste sen­
sory epithelium of the taste buds of the tongue, 
soft palate, and epiglottis; and (3) the vomer­
onasal organ (VOM, also called Jacobson's 
organ). The main olfactory bulb (MOB) relays 
signals from the MOE to the olfactory cortex of 
the brain. The accessory olfactory bulb (AOB) 
relays signals from the \/OM to areas of the 
amygdala and hypothalamus. 

B. Chemosensory signal transduction 
Aside from the olfactory sys rem (see previous 
page), the sensory taste (gustducin) sysrem 
mediates taste perception. In addition, the 
vomeronasal system detects signals arriving 
as pheromones. Each neuron of the main olfac­
tory sensory system (1) sends an axon to spe­
cific glomeruli [mitral cells), and from there 
to the main olfactory bulb (MOB) and the ol­
factory nerve. The odorant receptor (OR) gene 
family comprises approximately 1,000 
members with distinct odorant specificity (G­
olfactory proteins, Ga11). The bitter taste sen­
sory sysrem (2) connects axonal projections 
of receptor cells in the taste sensory epithelium 
of the taste buds to gustatory nuclei in the 
brain srem. Bitter taste, especially, is perceived 
at very low concentrations. Two families of 
taste receptDrs exist, type 1, sweet (TAS1R2 
and TAS1R3, OMIM 606226, formerly TlRs) 
and type 2, bitter (TAS2Rs, OMIM 604791, for­
merly 12Rs). They are encoded by 2 and 50 to 
80 genes, respectively. A heterotrimer of 
TAS1R1 (606225) and TAS1R3 (605865) medi­
ates umami taste perception. 
The mammalian pheromone receptors (VN1R1 
and VN2R2, OMIM 605234), located in the 

vomeronasal organ, form two families. They 
are encoded by 30 to 50 genes and over 100 
genes, respectively (3). 

C. Taste receptor gene family 
The taste receptor gene family consists of in­
tronless genes. A small family of three G-pro­
tein-coupled receptors (TlRl, T1R2, and T1R3) 
mediate sweet and glutamate (umami) taste 
perception. Bitter perception is mediated by 
T2R receptors. Here marked amino acid se­
quence differences (light fields) between the 
second (TM2) and third (TM3) transmembrane 
domains of the predicted amino acid sequen­
ces are visible fur 23 different T2R receptors of 
human (h), rat (r), and mouse (m) origin. In 
contrast, conserved sequences (dark blue) in­
dicate identity in at least half of the aligned 
sequences; light blue represents conserved 
substitutions; and the remaining are divergent 
regions. The T2R genes cluster on a few chro­
mosomes: human chromosomes 5, 7, and 12, 
and mouse chromosomes 6 and 15. 

D. Expression pattern 
Unlike re<Eptor cells of the olfactory system, in­
dividual taste receptor cells express multiple re­
ceptors (T2Rs ). Up to to T2R probes hybridize to 
just a few cells, shown as darkened areas (1 ). 
Double-label fluorescence in-situ hybridization 
shows that different receptor genes are ex­
pressed in the same t:.aste receptor cell, shown 
in green forT2R-7 (2) and red forl2R-3 (3). The 
T2Rs confer high sensitivity for bitter substances 
at low concentrations. (Figures adapted from 
Adler et al, 2000, and Dulac, 2000.) 

Further Reading 
Adler E, et al. A novel family of mammalian taste 

receptors. eeu 2000; 101X6l: 693-102 
Bachmanov M et al. Taste receptOr genes. Annu Rev 

Nutt 2007; 27: 389--414 
Buck IB. The molecular architecture of odor and 

pheromone sensing in mammals. Cell 2000; 100 
(6); 611~18 

Chandrashekar J, et al. 12Rs function as bitter taste 
rea!ptors. eeu 2000; 10IX6l: 703-71 t 

Doty RI. Bromley SM. Disorders of smell and taste. 
In: Longo DI. et al, eds. Harrison's Principles of 
Internal Mmicine. 18th m. New York. NY: 
McGraw-Hi!~ 2012: 241-247 

Dul.ac C. The physiology of taste, vintage 2000. Cell 
2000; 100(6): 607-610 

Fischer A, et al E\lolution of bitter taste receptl)1'S in 
humans and apes. Mo! Biol Evol2005; 22(3): 432--436 
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Numerical Chromosomal Aberrations 
Three autosomal trlsomy syndromes and three 
types of numerical abemitions of the X and the 
Y chromosome occur in livebom human in­
fants with an overall incidence of approxi­
mately 1 :400. Trisomy arises during meiosis I 
or II (see p. 94) by nondisjunction as a prezy­
gotic event It may, les.s commonly, occur after 
fertilization as a posrzygt>[ic event in the early 
embryo during a somatic cell division (milDsisi 
In this case. the additional chromosome is 
present only in a certain proportion of cells. 
This condition is called chromosomal mosaicfsm. 

A. Autosomal trtsomles In humans 
Trisomies for chromosome 21, chromosome 
18, and chromosome 13 occur. Their incidence 
diffi:rs as shown and is influenced by the age of 
the mother. Trisomy fur all other chromosomes 
is not compatible with postnatal life after birth 
and results in spontaneous abortion in the first 
or second trimesb!r. The reason for this differ­
ence is the relatively low density of gene loci 
on chromosomes 21, 18, and 13. 

B. Addltlonal X or Y dlromo5ome 
An additional X or Y chromosome occurs with 
a higher incidence than autosomal trlsomies 
and considerably less effects on the phenotype, 
except for the presence of a single X chromo­
some (rnonosomy X. see next page) 

C. Phenotypes of autosomal trisomies 
Inman 
The three autosamal trisomies are associated 
with a distinctive phenotype and occur with 
different frequencies. Each has a distinct pattern 
of congenital malformations associab!d with 
variable degrees of mental impairment in tris­
omy 21 (Dawn syndrome; OMIM 190685) and 
complete lack of mental development in triso­
mies 18 and 13. Only trisomy 21 is compatible 
with survival into adulthood, although the over­
all life expectancy is approximately half of that 
of the nonml population. The chromosomal re­
gion responsible !Dr the phenotype Down syn­
drome is 21q22. Trisomy 21 may occur in sibs 
due to a translocction involving a chromosome 
21 , most oftrn by a centric fusion (robertsonian 
translocation) with another acrocentric chro­
mosome. Numerous additional manifest1dons 
(transient neonatal thrombocytosis, macrocylDSis 

or In}'l!loprolifurative disorder, inunune defi­
ciency) and mngenital malformatlons ( mngenital 
heart dekts; duodenal stl!nOsis; lnll!Stinal agan­
glionosis) may be present in Down syndrome. 
Always present is reduced mUSOJlar tone in new­
born and infants. Children with Down syn­
drome grow up """11 integrab!d into family life 
with usually delayed developmental milestones. 
Males with Down syndrome are infertile, but 
few females have canied in infant to term. 

D. Nondlsjunctlon as a cause 
All three human trisomies occur more fre.. 
quently with advanced maternal age (1). The 
age of the father has no or very little influence. 
The faulty distribution due to nondisjunction 
may occur in meiosis I or D (2). If nondisjunc­
tion occurs in meiosis I, the three chromo­
somes will be different (1 + 1 + 1 ), whereas if 
nondisjunction occurs during meiosis II, two of 
the three chromosomes will be identical (2 + 
1). In humans, approximab!ly 71n> of nondis­
junctions occur in meiosis I, and 31n> occur in 
meiosis D. In trisomy 21, the nondisjunction 
occurs in gm; in matmial meiosis (in meiosis 
I in 73%, in meiosis D in 25%i The figures fur 
trisomy 18 and 13 are similar. 
(For additional information on chromosomal 
aberrations, see Table 19 in the Appendix 
p. 417.) 

Further Reading 
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Emely and Rimoins's Principles and Practice of Med­
ical Genetics. 6th ed. New YOilc. NY: Elsevier, 2013 

Epstein CJ. Down syndrome (ttisomy 21). In: \1alle D, 
et al, ms. lhe Online MetlboUc and Molecular Bases 
oflnheritm Disease. 9th ed. New Yolk, NY: McCraw­
Hill, 2016. Available at: www.ommb!dcom) 

Mikhail FM. Ouomosomal basis of lnheriUnce. In: 
Rimoin DI., et al., ms. Emery and Rimoins's Princi­
ples and Practice of Medial Genetics. 6th ed. New 
York, NY: Elsevier, 2013 

Miller OJ, Thaman E. Humm Cl!romosomes. 4th ed. 
New Yorlc, NY: Sprinser-Verlaa. 2001 

Rcizen NJ, et al. Down's syndrome. Lancet 2003; 361 
(9365): 1281-1289 

Sdtwartz S, Hassold T. Chromosome disorders. In: 
Longo DI. et al., eds. Harrison's Principles of Inter­
nal Medicine. 18th m. Longo DL, et al, eds. New 
York: McGraw-Hill, 2012: 509-518 
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Trfploldy, Monosomy X. Addltlonal x 
or Y Chromosome 
Other conditions associated with an abnonnal 
number of chromosomes involve either an en­
tire additional set of chromosomes (ttiploidy or 
ll!traploidy) or the X chromosome or Y chromo­
some. Deviations from the normal number ofX 
or Y chromosome comprise approxinlillely half 
of all chromosomal aberrations in man (totaJ 
frequency apprax.imall!ly 1 :400). 

A. Trlploldy 
In triploidy, either one paternal and two ma­
ternal sets (karyotype 69.XXV or 69,)00{) or 
one maternal and two paternal sets are present 
(69.XXX. 69,}(YY or 69.xxY). Triploidy is asso­
ciated with severe developmental failure and 
congenital malformations (1). which are not 
compatible with postnatal life after birth. The 
fetus shows numerous severe malformations 
(2), such as cardiac defects, cleft lip and palate, 
slceletal defects, and others. Triploidy (3) ac­
counts for approximately 17% of spontaneous 
abortions. The causes Include a diploid sper­
matocyte, a diploid oocyte, or fertilization of 
an egg cell by two spermatoz~ (dispermy~ 

B. Monosomy X (Turner syndrome) 

Monosomy X (karyotype 45.X. often written as 
XO) causes Turner syndrome with a very 
wide phenotypic spectrum, ranging from se­
vere to very mild. The phenotype during fetal 
life is usually massive lymphedema of the head 
and neck, and large multilocular thin-walled 
lymphatic cysts (1 ~ Congenital cardiovasrular 
defects, especially involving the aorta, and kid­
ney malformations are frequent Important is 
fetal degeneration of the ovaries into connec­
tive tissue, as streak gonads. Small stature is 
always present, with an average adult height 
of approximately 150 cm. In many patients, the 
manifestations are mild (2). but in others, web­
bing of the neclc (pterygium a>lli) may be 
present as a residue of the felill lymphedema 
(l). Most patients have chromosomal mosaidsm 
45,)C/46, XX. that is, some of their cells have 
normal chromosomal complements, a deletion 
Xp, or an isochromosome for the long ann 
(i [Xq]~ The loss of genes on the short arm of 
the X chromosome (Xp) is responsible for the 
phenotype (see SHOX genes; OMJM 312865). 

Monosomy X is frequent, approximately 5% 
at conception. However, of 40 zygotes with 
rnonosomy X, only 1 will develop to birth. 

C. Additional X or Y chromosome 
An additional X chromosome in males (47, 
XXY) causes Klinefelter syndrome after pub­
erty if untreated (1 ). This Includes tall stature, 
absent or decreased development of male sec­
ondary sex characteristics, and infertility due 
to absent spennatogmesis. Testosterone sub­
stitution beginning at puberty is necessary. 
In contrast, an additional Y chromosome (47, 
XYY) does not result in a recognizable pheno­
type (2). Girls with three X chromosomes (47, 
XXX) are physically unremarkable (l). How­
ever, learning disorders and delayed speech 
development have been observed In some of 
these children more frequently than expected 
in girl with two X chromosomes. 

D. Chromosomal abemltlons In 
human fetuses 

A wide spectrum c:L ttisomies (and monosomies) 
occur at conception and lead ID spontaneous 
abortion during the second and third roonths rL 
pregnancy. The m~ frequent is trisomy 16, 
which il<XXIUllts fi>r appraximately SI c:L all auto­
somal trisomies. (Data from l.luritsen. 1982.) 
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LDngo DI. et al., eels. Harrison's Principles of Inter­
nal Medicine. 18th ed. NewYorlc, NY: McGraw-Hill, 
2012: 3046-3055 

Bondy CA New issues in the diagnosis and manage­
ment of Turner syndrome. Rev Endocr Metab Di.s­
ord 2005; 6(4): 269-280 

DeCrouchy J. 'lllrleau c. Olnic.al Atla$ of Human Chromo­
somes. 2nd ed. New Ymir, NY: jolut Wiley• Som, 1984 
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Am Hum Genet 1985; 14: 1- 57 
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Rimoin DI. et al, eds. E~ and Rimoins's Princi­
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New Yorlc, NV: Elsevier, 2013 
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tion. Res Reprod 1982; 14: 3-C 

Miller OJ. et al Human C!rolTIQSOllleS. 4th ed. Hei­
de:lberg: SpriJlier.Yerlag. 2001 
~r M. et al. niple X syndrome: a review of die 

liter.lture. Eur J Hum Genet 2010; 18(3): 265-271 
Ranl!e MB, Saenger P. Turner's syndrome. Lancet 

2001 ; 358(9278): 309-314 
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Mlcrodeletlon Syndromes 
Microdeletion syndromes are sttuctura1 chro­
mosoma1 disorders that are not detectable by 
standard metaphase karyotyping because the 
size of the deletion is below the resolution of 
the light microscope (below 4 Mb). Microdele­
tions are genomic disorders (p. 418.). Most de­
letions occur de novo, but transmission from a 
parent with a balanced translocation is not 
rare. 
Currently, approximately 60 microdeletion and 
microduplication syndromes have been recog­
nized (Appendix, Table 20 p. 418). A few exam­
ples are illustrated below. 

A. Deletion Sp-: cri-du-chat syndrome 
This is not a microdeletion syndrome in the 
snict sense, because the deletion is recogniz­
able by standard metaphase analysis in ap­
proximately 80% of patients. In 1963, Lejeune 
and coworkers in Paris described children with 
a partial deletion of the short arm of a chro­
mosome S (Sp-) and a characteristic pattern of 
dysmorphic facial features associated with im­
paired menta1 d~lopment (OMIM 1234SO). 
The name is derived from a prolonged high­
pitched cry of affected infants, which resem­
bles that of a kitten. In approximately 12% of 
children with cri-du-chat syndrome, one of the 
parents has a translocation involving a chro­
mosome S. 

B. Deletion 4p-: Wolf-Hirsc:hhorn 
syndrome 
This characteristic phenotype [OMIM 194190) 
results from a partial deletion of variable size 
of the short arm of a chromosome 4. It was 
described in 1964 independently by U. Wolf 
and K. Hirschhorn and their coworkers. Mental 
and statornotoric retardation is associated with 
characteristic facial features (1, 2), midline de­
fects (cleft palate, hypospadias), coloboma of 
the iris, congenita1 heart defects, and other 
ma1formations. In approximately 80% of cases, 
the deletion at 4p16.3 is recognizable by light 
microscopy. In approximately 10 to 1S% of 
cases, one parent carries a balanced transloca­
tion, which predisposes to deletion or duplica­
tion of this region. (Photos in A and B courtesy 
of Ors Beate Albrecht and Alma KOchler, Essen. 
Germany.) 

C. Deletion 22q11 
several partially overlapping phenotypes result 
from deletions in region 1, band 1.2 of the 
long arm of chromosome 22 (22ql 1.2) (1 ). 
The most common are the DiGeorge syndrome 
(OMIM 188400; p. 310) and the velocardial 
facial syndrome (Shprintzen syndrome; OMIM 
192430) with dysmorphic facial features (2, 3). 
Approximately 80% patients have a large 1.S­
to 3.0-Mb hemizygous deletion of 22q11.2 
involving approximately 4S gene loci in this 
region, leading to phenotypic differences. 
(Photos in 1 and 2, courtesy of Dr Diana Mitter, 
Leipzig, Germany.) 

D. Deletion 7q11.23 
This deletion is usually associated with a rec­
ognizable phenotype, the Williams-Beuren 
syndrome (WBS; OMIM 1940SO). Facial and 
behaviora1 features associated with supravalv­
ular aortic stenosis are its hallmark. It results 
from deletions of variable sizes of 15 to 
1.8 Mb, involving approximately 28 gene loci. 

E. Microdeletion syndrome 1 p36 
This is a relatively frequent ( 1 :5,000) microde­
letion syndrome of the subtelomeric region 
1p36 (OMIM 607872) (1). Mental retardation 
associated with a prominent forehead, midfacial 
hypoplasia (2, 3). microa:pha1y, muscular hypo­
tonia. and congenital heart defects are among 
the phenotypic features. The diagnosis can be 
confirmed by array techniques, here by SNP 
array analysis (deletion at 1p36, aITOW'). (1-3, 
Courtesy of Prof DagmarWieczorek, Diisseldorf, 
4, Dr Ludgi!r Klein-Hitpass, Essen, Germany.) 

Further Reading 
D'llngelo CS, et al Extending the phenotype of mon­

osomy 1 p36 syndrome and mapping of a critical 
region for obesity and hyperphagia. Am J Med 
Genet A 2010; 152A(t); 102-110 

Spinner NB. et al Deletions and other structural ab­
normalities of autosomes. In: Rimoin DL, et al, eds. 
Emery and Rimoin's Principles and Practice of 
Medical Genetics. 6th ed. New York, NY: Elsevier, 
2013 

Vissers LE, et al. Micradeletion and microduplication 
syndromes. Methods Mel Biol 2012; 838: 29-75 
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A Brief Guide to Genetic Diagnosis 
The diagnosis of a genetic disease requires a 
sys1l!matic. in1l!rdisciplinary ;ipproach thilt 
takes many clinical md genetic considerations 
into accollilt. It begins with an analysis of the 
phenotype. This is defined at different levels. 
that Is, l'l!COgniz.able features, age of onset and 
progression of a disorder, laboratory and X-ray 
data, etc. Appropriate online systems need to be 
consulll!d. For mendelian disorders. the lbre­
most itq)Ortant source of information is M,,._ 
lion Inheritance in Man (McKwick. 19981 freely 
available online as OMIM (see p. 392). 

A. Genetic diagnosis, a multlstep 
procedure 
A genetic diagnosis is established in a sequence 
of steps, each with a binary decision. The first 
decision determines whether a pattern of the 
manifestations can be m:ognized. If this is the 
case, the next decision deals with the pre­
swnptive category of the disease considered. 
Although diffiaJlt to establish In practice, this 
decision is the basis for subsequent steps. Fur­
thermore, as emphasized by Lupski et al. in 
2011, the underlying causes of genetic diseases 
represent a continuum, and the assignment to 
a given category should not be talcen too 
strictly. Since a particular phenotype may be 
caused by mutations at different loci (locus het­
erogmtfty) or by different mutant alleles at the 
Silllle locus (a/Jele ~). caution has to 
be exm:ised not to <M:rloolc genetic heteroge­
neity. All genetic diagnostic procedures should 
be preceded by genetic co11I1SCling, which 
properly includes obtaining (Informed) consent 
from the persons involved. 

B. Genotype analysis by PCR typing 
The polymerase chain reaction (PCR) has gre;itly 
simplified DNA-based diagnosis in cases where 
sequencing is not available or suitable. The fig­
ure shows how' two alleles can be distinguished 
by the presence of a variant in one allele, but not 
the other. Here one allele (allele 2) contilins a 
de~ site and is represented by two frag­
ments of 7 and 6 kb. The other allele (allele 1) 
consists of one 13-kb fragment. 
Following amplification, the three possible 
combinations of two alleles can be visualized 
as the three genotypes: 1-1, 1- 2, and 2-2. 

Each dose relative of the affected individual 
can thus be genotyped. 

C. Protein buncation test (PIT) 
This is a test for frameshift, splice, or nonsense 
mutations that lead to a truncated protein as a 
result of an early stop codon created down­
stream of the mutation. The truncall!d protein 
is detected by an in vitro translation system. 1he 
translation will be interrup1l!d at a premature 
stop codon resulting from the mut4ti01L The 
siz.e of the newly trmslated protein is deter­
mined by gel electrophoresis. PTI is useful in 
studying genes with frequent nmsense muta­
tions, such as the APC, BRCA1, and BRCA2 genes. 
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Gene and Stem Cell Therapy 
Therapy of genetic diseases, a future goal, 
could rest on restoring function of a mutilted 
gene, replilcing it with a functional one, or in­
activating it. This will require transfer of nu­
cleic add as the active agent, aside from other 
molecules or proteins (somatic gene therapy). 
An additional strategy is to replace lacking 
stem cells for tissue repair. Considerable tech­
nical difficulties and side effects have to be 
overcome, and ethical considerations have to 
be taki:n into account Numerous systematic 
clinical trials explore the possibilities of devel­
oping a therapy of genetic diseases worldwide. 

A. Principle of gene therapy 
Somatic gene therapy requires a transport sys­
tem to deliver correcting DNA to the somatic 
cells targeted. Two basic forms of somatic gene 
therapy are ex vivo and in vivo. In the first, 
DNA or a gene is introduced into cells outside 
the body. These are subsequently reintroduced 
into tissues that need to be corrected. In the 
second, a gene is introduced directly by a viral 
or a nonviral vector. The advantage of 
viral vectors is the relative ease with which 
they can enter the cells of the recipient. How­
ever, controlling viral production, carrying ca­
pacity, dependence on cell proliferation, and 
other aspects make application difficult. 
An example for an ex vivo approach for the 
hematopoietic system is illustrated in the fig­
ure. From whole blood (11 the red blood cells and 
white blood cells are separated, and the red blood 
cells reinfused (2). From the white blood cells (3). 
innnune rompetent CD34 cells are separated (4). 
placed together with a virus vector carrying the 
desired normal gene (5). and propagated together 
in a cell culture (6). Here the derect:ive cells incor­
porate the therapeutic viral veelDr. These cells are 
reintroduced into the recipient m (Figure based 
on Kessler, 2012.) 

B. Stem cells 
Stem cells are undifferentiated progenitor cells 
from which differentiated cells derive. Totipo­
tent stem cells can develop into a complete 
embryo. Pluripotent stem cells can form tissues 
derived from the endoderm, mesoderrn, and 
ectoderm germinal layers. Stem cells divide 
symmetrically into two identical stem cells 
(self-renewal). They form a pool of cells from 

which progenitor cells of differentiated cells 
develop following an asymmetric cell division. 
Such cells lose the ability to undergo cell divi­
sion and self-renewal. 

C. Stem cell therapy 
Stem cell therapy would provide the recipient 
with a permanent supply of cells with the abil­
ity to restore damaged tissues that lack the 
ability of repair. It would be especially impor­
tant in organs, such as the bone marrow (hem­
atopoietic SYStem) and epithelial cell systems 
(e.g., in the gastrointestinal tract), where cells 
are constantly lost and replaced. Embryonic 
stem (ES) cells have the capacity to generate 
any cell type in the body; however, ES cells 
have the potential to form teratomas and 
their use is ethically controversial. Induced 
pluripotent stem cells (iPS cells) are somatic 
cells that are reprogrammed into the pluripo­
tent state by means of four genes encoding 
specific transcription factors (Oct4, Sox2, Klf4, 
cMyc). The umbilical cord blood contains pro­
genitor cells of the hematopoietic system, but 
there are limitiltions for usage. (figure adapted 
from Nabel, 2004.) 

Further Reading 
Genetics Home Reference (NIH} Gene therapy. Avail­

able at https:lfghr.nlm.nlh.gov/primer/therapy/. 
Accessed May 29, 2017 

Kessler jA. Applications of stem ceU biology in clim:ial 
medicine. In: Longo DL et al, eds. Harrison's Prin­
ciples of lntematal Medicine. 18th ed. New York: 
Mc.Craw-Hill 2012, p. 543-551 

Mosteiro r. et al. Tusue damage and senescence pro­
vide aitic:al signals for cellular reprogramming in 
vive. Science 2016; 354(6315): 1020 

Nabel GJ. Genetic, cellular and immune approaches 
to disease therapy: past and future. Nat Med 2004; 
10(2): 135-141 

Robinton DA. et al. The promise of induced pluripo­
tent stem cells in research and therapy. NiltUre 
2012; 481(7381): 295-305 

Sauderson NRR, et al Gene therapy: from theoretical 
potl!ntial to clinical implementation. In: Rimoin DI. 
et al., eds. Emery and Rimoin's Principles and Prac­
tice of Medical Genetics. 6th ed. New York. NY: 
Elsevier, 2016 

Treacy EP. Treatment of genetic disease. In: Valle D, 
et al., eds. The Online Metabolic and Molecular 
Bases of Inherired Disease. 9th ed. New York. NY: 
Mc.Craw-Hi!~ 2016. Available at http://ommbid. 
mhmedical.com. Accessed May 30, 2017 
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Chromosomal Locations of Human 
Genetic Diseases 
Nowhere is the completed DNA sequence of 
the whole human genome and each of the 24 
chromosomes more apparent than in the pre­
cise map of gene loci along each chromosome. 
When subjected to disease-causing mutations 
or rearransements, they represent a morbid 
anatomy of man. Tuday, it can be considered 
equiVilent to Andreas Vesalius (1514-1564) 
seven volumes of De Humani Corporis Fabricu 
(1543) and the causal analysis of diseases De 
Sedibus et Causis Morliorum ~ Anatomen In­
dagatis (1761) by Giovanni Morgagni (1682-
1771) as emphasized by Victor A MclCusick 
(1921-2008) at johns Hopkins University in 
his Mendelian Inheritance of Man: A catalog of 
Human Genes and Genetic Disorders, founded 
in 1966. 
In this systmlatic collection of information 
about human genes and phenotypes, docu­
mented in 12 published editions between 1966 
and 1998, most information about human genes 
and the effects of ~using changes is 
conlilined. 
The McKusick catalog provides a systematic 
basis for the genetics of man comparable to 
the first periodic table of chemical elements 
by Dimitri I. Mendeleyev in 1869 or to the 
Chronologisch-tlltmatlsches veruichnis silmt­
licher Tonwmce Wolfgmig Amadi Mozarts by 
Ludwig Alois Ferdinand KOchel in 1862. 
McXusick's first edition in 1966 contained a total 
of 1,487 entrie5. The secmd edition (1.545 en­
tries) in 1968 included the first autosomal gene 
to be mapped. The subsequent editions reveal an 
ent?y-doubling time of approximately 15 yeom 
(3,368 in the 6th edition (198315,710 entries in 
the 10th edition (1992~ and 8,587 entries in the 

12th edition (1998i In 1987, the McKusick 
catalog became inll!miltionally available online 
as OMIM from the National Library of Medicine. 
McKusick l'1!!l!m!d to this disease gene map as 
11re Morbid Anammy of the Human Genome 
(McKusic:k, 1998; Amberger et al., 2001} This 
map of diseas~related gene loci assigned to s~ 
cific chromosomal sites first appeared in the third 
edition in 1971 on a single page. 
Regularly upcYted, OMIM is a major SOUl'tr of 
information on human genes and genetic 
diseAISe5 with a total of 24,Q65 entries as of May 
26, 2017 (see the following table, OMIM Statis­
tics} Each ent?y has a unique six-digit identifying 
number and is assigned to one of six catalogs 
according to genetic aib!ria: (1) autmomal dom­
inant inherildnce, (2) autosomal recessive, (3) 
X-<hromosomal, (4) Y-chromosomal, and (5) ml­
nxhondrial Autmomal entries initiated in 1994 
begin with the digit 6. 
The li>llowing five plates provide a limited over­
view of selected ~ph:s of monogmic disor­
den; located on each human chromosome. The 
variable gene density and the many pseudo­
genes are not shown. The whole infonnation is 
no longer aa:essible in print, but only online at 
Online Mendelian lnherililnce in Man (OMIM} 

Further Reading 
Amberser JS, et al The mcrbid a~IDrny of the 

hWIWI senome. In: Yalle D, et al. eds. The Online 
Metabolic and Molecular Bases of lnheritm Dis­
ease. 9th ed. New Yorlt, NY: McGraw-Hill Available 
at: http://ommbid.mhmedic.alcom 

Childs B. Genetic Medicine. Baltimore, MO: johns 
Hopkins University Press, 1999 

McKusick VA Mendelian Inheritance in Mm A Cata­
log of HWIWI Genes and Genetic Disorders. 12th 
ed. Baltimore, MD: johns Hopkins University Press, 
1998. Avaliable at: www.ncbi.nlm.nih.gov/omlm 

T.ble. OWlil Sbtlstlcs: total number of entries: 24,065 (26 May, 2017) 

Genes: Autosomal 14,796; X-dtromosomal 718; Y-chromosomal 49; mitochondrial 35. 
Total 15,598 

Phenotypes wl1h molecular bilsls known: 
Autosomal 4,649; X-chromosomal 318; Y-chromosomal 4; mitochondrial 31. Total 5,002 

Phenotypes with molecular basis unknown: 
Autosomal 1,473; X-chromosomal 124; Y-chromosomal 5; mitochondrial o. Total t,602 

Phenotypes wl1h suspected mendellan basis: 
Autosomal 1,672; X-chromosomal 111; Y-chromosomal 2; mitochondrial 68 

Source: www.ncbi.nlm.nih.gov/omim. 
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Elllptocytosis type 16 
Infantile hypophosphat;isia O 
Furosidosis 

[
Porphyria cutlnea hrda p 
Hepatoerythropoetic porphyria 
Infantile cemid lipofuscinosis, 
neuronal type 1 
Complement 8 deficiency I and II 
Acyt-CoA dehydmgenase defldencyo 
Maple syrup urine disease type II O 
AchromatopsisO 
Zellweger2 0 
Glycogen storage 3 
Cataract, zonularpulverulent {one type) 6 

[ Elliptocytosis-2/recessive sphemcytosis 
Gaudier disease 0 
Phospholdnase deficiency 
Splnal muscular atrophy type IB 0 
Factor V deficiency 
Antitlirombin Ill deficiency 6 q 
Chronic granulomatous disease (NCF-2) 0 
Epidermolysis bullosa type Her1itz0 
Glyrogenosis type VII 

[

Fam Illa I hypertmphlc airdiomyopathy 2 6 
Hypokillemlc periodic paralysis 6 
Factor XIII B deficiency 
Usher syndrome type 2 O 
Chediak-Higashi syndrome O 

ACTH deficiency 
Aniridia type 1 

r Hvoerbetalipoproteinemia 6 
l..ffellpoproteln B-1 OD defect 

Nonpolyposis rolon cancer 16 
Lim~irdle mL1SOJlar 
dystrophy 280 
Tbvroid lodine-peroxidas~ 
deficiency 
Carbamoy1-phosphate 
synthetase defidencyo 

Nephmnophthlsls, jUYl!lllleO 

Protein C deficiency 6 

Xemderma plgmentosum 
complement group B 0 

DEhlers-oanlos syndrome l\IO 
Familial aortic aneurysm 

Hell!ditary non-polyposis 
colon carcinoma 

Amyotrophlc lateral scleroslsO 
Cerebrotendinous 
x.antliomrtosis 
Alport syndrome 
W..ardenburg 
syndrome type 16 

- -=-....""---- 263 Mb 255 Mb 

p 

q 

1072Lo<I 5116L.oci 
D11e111e1 dP1rtla1larfmportllnce C 1111<1ktann1 

~ :::::..":::..": a=~=";.""""' Actlondroplasia 6 
Huntington disease 6 

von Hippel-Lindau syndrome 6 oMucopolysacdiaridosis I 
Xeroderma pigmellto$um group C: O Hurler/Schele) 0 

Fanconi anemia type 020 PKU due to dihydropt..ridine 
Thyroid-hormone resistance ll!ductase deficiency O 
Small-cell bronchi;il/colon!cl:ill cancer --..+~..r-CE;:::- albumlnemla 
1'$eudo-Zellwegersyndrome Fetoprotein deficiency 

DGM1-gangliosidosis ntinogenesis imperfecta 
Mucopoiysacchartdosls type IVB (Morqulo) O type I 
Epldermolysls bullosa dystrophlca O Mucolipidoses II and Ill 0 
Renal cell c.arcinoma Rieger syndrome 
G en stDrage IVO Pol)icystic kidney disease. 
Protein S deficiency adult, type 2 6 
Glutithione peroxidase deficiency Aspilrtylglucosamlnurla 
Orotlcacldurla Ob lnactlvator deficiency 

Propionic acidemia type BO 
Atransfl!rrlnemla 
Hereditary hypoceruloplasminemia 

q 
[oysfibrlnogenemla 

lnterleuldn-2 deficiency 
Sderotytosls 
Anterior segment 
mesenchyrilal dysgenesls6 

Retinitis pigmentosa type s-4 0 Pseudohypoaldosteronlsm 
Sucrose intoler.1nce Facloscapulohumer.11 
Alkilptonuria O 214Mb 203Mb 4 musa.Jlardystrophytype 1A6 

_ __ ....._....____ 602 Loci 422 Loci Factor XI deficiency 

A. Examples of gene loci of genetic diseases in the human genome (chromosomes 1-4) 
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p 

q 

p 

q 

5 

01-<lu-dliltcntical region a 
Brachydactylytype Al 6 
Hi~sprung disease (one type) 
Deficiency of complement 6, 7 and 9 
Primordial growth deficiency L.aron typeO 

['"Mucopolys.acdmidosistype VI 
U several furms) O 

~plnal muscular atrophy (several types) 

DP..Hexosaminida5e deficiency; 
GM2-gangllosldosls Sandhoff type 0 

U
Famlllal polyposlscoll 6 
Gilrdnersyndrome 6 
Gene for colorectal carcinoma 6 
Susaptibility to diphtheria toxin 
Cortisol resistance 
Deafness, low tone 
PeMc girdle musculilrdystrophy O 
Mandibulofacial dysostosis .6 
Dlilstrophlc dysplilslil 0 
Factor XII deficiency 
Cnnlosynostosls 2 A 

194Mb 
515 Loci 

Megabases (Mb) 

Si1ethre-Chotzen craniosynostosis 
CrilniopolysyndactylyGreig type 
Diabetes mellltus MODY type II 
Phosphoglycerate mutase deficiency 
Arglnlnosucclnlnaclduna 
Chronic granulomatous disease (NCF-1 )0 
Zellweger syndrome 
Mumf>Dlysoccharidosis VII 

CEhlers-D;mlossyndrometypeVll O 
Osteogenesis imperfectil (Col1A2) 6 
Edrodactyly type 1 .6 
Cutls lax.a (neoniltal m<irfilnold type) 
Cystlcfibrosls 0 
Trypslnogen deficiency 
Tritan colorblindness O 
Smith-Lemli-Opitz syndrome 
Hereditary persistence of fetal 
hemoglo61n (one fonn) 
Holoprosencephaly type 3 
3-Hydraxyacyl-CoAdehydrogenase 
deficiency 
Myotonia cangenita (two typesO .6) 
Hemodirom;otosis 

7 171 Mb 
496 Loci 

p 

q 

p 

q 

6 

filctor XIII A deflclency 
Milple synip urine diseil5e 30 
Splnocerebellilr mxlil type 1 0 
Atnal septal defect 
(one form) 
Deficiency complement 
2and4 
21-Hydroxylilse deficiency 0 
Juvenile myodonlc epilepsy 
Hemochromatosls O 
Methylmalonaclduna 

~
acular degeneration 0 

Retinitis pigmentoSil O 
peripherin defect) 

C tic kidneys, recessiveO 
Metaphvseal chondro­
dysplasra Schmid type 
Muscular dystrophy 
(merosln)O 
ArglnlnemlaO 
Macula degeneration 
(vitelline)O 
Plasmlnogen deficiency 
types land II 

183Mb 
564Loci 

11-Jl-Hydroxylilse deficiencyO 

Multiple exostoses 6 
Trichominophillilnge;il 
syndrome type 1 6 
Langer-Glealon syndrome C 
Bur1dtt lymphom;i 
Epidermolysis bullosa 
Ognatype 
Atypical vitl!llifonn 
macula dystrophy 
Hereditary hypothyroidism 

8 155Mb 
3gg Lod 

B. Examples of gene loci of genetic diseases in the human genome (chromosomes 5-8) 
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145Mb 
4()8Lo<l 

Alblnlsm (oneform)O 
Malignant cutaneollS melanoma 
a-Interferon deficiency p 1 
Galactosemla 0 
Cartilage halrdy5plasla0 

Fructose Intolerance 
Tuberous sclerosis type 1 6. 
Amylaidosis, Finnish type 
atrulllnemla 0 
Acute hepatic parphyriil 
Nail-patella syndrome 6. 
Adenylate kinase defidency 
Xeraderma pigmentosum type 1 0 
Complement 5 deficiency 
Chronic myelogenous leukemli C 

Niemann-PickdiseasetypeAand B 
Rhabdomyos;ircoma 
Fanconl anemia type F 0 
Beckwitli-Wiedemann syndrome C 
Diabetes mellitus type 2 (MODY) 6. 
Jl-Hemoglobinopathies O 
Wilms tumor type 2 
Wllms tumor-anllidla complexC 
Aniridia type 2 
Acmlasemia 0 
Hypoprothrombinemia 
Hereditiry angioedema 6. q 
Multiple endocrine neoplasla 1 II. 
Glycogenosis McArdle type 0 
Alblnlsm (oneform)O 
Ataxia telanglectasla O 
Pyruvate carboxylase deficiency 
Epldermolysis bullosa dy5trophlca O 
Acute intermittent porphyria II. 
Hypertriglyceridemla 6. 
A!!l)'loidosls Iowa type 

143Mb 
5114L.od 

Fanconi anemia type 010 p ~ 
Deafness. neurcsensory 
Muscular dy5trophy, Ouchenn~llke 0 
Breast cancer BRCA2 

[ 
Retinoblastoma II. 
Osteosarcama q 
Wilson disease 0 
Hirschsprung disease type 2 
Propionlcacldemla 
Xeroderma pigmentosum group G 0 
Clotting factor VII delidency 
Clotting factor X deficiency 

114Mb 109Mb 
199 Loci 347 Loci 

[

Thyroid medullary carcinoma 6. 
Multiple endocrine neoplasla-2 1:1. 
Multiple endocrine neoplasla-3 6. 
Hirsdisprung 1 
intestin;il agilnglionosis 6. 

[
Metachromatic leulcodys­
trophy (SAP-1 deficiency) O 
Gaucher disease (variant form) 
Cholesterol ester storage 
disease (Wolman) 

[
Glloblastoma, 
medulloblastoma 
Choroidgyrate atrophy with 
ornlthlnemla 
Congenital erythropoietic 
porptTyria O 
Pancreatic lipase deficiency 

Epidermolysis bullasa simplex 6. 

[

Premature osteoarthrosis II. 
Arthrooplrt:halmopathy (Stickler) 6. 
Spondytoerlphvseal dvsplasla 
(congenita and type Kmest) 6. 
Achondrogenesis 
type Langer-Saldino6 
Mucopolysaccharidosis lllD 0 
Tyroslnemla type Ill 
Holt-Oram syndrome II. 
Noonan syndrome (one form) 
Phenyllu:tonuria 0 

Hypertrophic cardiamyapathy 1 II. 
Glycogen storage VI (Hers) 
Nucleoside phosphorylase 
deficiency 
Galactosylceramide lipidosis 

n mptocytosls (P-spectrtn detect) 
U pherocytosis type 1 II. 

a1-Antitrypsln deficiency 0 
Transcortin deficiency 
Pcrphyria variegata 
Ushersyndrometype 1 0 
Spinacerebellarruxia 3 

C. Examples of gene loci of genetic diseases in the human genome (chromosomes 9-14) 
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q 

p 

q 

17 
92Mb 
6411.od 

57Mb 
701 Lod 

Pr.Ider-Willi syndrome C O 
Angelman syndrome C O 
Albinism type 2 O 
lsavaleric acidemiil 
Pelvic girdle muscular 
dystrophy (one form) 0 
Marfan syndrome 6 
GM2-g;mgliosidosis (T;iy-Silchs) 0 
Glutarfc acldurla type 2 
Tyrosinemiil type 1 
Bloom syndrome 0 
Cardiomyopathy, hypertrophic 3 6 

Miller-Die~rsyndrome CJ 
Geneformlorectal carcinoma 
U-Fraumenr syndrome (p53 gene) 6 
Splnal muscularatrophytype la 6 [] 
Smith-Magenis syndrome 
17-Ket:osteroid reductase deficiency 
Neurofibramatcsis type 1 6 
Epldermolysls bullasa simplex 
Acetyl-CoAcarboxytase deficiency 
Breast cancer gene BllCA I 
Galactoklnase deficiency o 

[
Ehlers-Danlos syndrome tyjle 7 0 
Osteogenesls Im perfecta four farms 6 

[

Acanthocytosis (one form) 
Elllptocytosls, Malaysian/ 
Melanesian type 
Thromboasthenla Glanzmann type 
Glymgenasls type 2 (Pompe) O 
Growth hormone deficiency 

[

Periodic hyperkalemlc 
paralysis 6 
Paramyotcnia congenit3 6 
Myatonia cangenita 6 

p 

q 

16 
98Mb 
437 Loci 

Hemoglobinopathy 
due ta mutations Of the 
0<11lobin genes 0 
Rublnsteln-T~I syndrome 
Tuberous sderosls type 2 
Polycystic kidney 
disease type 1 6 
Congenltal myopathy 
Batten-Turner type 
Bardet-Biedl syndrome 
cataract Mamer type 
Tyroslnemla type 2 
Mucopolysaccharidosis IVAO 

p 1 Plasmin inhibitcrdeficiency 
---~.__.,Niemann-Pick type C 0 

q 

p 1 

q 1 

18 
85Mb 
1541.ocl 

Protcporphyria 

Familial amylold 
neuropathy 
{sl!Yl!ral types) 

Gene for 
colarectal carcinoma (DCQ 

Neurohypoptlneal 
diabetes insip1dus 

G
Cteutzfeldt-jalcob disease 
Gerstmann-Striiussler 

lsease 

Diabetes mellillJs (MODY, 
one form) 
Brachydactyly type CA 
Severe combined 
immune deficiency due ID 
adenoslnedeamlnase 
deficiency O 
Pseudohypoparathyroldlsm 
type la 

D. Examples of gene loci of genetic diseases In the human genome (chromosomes 15-20) 
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Cerebral arll!rial Amelogenesis imperfect.a 
amyloldosls (Dutch type) Sll!rold sulfatase deficlency(lchthyosls) 
Alzheimer disease Kallmann syndrome (an autwomal domlnantfonn) 6 
Amyotrophic later.ii sclerosis Cliondrodysplasla punctata 

p 1 (onefonn) O Hypophosphall!mia 
Homo~tlnur1a (vitamin 86- Ocular albinism type 1 * 
depen ent;md 

22.3 Retinoschisis q 2 nandependent types) 0 
Adren;1I cortical ~plasia 

Hemolyt;ic ilnemia 22.2 (glycerol kinase d iency) 
due to phospho- 2 22,1 Clironlcgr.inulom;itous dlse;ise fructoklno1se deficiency 

Retinitis pigmentosa-3 * 
Proliressive myoclonic 21.3 
eplepsy p 21.2 [ Duchenne muscul;irdystrophy * 

SO Mb Becker muscular dystiophy * 
137 Loci Omlthlne transcarbamylase deficiency 

11.4 Norrie syndrome 11.3 
Retinitis plgmentosa-2 * 

Cat eye syndrome C 
lncontinenlia pigmenli 

11.21 Wlskatt-Aldnch syndrome 
[ DiGearge syndrome a Menkes syndrome 

Velocardlofaclal syndrome 
11 TfM androgen 11!CeptDrdefect * ~acetyt-

galactosaminidase deficiency 12 Aarslcog syndrome 
Glutathioninuria Phosphoglucokinase deficiency 
BCRdiromosomal 13 Hypohldrotic ectodermal dysplasra * 

p 1 
region for chronic Agammaglobulrnemla type Bruton 
myelogenous leukemia C 

21.1 Spinal and bulbarmuscular atrophy 
[ Neuroepithelioma (type Kennedy) 

q 2 
Ewing sarcoma 21.2 Spinal muscular atrophy 

[ Debrlsoquln 21.3 Clioroideremia * 
hypersensitivity q iP~S:~~:,r'~~~nn s 'bT toPa.J:l'~s~~sm Impaired hearing due to stapes fixation 
Neurofibromatosis ~pe 2 23 PeliZ<1eus-Merzbadierdisease 
(acoustic neurinoma 6 

Hereditary nephritis (Alportsyndrome) * 
Meningioma 2 24 Fabry disease 
Glucose/galactose Lowe syndrome malabsoiptlon 25 Hyper-lgM immunodeficiency 
Tr.inscobalamln-11 deficiency Lymphoprolifl!rative syndrome 22 Metachromatlc 26 Lesch-Nyhan syndrome 
leukcdystrophy O 

56Mb HemophrllaB * 
277 loci 27 Alblnlsm-deafness syndrome 

Fragile X syndrome 
* 

28 Mucopolysacdiaridosis type II (Hunter) * 
HemophrllaA * 
G6PD deficiency * 

p Nephrogenlc diabetes lnslpldus 
Adrenoleukcdystrophy 

(X Oiromosome Red-11reen blindness* 
Spermatogenesls factor 25Senl1rged) Dyskeratosis congenita 

q Kl. Fa-c Adrenoleukcdystrophy 
12 Muscular dystrophy (Emery-Dretfuss) 

Otnpalatodigital syndrome type I 
y x Rett syndrome 

51 Mb 163Mb 
* relatively frequent 45 loci 513 loci 

E. Examples of gene locl of genetic diseases In the human genome (chromosomes 21, 22, X, Y) 
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Chromosomal Locations-Alphabetical 
List 

(Alphabetic list to the maps on pp. 393-397; 
ch.=chromosome) 

Aarskog syndrome (X ch.) 
Acanthocytosis (one form)(ch. 17) 
Acatalasemia (ch. 11 ) 
Aa:tyl-<:oA carboxylase deficiency (ch. 17) 
Adtromatopsia (ch. 1) 
Adtondroplasia (ch. 4) 
Acrn deficiency (ch. 2) 
Acute hepatic porphyria (ch. 9) 
Acute Intermittent porphyri.a (ch. 11) 

Acyl-CoA dehydrogenase deficiency (ch. 1) 
Adenylate kinase deficiency (ch. 9) 
Adrenal cortical hypoplasia with glycerol 

kinase deficiency (X ch.) 
Adrenoleukodystrophy (X ch.) 
a-Interferon deficiency (ch. 9) 
Agarnmaglobulinemia (X ch.) 
Alagille syndrome (ch. 20) 
Albinism (one form) (ch. 9) 
Albinism (one form)( ch. 11) 
Albinism type 2 (ch. 1 s) 
Albinism-dearness syndrome (X ch.) 
Alkaptonuria (ch. 3) 
a:-N-acetylgalactosaminidase deficiency 

(ch. 22) 
a,-Antitrypsin deficiency (ch. 14) 
a-Fetoprotein defldency (ch. 4) 
Al port syndrome (ch. 2, one of several types on 
other chromosomes) 
Alzheimer disease (one form) (ch. 21) 
Amelogenesis impe:rfecta (X ch.) 

Amyloidosis, Finnish type (ch. 9) 
Amyloidosis, Iowa type (ch. 11) 
Amyotrophic lateral sclerosis (one form) 

(ch. 21 ) 
Amyotrophic lateral sclerosis, juvenile (ch. 2) 

Analbumlnemia (ch. 4) 
Androgen receptor defect (X ch.) 

Angelman syndrome (ch. 15) 
Aniridia type 1 (ch. 2) 
Aniridia type 2 (ch. 11) 
Anterior segmental mesenchymal dysgenesis 

(ch. 4) 
Antithrombin JD deficiency (ch. 1) 
Apert syndrome (ch. 4) 
Apolipoprotein B-100 defect (ch. 2} 
Argininemla (ch. 6) 
Argininosuccinic acidurla (ch. 7) 

Arthro-ophthalmopathy (Stickler syndrome) 
(ch. 12) 

Aspartylglucosaminuria (ch. 4) 
Ataxia-telangiectasia (ch. 11) 
Atransferrinemla (ch. 3) 
Atrial septa) defect (one form) (ch. 6) 
Atypical vitelliform macular dystrophy (ch. 8) 

&lrdet-Biedl syndrome (ch. 16, several other 
types on different chromosomes) 

BCR chromosomal region for chronic 
myelogenous leukemia (ch. 22) 

Becla!r muscular dystrophy (X ch.) 
Beckwith-Wiedemann syndrome (ch. 11) 
Jl-Hemoglobinopathies (ch. 11) 
Jl-Hexcsaminidllse deficiency; GM2 

gangllosidosis type Sandhoff (ch. 5) 
11-Jl-Hydroxylase deficiency (ch. 8) 
Bloom syndrome (ch. 15) 
Brachydactyly type Al (ch. 5). type C (ch. 20) 

Breast cancer gene BRCA 1 (ch. 17) 
Breast cancer gene BRCA2 (ch. 13) 
Burkitt lymphoma (ch. 8) 
Carbamoyl phosphate synthetase-1 deficiency 

(ch. 4) 
Cardiomyopathy, familial hypertrophic type 3 

(ch. 15) 
Cartilage-hair dysplasia (ch. 9) 
Cat eye syndrome (ch. 22) 
C3b-inactivator defldency (ch. 4) 
central core myopathy (ch. 19) 
cerebral amyloid angiopathy (ch. 20) 

cerebral arterial amyloidosis (Dutch type) 
(ch. 21) 

cerebrotendinous xanthomatosis (ch. 2) 

Charcot-Marie-Tooth neuropathy typelb 

and type 2 (ch. 17) (spinal muscular atrophy) 
Oiarcot-Marie-Tuoth ncuropathy type Na 

(ch. 8) 
Chediak-Higashi syndrome (ch. 1) 
Cholesteryl ester storage disease (Wolman) 

(ch. 10) 
Chondrodysplasia pun eta ta (X ch.) 
Choroid gyrate atrophy with omithinemla 

(ch.10) 
Choroidettmia (X ch.) 

Chronic granulomatous disease 
(NCF-1 deficiency) (ch. 7) 
Chronic granulomatous disease 
(NCF-2 deficiency) (ch. 1) 
Chronic granulomatous disease (X ch.) 

Chronic myelogenous Ie~mia (ch. 9) 
Citrulllnemla (ch. 9) 
Ootting factor VII deficiency (ch. 13) 
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Ootting factor X deficiency (ch. 13) 
CodCilyne syndrome 2 (ch. 10) 
Colon cancer, familiill nonpolyposis type 1 

(ch. 2) 
Colorectal adenocarcinoma (ch. 12) 
Colorectal carcinoma (ch. 5 and 18) 
Colorectal carcinoma/Li-Fraumeni syndrome 

(ch. 17) 
Complement 2 and 4 deficiency (ch. 6) 
Complement 3 deficiency (ch. 19) 
Complement 5 deficiency (ch. 9) 
Complement 6, 7, and 9 deficiency (ch. 5) 
Complement 8deficiency1and2 (ch. 1) 
Complement Clr/Cl second deficiency (ch. 12) 
Congenital erythropoietic porphyria (ch. 10) 
Congenital myopathy, Batten-Turner type 

(ch. 16) 
Cortisol resistance (ch. 5) 
Craniopolysyndactyly, Greig type (ch. 7) 
Craniosynostosis type 2 (ch. 5) 
Creutzfeldt-Jakob disease (ch. 20) 
Cri-du-chat critical region (ch. 5) 
Crigler-Najjar syndrome (ch. 1) 
Crouzon craniofacial dysostosis (ch. 4) 
Cutis laxa (neonatal marfanoid type) (ch. 7) 
Cystic fibrosis (ch. 7) 
Deafness, low-tone (ch. 5) 
Deafness, neurosensory (ch. 13) 
Debrisoquine hypersensitivity (ch. 22) 
Dentinogenesis imperfecta type I (ch. 4) 
Diabetes mellitus type MODY (ch. 11, ch 20) 
Diabetes mellitus, MODY type II (ch. 7) 
Diastrophic dysplasia (ch. 5) 
DiGeorge syndrome (ch. 22) 
Duchenne muscular dystrophy (X ch.) 
Dysfibrinogenemia (ch. 4) 
Dyskeratosis congenita (X ch.) 
Ectrodactyly type 1 (ch. 7) 
Ehlers-Danlos syndrome type 4 (ch. 2) 
Ehlers-Danlos syndrome type 7 (ch. 7) 
Ehlers-Danlos syndrome type 7 Al (ch. 17) 
Elliptocytosis (jJ-spectrin defect) (ch. 14) 
Elliptocytosis, Malaysian/Melanesian type 

(ch. 17) 
Elliptocytosis-2/recessiVI! spherocytosis (ch. 1 ) 
Epidermolysis bullosa dystrophica (ch. 3) 
Epidermolysis bullosa simplex (ch. 12, ch. 17) 
Epidermolysis bullosa type Herlitz (ch. 1 ) 
Epidermolysis bullosa type Ogna (ch. 8) 
Ewing sarcoma (ch. 22) 
Fabry disease (X ch.) 
Facioscapulohumeral muscular dystrophy 

(ch. 4) 

Factor V deficiency (ch. 1) 
Factor XI deficiency (ch. 4) 
Factor XII deficiency (ch. 5) 
Factor XIII A deficiency (ch. 6) 
Factor XIII B deficiency (ch. 1 ) 
Familial arnyloid neuropathy (several types) 

(ch. 18) 
Familial aortic aneurysm (ch. 2) 
Familial hypercholesterolemia (ch. 19) 
Familial hypertrophic cardiomyopathy (ch. 1 ) 
Familial polyposis coli (ch. 5) 
Fanconi anemia type 02 (ch. 6), type F 

(ch. 15), Dl (ch. 17) 
Fragile X syndrome (X ch.) 
Friedreich ataxia (ch. 9) 
Fructose intolerance (ch. 9) 
Fucosidosis (ch. 1 ) 
G6PD deficiency (X ch.) 
Galacrokinase deficiency (ch. 17) 
Galactose epimerase deficiency (ch. 1 ) 
Galactosemia (ch. 9) 
Galactosylceramide lipidosis (ch. 14) 
Gardner syndrome (ch. 5) 
Gaucher disease (ch. 1) 
Gaucher disease (variant !Orm) (ch. 10) 
Gerstmann-Striiussler disease (ch. 20) 
Glioblastoma, medulloblastoma (ch. 10) 
Glucose/galacrose malabsorption (ch. 22) 
Glucose phosphate isomerase deficiency 

(ch. 19) 
Glutaric aciduria type 2 (ch. 15) 
Glutathione peroxidase deficiency (ch. 3) 
Glutathione reductase deficiency (ch. 8) 
Glutathionuria (ch. 22) 
Glycogenosis type VII (ch. 1) 
Glycogenosis, McArdle type (ch. 11) 
Glycogenosis type 2 (Pompe) (ch. 17) 
Glycogen storage type 3 (ch. 1) 
Glycogen storage type 4 (ch. 3) 
Glycogen storage VI (Hers) (ch. 14) 
GMl-gangliosidosis (ch. 3) 
GM2-gangliosidosis (Tay-Sachs) (ch. 15) 
GM2-gangliosidosis, Sandhoff type (ch. 5) 
Growth hormone deficiency (ch. 17) 
Hemochromatosis (ch. 7) 
Hemoglobinopathies caused by mutations 

of the a-globin genes (ch. 16) 
Hemolytic anemia caused by hexokinase 

deficiency (ch. 10) 
Hemolytic anemia caused by 

phosphofructokinase deficiency (ch. 21) 
Hemophiliil A (X ch.) 
Hemophiliil B (X ch.) 
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Hepi!toerythropoietic porphyria (ch. 1) 
Hereditary angioedema (ch. 11) 
Hereditary congenital hypothyroidism (ch. 8) 
Hereditary hypoceruloplasminemia (ch. 3) 
Hereditary nephritis (Alport syndrome) 

(X ch and other loci) 
Hereditary nonpolyposis colon carcinoma 

(ch. 2) 
Hereditary persistence of fetal hemoglobin 
(one fonn) (ch. 7) 
Hirschsprung disease (chs. to and 13, and 

other loci) 
Holoprosencephaly type 3 (ch. 7) 
Holt-Oram syndrome (ch. 12) 
Homocystinuria (BS-responsive and 

B6-nonresponsive fonns) (ch. 21) 
Huntington disease (ch. 4) 
3-Hydroxyacyl-CoA dehydrogenase deficiency 

(ch. 7) 
21-Hydroxylase deficiency (ch. 6) 
Hyperbetalipoproteinemia (ch. 2) 
Hyper-IgM immune deficiency (X ch.) 
Hyperlipoproteinemia type 1 (ch. 8) 
Hyperlipoproteinemia type lb (ch. 19) 
Hyperlipoproteinemia type 3 (ch. 19) 
Hypertriglyceridemia (ch. 11) 
Hypertrophic cardiomyopathy (ch. 14) 
Hypochondroplasia (ch. 4) 
Hypohidrotic ectodennal dysplasia (X ch and 

autosomal types) 
Hypophosphatemia (X ch.) 
Hypoprothrombinemia (ch. 11) 
Immune deficiency, severe combined (ch. 19) 
Immunodeficiency due to ADA deficiency 

(ch. 20) 
Impaired hearing (lower frequencies) (ch. 5) 
Impaired hearing due to stapes fixation (X ch.) 
Infantile ceroid lipofuscinosis, neuronal 

type (ch. t) 
Infantile hypophosphatasia (ch. 1) 
Insulin-resistant diabetes mellitus with 

acanthosis nigricans (ch. 19) 
Interleukin 2 deficiency (ch. 4) 
Intestinal aganglionosis (Hirschsprung) 

(ch. 10 and 13 and other loci) 
Isovaleric acidemia (ch. 15) 
Juvenile myodonic epilepsy (ch. 6) 
Kallmann syndrome (X ch.) 
17-Ketosteroid reductase deficiency (ch. 17) 
Lameliar cataract (one type) (ch. 1) 
Langer-Giedion syndrome (ch. 8) 
Lesch-Nyhan syndrome (X ch.) 
li-Fraumeni syndrome (ch. 17) 

limb-girdle muscular dystrophy 2b (ch. 2) 
Lowe syndrome (X ch.) 
Lymphoproliferative syndrome (X ch.) 
Marular degeneration, vitelline (ch. 6) 
Malignant cutaneous melanoma (ch. 9) 
Malignant hyperthermia (ch. 19, others) 
Mandibulofadal dysostosis (Franceschetti-

Klein syndrome) (ch. 5) 
Mannosidosis (ch. 19) 
Maple syrup urine disease type 2 (ch. 1) 
Maple syrup urine disease type 3 (ch. 6) 
Marfan syndrome (ch. 15) 
Meningioma (ch. 22) 
Menkes syndrome (X ch.) 
Metac:hromatic leulaxlystrophy (ch. 22) 
Metac:hromatic leukodysttophy (SAP-1 

deficiency) (ch. 10) 
Metaphyseal chondrodysplasia type 

Schmid (ch. 6) 
Methylmalonicaciduria (ch. 6) 
Miller-Dieker syndrome (ch. 17) 
Morquio syndrome B (ch. 3) 
Mucolipidosis types ll and III (ch. 4) 
Mucopolysaccharidosis type I (Hurler/Scheie) 

(ch. 4) 
Mucopolysaccharidosis type II (X ch.) 
Mucopolysaccharidosis type IVa (ch. 16) 
Mucopolysaccharidosis type IVb (ch. 3) 
Mucopolysaccharidosis type VI 

(Maroteaux-Lamy) (ch. 5) 
Mucopolysaccharidosis type VII (ch. 7) 
Multiple endocrine neoplasia type 1 {ch. 11) 
Multiple endocrine neoplasia type 2 {ch. 10) 
Multiple endocrine neoplasia type 3 {ch. 10) 
Multiple exostoses (ch. 8) 
Muscular dystrophy, Becker type (X ch.) 
Muscular dystrophy, Duchenne type (X ch.) 
Muscular dystrophy, Emery-Dreifuss type 

(Xch.) 
Muscular dystrophy, Duchenne-like 

(ch. 13) 
Muscular dystrophy, merosin (ch. 6) 
Myotonia congenita (ch. 17) 
Myotonia congenita (two types) (ch. 7) 
Myotonic dystrophy {ch. 19) 
Myotubular myopathy (X ch.) 
Nail-patella syndrome (ch. 9) 
Nephrogenic diabetes insipidus (X ch.) 
Nephronophthisis, juvenile (ch. 2) 
Neuroepithelioma {ch. 22) 
Neurofibromatosis type 1 (ch. 17) 
Neurofibromatosis type 2 ( acusticus 

neurinoma) (ch. 22) 
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Neurohypophyseal diabetes insipidus (ch. 20) 
Niemann-Pick disease type A and type B 

(ch. 11) 
Niemann-Pick type C {ch. 18) 
Noonan syndrome {one lorus) (ch. 12) 
Norrie syndrome {X ch.) 
Nudeoside phosphorylase deficiency {ch. 14) 
Ocular albinism (X ch.) 
Ornithine transcarbamylase deficiency (X ch.) 
Oroticacidemia (ch. 3) 
Osteagenesis imperfi:cta (ch. 17 and other loci) 
Osteagenesis imperfecta (COLl A2) {ch. 7) 
Osteasarmma (ch. 13) 
Otopalatodigital syndrome type 1 {X ch.) 
Pancreatic !ipi!Se deficiency (ch. to) 
Paramyotonia congenita (ch. 17) 
Peliz.aeus-Merzbacher disease (X ch.) 
Pelvic girdle muscular dystrophy (ch. 5 and 

ch. 15) 
Periodic hyperkalemic paralysis (ch. 17) 
Phenylketonuria (PKU) (ch. 12) 
Phosphoglucokinase deficiency (X ch.) 
Phosphoglycerate mutase deficiency (ch. 7) 
Phosphokinase deficiency (ch. 1) 
PKU due to dihydropteridine reductase 

deficiency {ch. 4) 
Plasmin inhibitor deficiency (ch. 18) 
Plasminogen activator deficiency (ch. 8) 
Plasminogen deficiency, types I and n (ch. 6) 
Polycystic kidney disease {ch. 16 and 4, 

and other loci) 
Porphyria cutanea tarda (ch. 1) 
Porphyria variegata (ch. 14) 
Prader-Willi syndrome (ch. 15) 
Primordial growth deficiency, Laron type 

(ch. 5) 
Progressive m)'lldonic epilepsy (ch. 21) 
Propionicacidemia type A (ch. 13) 
Propionicacidemia type B (ch. 3) 
Protein C deficiency (ch. 2) 
Protein S deficiency (ch. 3) 
Protoporphyria {ch. 18) 
Pseudoaldosteronism (ch. 4) 
Pseudohypoparathyroidism type la (ch. 20) 
Pseudo-ZeIIweger syndrome (ch. 3) 
Red-green blindness {X ch.) 
Renal cell carcinoma (ch. 3) 
Retinitis pigmentosa (peripherin defect) (ch. 6) 
Retinitis pigmentosa type 1 (ch. 8 and 

other lcci) 
Retinitis pigmentosa type 2 (X ch.) 
Retinitis pigmentosa type 3 (X ch.) 
Retinitis pigmentosa type 4 (ch. 3) 

Retinoblastoma (ch. 13) 
Retinoschisis (X ch.) 
Rett syndrome {X ch.) 
Rhabdomyosarcoma (ch. 11) 
Rieger syndrome (ch. 4) 
Rubinstein-Taybi syndrome (ch. 16) 
saethre-Chotzen craniosynostosis (ch. 7) 
Sderotylosis (ch. 4) 
Sex reversal (XY females resulting from 

mutation in the SRY gene) (Y ch.) 
Small cell bronchial carcinoma/colorectal 

cancer (ch. 3) 
Smith-Lemli-Opitz syndrome (ch. 7) 
Smith-Magenis syndrome (ch. 17) 
Spi!Stic paraplegia (X chromosomal form) 

(Xch.) 
Spennatogenesis factors AZFa - c (Y ch.) 
Spherocytosis type 1 (ch. 14) 
Spherocytosis type 2 (ch. 8) 
Spinal muscular atrophy {X ch.) 
Spinal muscular atrophy Ia (ch. 17) 
Spinal muscular atrophy type m (ch. 1) 
Spinal muscular atrophy !Va (ch. 8) 
Spinal muscular atrophy Werdnig-Hoffmann 

and other types (ch. 5) 
Spinocerebellar ataxia type 1 (ch. 6) 
Spinocerebellar ataxia type 3 (ch. 14) 
Spondyloepiphyseal dysplasia (congenital 

type) (ch. 12) 
Spondyloepiphyseal dysplasia (Kniest type) 

(ch. 12) 
Steroid sulfatase deficiency (ichtltyosis) (X ch.) 
sucrose intolerance (ch. 3) 
susceptibility to diphtheria toxin (ch. 5) 
susceptibility to parkinsonism (ch. 22) 
Susceptibility to poliomyditis (ch. 19) 
T-cell leukemia/lymphorna (ch. 14) 
TFM androgen receptor defect {X ch.) 
Thrombasthenia, Glanzmann type (ch. 17) 
Thyroid hormone resistance (ch. 3) 
Thyroid iodine peroxidase deficiency (ch. 2) 
Thyroid medullary carcinoma (ch. to) 
Transcobalamin II deficiency (ch. 22) 
Transcortin deficiency (ch. 14) 
Trichorhinophalangeal syndrome type 1 

(ch. 8) 
Triosephosphate isomerase deficiency (ch. 12) 
Tritan color blindness (ch. 7) 
Trypsinogen deficiency (ch. 7) 
Tuberous sderosis type 1 (ch. 9) 
Tuberous sderosis type 2 (ch. 19) 
'fyrosinemia type 1 (ch. 14), type 2 (ch. 16), 

type 3 (ch. 12) 
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Usher syndrome type 1 (ch. 14). type 2 (ch. 1, 
and other led) 

Velocardiofacial syndrome (ch. 22) 
Vitelline macular dystrophy (ch. 6) 
von Hippel-Llndau syndrome (ch. 3) 
von Willebrand disease (ch. 12) 
Waardenburg syndrome type 1 (ch. 2 

and other led) 
Werner syndrome (ch. 8) 
Williams-Beuren syndrome (ch. 4) 
Wilms tumor-aniridia complex (ch. 11) 
Wilms tumor type 2 (ch. 11) 
Wilson disease (ch. 13) 
Xeroderma pigmentosum complemenlil.tion 

group B (ch. 2) 
Xeroderma pigmentosum group C (ch. 3) 
Xeroderma pigmentosum group D {ch. 19) 
Xeroderma pigmentosum group G (ch. 13) 
Xeroderma pigmentosum type 1 (ch. 9) 
XY gonadal dysgenesis (Y ch.) 
Zellweger syndrome (ch. 7) 
Zellweger syndrome type 2 (ch. 1) 
Zonular calil.ract (ch. 1) 

caveat: Numerous disorders with the same or 
similar phenotype, i.e~ clinical manifestation 
are caused by mutations in different genes at 
other loci. These may differ in their modes of 
inheritance. As a result, the genetic risk may 
differ. This list and the corresponding map po­
sitions shown in the plates are not complete, 
but only examples. For a complete map and 
list, see OMIM (wwwJlcbi.nlm.nih.gov/omim). 
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Appendix-Supplementary Data 
The following tables provide supplementary data for selected plates, and their accompanying text 
on the topics is listed below. 

List of tables 

1 The Banding Pattern of Human Chromosomes 

2 Nomenclature of Human Chromosome Aberrations 

3 Diseases and G Proteins 

4 Diseases Related to the Hedgehog Signaling Network 

5 Laminopathies 

6 Ciliopathies 

7 Neurocristopathies 

8 Mitochondrial Diseases 

9 Inherited Cardiac Arrhythmias 

to Distal Cholesterol Biosynthesis Pathway 

11 Mucopolysaccharide Storage Diseases 

12 Genetic Immune Deficiency Diseases 

13 Oncogenic Chromosome Translocations 

14 Genes Involved in Fanconi Anemia 

15 Genetic Diseases and FGF Receptors 

16 Collagen Molecules and Diseases 

17 Disorders of Sexual D~lopment 

18 Genes Invol111:d in Inherited Deafness 

19 Common Numerical Human Chromosomal Disorders 

20 Microdeletion/Microduplication Syndromes 

1. The Banding Pattern of Human Chromosomes (p. 146) 

Examples of types of commonly used chromosome bands 

Type Coal of appllatlon Prtnclpal method 

G Shows euchromatic light bands and het- Pretreatment with trypsin 
erochromatic dark bands 

Q Darkfield fluorescence; bright fluores- QJ!inacrine-induced, Hoechst 33258 
cence of heterochromatin, especially Yq 

R Reverse of G-bands Pretreatment with alkali at 80-90"C 

c Preferential stain of centromeres and Pretreatment with acid and barium hy-
constitutive heterochromatin droxide 

Continued~ 

-
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Table Continued 

TYpe Coill of ilppl!Ciltloo Pr1nclpal method 

T Preferential stain of telomeres Telomere-specific DNA probes 

DAPI AT-specific fluorescence ( 4',6-diamidino- Enhanced chromosome fluorescence 
2-phenylindole) 

SCN Anillysis of sister chromatid exchanges 5-Bromodeoxyuridine for two divisions 

NOR Selective staining of nucleolus organizing Silver nitrate staining 
regions of acrocentric chromosomes 

DAPI/ Selective staining of pericentric regions of Application of DAPI and distamycin 
distil- chromosomes 1, 9, 15, 16, Yq 
mycin 

source: Schreck RR, Dist&he CM. Chromsome banding techniques. Curr Prooc Hum Genet 2001; 
Chapter 4: Unit 4.2. doi: 10.1002/0471142905.hg0402s00 
(online at www.ncbi.nlm.nih.gov/pubmed/18428280). Accessed 6 September 2017 

2. Nomenclature of Human Chromosome Aberrations (p. 148) 

Human chromosome nomenclature 

Abbreviation 

46,XX 

46,XY 

47)<XY 

47,XXX 

47,XY, +21 

13p 

13q 

13p14 

13q14.2 

2q-

t(2;5 )( q21;q31) 

t(13q14q) 

der 

dic(Y) 

del(2)(q21qter) 

fra(XXq27.3) 

dup(l) 

Explilnatloo In detail 

46 chromosomes including two X chromosomes (normal female karyo­
type) 

46 chromosomes including one X and one Y chromosome (normal male 
karyotype) 

47 chromosomes including two X chromosomes and one Y chromosome 

47 chromosomes including three X chromosomes 

47 chromosomes including an X and a Y chromosome and an additional 
chromosome 21 
(trisomy 21) 

The short arm of a chromosome 13 

The long arm of a chromosome 13 

Region 1, band 4 of a chromosome 13 

Region 1, band 4.2 of a chromosome 13 

Loss of chromosome material from the long arm of a chromosome 2 

Reciprocal translocation between a chromosome 2 and a chromosome 5 
with breakpoints in 2q21 and 5q31 

Centric fusion between a chromosome 13 and a chromosome 14 

A derivative chromosome as a result of a rearrangement 

Dicentric Y chromosome (two centromeres) 

Deletion in chromosome 2 from q21 until the telomere 

Fragile site at q27.3 of an X chromosome 

Duplication in a chromosome 1 

Continued~ 
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Table Continued 

Abbreviation Explanation In detall 

h Heterochromatin, constitutive (at centromeres) 

ins(5;2)(p14; 
q22q32) 

lsochromosome, e.g~ i(Xq) for the long arm of an X chromosome 

Insertion of the region q22-q32 of a chromosome 2 into region p14 
of a chromosome 5 

inv(9Xp11 q21 l 

invdup(15) 

mat 

pat 

r(13) 

Inversion of a chromosome 9 between p11 and q21 
(indicating the breakpoints) 

Inverted duplication in a chromosome 15 

Matemill origin 

Paternal origin 

Ring-shaped chromosome 13 (due to a partial deletion) 

Source: D.atil from McGow.an-Jonliln J, Simons A, Schmid M, eds. ISCN 2016: An lntemiltioDill 
System for Human Cytogenetic Nomendature. Basel: Karger, 2016. 

3. Diseases and C Proteins (p. 1 BB) 

Diseases caused by mutations in G-protein-coupled receptors or G proteins• 

Disease OMIM Mutated protein Type pf 
Inherftillnce 

McCune-Albright 174800 Ga, subunit of GNASl Somatic, 
syndrome (gain-of-function} 20q13.32 

Hypocalciuric hypm:al- 145980; 601199 ea2• -sensing receptor; CA5R AD, 3q13.3-
cemia 145981; 139313 gene q21.1 
(three genetic types) 600740;602242 

Diabetes insipidus 304800 Arginine vasopressin X-chromoso-
J\VPR2 gene receptor-2; G-protein ma! (Xq28} 
300538 subunit Ga, (loss-of-function} 

Congenitill hypothyroid- 275200 Ga, subunit of TSH receptor AR. 14q31.1 
ism (75HR gene) (five other 
(six genetic types) 603372 autosomal loci) 

Congenitill hypothyroid- 188545 Thyrotropin-releasing AD, 8q23.1 
ism hormone receptor 

Abbreviations: AD, autosomal dominant; AR. autosomal recessive; TSH, thyroid-stimulating hor­
mone. 
Note: See OMIM {at: http:/fwww.ncbi.nlmnih.gov/omim). 
• Examples only, genetically heterogeneous. -
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4. Diseases Related to the Hedgehog Signaling Network (p. 192) 

Hedgehog and related proteins 

Name Abbreviation 

Sonic hedgehog SHH 

Indian hedgehog IHH 

Desert hedgehog DHH 

Hedgehog acetyltransferase HHAT 

Hedgehog interacting protein HHIP 

Smoothened SMOH 

Patched PTCH 

Cene locus 

7q36.3 

2q35 

12q13.12 

1q32.2 

4q31.21 

7q32.1 

9q22.32 

OMIM 

600725, 142945 

600726, 112500 

605423,233420 

605743 

606178 

601500,605462 

601309 

Source: O.l:il from OMIM (at: http:/jwww.ncbi.nlm.nih.gov/omim). 

Mutations and deletions in mare than 10 
human genes in the hedgehog gene network 
result in a group of malformation syndromes: 
holoprosencephaly (OMlM 236100, 142945, 
and others; see the following table) and ac­
companying brain malformations. Mutations 
in PTCH (9q22) cause basal cell nevus syn­
drome, Gcrlin-Goltz type (Ol\lllM 109400). 
Mutations in SMO (7q31) are found in some 
basal cell carcinomas and medulloblastomas. 
The segment polarity gene a is an ortholog 

of the Gli gene family in vertebrates. This family 
consists of three distinct Gli proteins: Gil, Gl2, 
and Gl3, Human GUl is expressed in nearly all 
isolated basal cell carcinomas (OMIM 139150). 
GU3 mutations cause cephalopolysyndactyly, 
Greig type (OMIM 175700, 145400) and Pallister­
Hall syndrome (hypothalamic hamartcblastoma; 
OMIM 146510). Los.Hlf-function mutations of 
Pich and Smo in Drosophila have vi:ry similar 
phenotypes. 

Gene loci involved in the causes of holoprosencephaly 

Type of holoprml!ncephaly Cl!nl! locus OMIM Cl!nl! 

HPEl 21q22.3 236100 HPET 

HPE2 2p21 157170 SIX3 

HPE3 7q36 142945 SHH 

HPE4 18p11.3 142946 TGIFI 

HPE5 13q32.3 609637 ZIC2 

HPE6 2q37.1-q37.3 605934 HPE6 

HPE7 9q22.3 610828 PTCH1 

HPE8 14q13 609408 HPE8 

HPE9 2q142 610829 GU2 

Source: O.ta from OMlM (at: http:/jwww.ncbi.nlm.nih.gov/omim). 
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5. Laminopathies (p. 244) 

Diseilses caused by mutations in genes encoding lilmins ;ind li!min-.associated proteins 

Cene mutated 

Stltated muscle diseases 

Emery-Dreifuss musculi!r dystrophy 

Limb-girdle musculi!r dystrophy 

Dilated cardiomyopathy 

CongeniW muscular dystrophy 

Heart-hi!nd syndrome 

Llpodystrophy syndromes 

Dunnigan-type filmilial partial lipodystrophy 

Mandibuloilcral dyspli!Sia 

Lipoatrophy 

Partial lipodystrophy 

Accelerall!d aging disorders 

AtypiCill Werner syndrome 

Hutchinson-Gilford progeriil syndrome 

Restrictive dermopathy 

AtypiCill progeriil syndrome 

Peltpheral nerve disorders 

Chi!rmt-Marie-Tooth disease 

Adult-onset leukDdystrophy 

Spinocerebellar ati!Xia type 8 

Bone diseases 

Buschke-Ollendorff syndrome 

Melorheostosis 

Osteopoikilosis 

Greenberg skeletal dysplasia 

Other 

Pelger-Huet ilnomaly 

Arthrogryposis 

LMNA, EDMD, SYNE1, SYNE2, 1MfM43, TMPO 

LMNA 

LMNA, EDMD, SYNfl, 5YNE2, 1MfM43, TMPO 

LMNA 

LMNA 

LMNA 

LMNA, ZMPSTf24 

LMNA 

LMNB2 

LMNA 

LMNA 

LMNA, ZMPSTf24 

HANFT 

LMNA 

LMNBI 

SYNEI 

LfMD3 

LfMD3 

LfMD3 

LBR 

LBR 

SYNE2 

Source: Datil from Schreiber KH, Kennedy BK. When lamins go bad: nuclear structure and disease. 
Cell 2013; 152(6): 1365-1375. 

-
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6. Ciliopathies (p. 248) 

Exillilples of genetic disorders with impaired ciliary function 

Name OMIM Gene Locus 

Alstrom syndrome 203800 AlM51 2p13.1 
606844 

Short-rib thoracic dysplilsia 611263 /Ff80 3q25.33 
(17 genetic types) 611177 and others 

Bilrdet-Biedl syndrome 209901 8851 1 lq132 ilnd 19 
(20 genetic types) 209900 and others other ilUtosoma.l loci 

Polycystic kidney diseilses 173900 PKDI 16p13.3 
(3 AD types) 173910 PKD2 4q22.1 

600666 GANAB 11q12.3 

AR polycystic kidney disease 263200 PKHDI 6p12.13-pl 2.2 
606702 

Joubert syndrome 213300 }BTS1 9q343 (26 other 
(27 AR genetic types, 27 others ilutosoma.l loci and Xq222 
one X-chromosoma.l) 

Meckel syndrome 249000 MKS! 17q22 ilnd 9 other 
(12 genetic AR types) 609883 ilUtosoma.l loci 

Nephronophthisis 256100 NPHP1 2q 13 ilDd 15 other 
( 16 genetic AR types) ilUtosoIDill loci 

Abbreviations: AD, autosoffiill dominilDt; AR. autosoma.l recessive. 
Source: OMIM (at http:/jwww.ncbi.nlm.nih.gov/omim). 

7. Neuroaistopathies (p. 250) 

Genes involved in Hirschsprung disease 

Cene LoCiltlon Main effect Penetrance (") OMIM 

RfT lOql 1.21 DomiDilnt, loss-of-func- 50-72 142623 
tion 164761 

GDNF 5p132 Dominant/recessive Unknown 600837 

fDNRB 13q22.3 Recessive 8-85 131244 

fDN3 20q13.32 Recessive Unknown 131242 

SOXIO 22q13.1 DomiDilnt/recessive >80 602229 

fCfl lp36.12 DomiDilnt/recessive Unknown 600423 

fllTN,NKTN 19p13.3 Unknown Unknown 602018 

ZEB2 2q22.3 Sporadic Unknown 605802 
(formerly 
ZFHX1B, SIP1) 

PHOX2B 4p13 Congenital Unknown 603851 
hypoventililtion 209880 

Note: In addition, susceptibility loci have been identified as noncoding variants in the REr gene 
ilDd at autosoma.l loci 3p12, 4q31.3; 9q31, and 19q12. 
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8. Mitochondrial Diseases (p. 260) 

Exilmples of diseases due to mutations or deletions in humiln mitochondrial DNA• 

OMIM no. Disease name Abbreviation 

530000 Keill'ns-S;iyre syndrome (ophthilhnoplegiil, pigmentilry retinal KSS 
degeneration, Cilrdiomyopathy) 

535000 

540000 

545000 

551500 

603041 

557000 

515000 

580000 

520000 

Leber hereditary optic atrophy 

Mitochondrial myopathy, encephalopathy, lactic acidosis 

Myoclonus epilepsy with ragged red fibers in muscle 

Neuropathy, atilxiil, retinitis pigmentosa 

Mitochondrial neurogdstrointestinal encephalopathy" 

Pearson marrow-pancreas syndrome 

Chloramphenicol-induced toxicity 

Deafness, aminoglycoside-induced (mutation A1555G) 

Diabetes-deafness syndrome, milternally transmitted 

Source: Diltil from OMIM (at: http:/jwww.ncbi.nlm.nih.gov/omim). 
•This milY be autosomal recessive. 

9. Inherited C.ardiac Anhythmias (p. 264) 

Inherited cardiac ill'rhythmias (long QJ' syndromes)• 

Type Cene Locus Common age of onset 

LQJ' 1 KCNQ1, KCNA9 11p15.5 Childhood (90% by age 20 
years) 

UiON 

MEIAS 

MERRF 

NARP 

MNGIE 

PEAR 

OMIMb 

192500 

LQJ' 2 KCNH2 7q35-q36 Young adults (gene formerly 613688 
known as HERG) 

LQJ' 3 SCN5A 3p21-24 Young adults 603830 

LQJ'4 ANIQC 4q25 Adults 600919 

LQJ' 5 KCNE1 21q22 Children 613695 

LQJ' 6 KCNE2 21q22 Adults 613691 

LQJ' 7 KCN}2 17q23 Adults (Andersen syndrome) 170390 

LQJ' 8 CACNAI 12p1333 Syndactyly, immune defect; 601005 
children and adults 

LQJ' 9 CAV3 3p253 611818 

LQJ' 10 SCN48 11q233 611819 

LQJ' 11 AKP9 7q21 .2 611820 

Continued~ -
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Table Continued 

TYpe Cene Locus Common ilge of onset OMIMb 

l.Qf12 5M"A1 20q11.21 612955 

l.Qf13 KCNJ5 11q243 Atrial fibrillation 613485 

l.Qf14 CAiM1 14q32.11 616247 

l.Qf15 CAiM2 2p21 616249 

l.Qf 17 SCN48 11q233 611819 

Note: Syndromic forms associated with deafness; Romano-Ward syndrome (OMIM 192500), and 
jervell and Lange-Nielsen syndrome (OMIM 220400}. 
• Other forms of inherited arrhythmias exist 
b OMIM (at: http:Jfwww.ncbi.nlm.nih.gov/omim}. 
• Ankyrin-2 (Ank-B in mite). 

10. Distal Cholesterol Biosynthesis Pathway (p. 280) 

Diseases of the distal (postsqualene} cholesterol biosynthesis pathway 

DlseilSe OMIM Locus Cene Milln m;mlfestildon 

Greenberg dysplasia 215140 1q42.1 iBR Hydrops fetalis, ectopic calcifica-
600024 tions, prenatal lethal 

CllllD syndrome 308050 Xq28 NSDHi Hemidysplasia, ichthyosiform 
300275 erythroderma, limb defects 

Chondrodysplasia 302960 Xpll.23 fBP Skeletal dysplasias, calcifications 
punctatil type 2 over joints, shon extremities 

l.athosterolosis 607330 11q233- SC5Di Facial dysmorphism, similar to 
602286 q24.1 SLOS, menti!I retardation 

Smith-Lemli- Opitz 270400 11ql3.4 DHCR7 Skeletal anomalies, facial dys-
syndrome (SIDS} 602858 morphia, malformations 

Desmosterolosis 602398 1p323 DHCR24 Facial dysmorphism, short limbs, 
606418 perinatal lethal 

Abbreviations: CYP51, gene encoding cytochrome p51; DHCR7, gene encoding 7-dehydrocholes­
terol; DHCR24, gene encoding desmosterol reductase; EBP, gene encoding emopamil binding 
protein; IBR. gene encoding laminin receptor B; NSDHL, gene encoding sterol-4-alpha-carboxylate 
3-dehydrogenase, decarboxylating; scsor.. gene encoding lathosterol oxidase. (For details, see 
OMIM and GeneReviews at http:f/www.ncbi.nlm.nih.gov/omim.) 
Note: For enzymes involved, see page 282 . 
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11. Mucopolysaccharide Storage Diseases (p. 292) 

Oassification of mucopolys.acdraridoses" 

Type OMIM Enzyme defect Gene locus Main manifestation 

IH Hurler 252800 a-L-Iduronidase 4p16.3 Dysostosis multiplex, develop-
mental delay, corneal douding 

IS Scheie 252800 a-L-Iduronidase 4p16.3 Stiff joints, normal develop-
ment 

U Hunter 309900 Iduronate Xq28 Similar to MPS IH, no corneal 
sulfatase douding 

MPS III (Sanfilippo) 

DIA 252900 Heparin-N-sulfa- 17q25.3 Progression mental retardation 
tase 

UIB 252920 a-N-acetyl-gluco- 17q21.2 Same 
saminidase 

me 252930 Acetyl-CoA:a-glu- Bpll.1 Same 
cosaminidase 

HID 252940 N-acetylglucos- 12q14 Same 
amine-6-sulfatase 

IV Morquio 

IVA 253000 N-acetylgalactos- 16q24.3 Skeletal abnormalities 
amine-6-sulfatase 

IVB 253010 J!-Galactosidase 3p22.3 Short stature 

VI (Maro- 253200 N-acetylgalactos- 5q14.1 Dysostosis multiplex, normal 
teaux- amine-4-sulfate mental development 
Lamy) 

VII (Sly) 253220 a-N-acetyl-gluco- 17qtt.21 Dysostosis multiplex, corneal 
saminidase douding 

IX 601492 Hyaluronidase 3p21.31 Soft-tissue masses, 
short stature 

Source: Data adapted from Neufeld EF, Muenzer J. The mucopolysacdraridoses. In: Scriver CR, 
Beaudet Al, Sly WS, et al., eds. The Metabolic and Molecular Bases of Inherited Disease. 8th ed. 
New York. NY: McGraw-Hill, 2001: 3421-3452. (Online at: http:/fwww.ommbidcom/). 
OMIM: http://www.ncbi.nlm.nih.gov/omim 

-
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12. Genetic Immune Deficiency Diseases (p. 310) 

Hereditary immune deficiency diseases ( l!Xilmples) 

Dlsene OMIM Gene locus Gene lnhl!rttance 

Disorders of the complement 106100 11q12.1 CJNH AD 
system 217000 6p2133 C2 AR 

120700 19p133 C3 AD 

Cl111mic granulomatous 306400 Xp21.1 CYBB x 
disease 300481 
Agammaglobulinemia,• Bruton type 300300 Xq22.1 BTK x 
Severe combined immunodeficiency 300400 Xq133 ll.2RC x 
(SOD) 601457 11p12 RAG1/2 AR 

About 20 other types of SOD 300400 Phenotypic 
Series OMIM 

Adenosine deaminase deficiency 102700 20q13.12 ADA AR 
Agammaglobulinemiab (µ-chain 147020 14q3233 /CHM AR 
deficiency) 

DiGeorge syndrome 188400 del22q11.21 rax and ADand 
others sporadic 

Wiskott-Aldrich syndrome 301000 Xp11.23 WAS AR 

Ataxia-telangiectasia 208900 11q223 AThf AR 

• OMIM at: http:lfwww.ncbi.nlm.nih.gov/omim 
b Agammaglobulinemia types 1-6 
(see OMIM 601495 phenotypic series). AD, autosomal dominant; AR, autosomal recessive; 
X. X·chromosomal . 
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13. Oncogenic Chromosome Translocations (p. 324) 

Examples of oncogenic chromosome translocations leading to fused genes• 

Translocatlon Type of tumor Genes lnwlved 

t(9;22X q34;q11) Chronic m)'eloid leukemia ABl/BCR 
t(8;21 x q22;q22) Acute myeloid leukemia AML1/Ff0 
t(l 5; 11x q22;q12) Promyeloid acute leukemia PLM/RARA 
t(14; 1 sx q32;q2t) Follicular lymphoma BCU/lgH 

t(14;19Xq32;q13) B-cell lymphocytic leukemia BClJ/lgH 

t(8;14Xq24;q32J Burkitt lymphoma. B-cell All MYC/lgH 

t(11;14Xq13;q32) Mantle cell lymphoma BCI/lgH 

t(l ;7)(p34;q35) T-cell acute lymphocytic leukemia IfJ</TCRB 

t( 4;11 Xq21 ;q23J Acute lymphocytic leukemia MLL/ALl1/HRX 

t(3;21Xq26;q22J Acute myeloid leukemia AML1/EAP/EV11 
t(l ;14Xp22;q32J Mucosa-associated lymphoma (MALT) BCL10 

t(21 ;22xq22;q12) Ewing sarcoma EWSJERC. 

t(tt;22Xq24;q12) Ewing sarcoma EWSJFl11 

Source: Data from Morin PJ. Trent JM, Collins FS. Vogelstein B. Cancer genetics. In: Longo DI. Fauci 
AS, Kasper DI. Hauser SL, jameson JI. Loscalzo J, eds. Hanison's Principles of Internal Medicine. 
18th ed. New York, NY: McGraw-Hill, 2012: 663-672, and OMIM (http:/jwww.ncblnlm.nih.gov/ 
omim). 

14. Cenes Involved In Fanconl Anemia {p. 330) 

Gene Locus 

FA-A 16q243 

FA-B Xp22.2 

FA-C 9q2232 

FA-Dlb 13q13.1 

FA-02 3p25.3 

FA-E 6p21 .31 

FA-F 11pl43 

FA-G 9p13.3 

FA-I 15q26.1 

FA-J 17q23.2 

FA-L 2p16.1 

OMIM" 

227650 

300514 

227645 

605724 

227646 

600901 

603467 

614082 

609053 

609054 

614083 

Continued~ -
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Table Continued 

Cene Locus OMIM" 

FA-M 14q21.2 609644 

FA-N< 16p12.2 610832 

FA-Qd 17q22 613390 

FA-P 16p133 613951 

FA-Q 16p13.12 615272 

FA-R 15q15.1 617244 

FA-T lp32.1 616435 

Source: Datil from Schindler D, Hoehn H, eds. Fanconi Anemia. Basel: Kilrger, 2007. 
• OMIM at: http:lfwww.ncbi.nlm.nih.gov/omim. 
b Same as BRCA2. 
c same as PAIB2. 
d same as RADC51. 

15. Genetic Diseases and FCiF Receptors (p. 340) 

Examples of genetic disorders due to mutations in FGF receptors" 

Cene Location Dlseillle Main manifestation 

l'GfRl Sptl,23 P!eiffer syndrome Craniosynostosis, broad thumbs 

l'GfR2 10p26.13 Apert syndrome Craniosynostosis, fused digits 

Crouzon syndrome Craniosynostosis, ocular proptosis 

P!eiffer syndrome Craniosynostosis, broad thumbs 

saethre-Chotzen Craniostenosis, brachycephaly, 
syndrome< hand and feet anomalies 

Antley-Bixler Craniostenosis and radiohumeral 
syndrome synostosis 

l'GFR3 4p16.3 Achondroplasia Short stature, bone dysplasias 

Hypochondroplasia Mild form of a.c:hondroplasia 

Muenke syndrome Asymmetric coronal stenosis 

• Many more exist; some with unique mutations. 
b OMIM at: http://www.ncbi.nlm.nih.gov/omim. 
c Other fonns exist (OMIM 101400 due mutations in '.IWL>f 601622). 

OMIMb 

101600 

101200 

123500 

101600 

101400 

207410 
176943 

100800 

146000 

602849 
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16. Collagen Molecules and Diseases (p. 344) 

Important types of human collagen and diseases caused by mutations in their genes 

'J\lpe Molecular stnidure Gene Gene locus Disease DMIM no.• 

[al(Ih a 2(11)] COl.1A1 17q2133 Osll!ogenesis imperfecta 120150 
type 1-N, 
Ehlers-Danlos syndrome 

COl.1A2 7q21.3 Ehlers-Danlos 120160 
syndrome, 0111-N 130000 

II [a1(11)3] COL2A1 12q13.11 Stickler syndrome 120140 
Spondyloepiphyseal 108300 
dysplasia 183900 
Achondrogenesis 200600 
Others 

III [al(IIl)3] COL3A1 2q32.2 Ehlers-Danlos 130050 
syndrome N 

N [al(N)a2(1V)] and COl4A1, 13q34 Alport syndrome 203780 
others A2 autosomal 

A3M 2q36.3 Alport syndrome 301050 

A5,A6 Xq22 X-chromosomal 

v [a l(Vh a 2(V)] COliA1 9q34.3 Ehlers-Danlos 130000 
COl.5Al 2q31 syndrome I and II 

Source: Data from Byers PH. Disorders of collagen synthesis and structure. In: ScriVl!r CR, Beaudet 
Al, Sly WS, et al., eds. The Metabolic and Molecular Bases of Inherited Disease. 8th ed. New York, 
NY: McGraw-Hill, 2001: 5241- 5285. Online at: http:Jfwww.ommbid.com. 
• OMIM (at http://www.ncbi.nlm.nih.gov/omim). 

17. Disorders of Sexual Development (p. 366) 

Overview of disorders of sex differentiation 

1 Defects of sex determination caused by mutation or structural aberration of the SIN 
gene at Ypl 1.2 ( 480000): XX sex reversal 1 ( 400045 ), 2 (278850), 3 (300833), XY sex 
reVl!rsal ( 400044, gonadal dysgenesis, 1 O genetic types) 

2 Disorders of testis development (Sfl, DAX1, WNT4, SOX9, and other genes) 

3 Defects of androgen biosynthesis (e.g., 21-hydroxylase deficiency, 201910) 

4 Defect in steroid 5a-reductase ( dibydrotestosterone deficiency, 264600, 607306) 

5 Defects of androgen receptor ("testicular feminization," 300068) 

6 

7 

Defects of the m!lllerian inhibition (hernia uteri syndrome, 261550, two types) 

XO/XY gonadal dysgenesis 

8 Turner syndrome (45,X). Klinefelter syndrome (47,)CXY) 

9 True hermaphroditism XXfXY 
-
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18. Genes Involved in Inherited Deafness (p. 376) 

Examples of genes and proteins involved in hereditary deafness 

Type of protein Main function Ciene DFN type OMIM Mouse mutant 

Cytoskeletal proteins 

Myosin6 Motor protein MY06 DFNB37/A22 600970 Snell waltzer 

Myosin 7A Motor protein MYIJ7A DFNB2/A11 276903 Shilir-1 

Myosin 15 Motor protein MYl'.>15 DFNB3 600316 Shilir-2 

Ion transporters 

Connexin 26 Gap junction G}82fBJ DFNB1/A3 220290 
CX26 

Connexin 30 Gap junction 8}86/0GO DFNB1/A3 604418 

KCNQ4 K•channel KCNQ4 DFNA2 600101 

Pendrin Iodide-chloride Sl.C26A4 DFNB4 605646 
274600 

Structural proteins 

a-Tectorin Tectori.al membrane ITCTA DFNB21/A8/ 602574 
A12 

Collagen XI Extracellular matrix COL11 DFNB53 609706 
A2 

Cochlin Extracellular matrix COCH DFNA9 603196 

POU3F4 POU3F4 DFN3 300039 

Mitochondrial 

125 RNA Aminoglycoside- MTJINR1 DFNAS 580000 
induced deafness Mml1 610230 

Unknown 

Diaphanous Actin polymeriza- DIAPH1 DFNAl 124900 
tion in hair cells 602121 

Source: Data from Petit c, Levilliers J, Marlin s, Hardelin JP. Hereditary hearing loss. In: Scriver CR. 
Beaudet Al, Sly WS, et al., eds. The Metabolic and Molecular Bases of Inherited Disease. 8th ed. 
New York, NY: McGraw-Hill, 2001: 6281-6328 (online at: http:/Jwww.ommbid.com): and Pe-
tersen MB, Willems PJ. Non-syndromic, autosomal-recessive deafness. Qin Genet 2006; 69: 371-
392 (OMIM at: http:/Jwww.ncbi.nlmnih.gov/omim) . .. 
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19. Common Numerical Human Chromosomal Disorders (p. 382) 

Examples of common numerical human chromosomal disorders• 

AberTation Frequency Main manifestations 
(llvebom) 

Trisomy 21 1:650 Muscular hypotonia, flat face, oblique eye lids, congen-
ital heart defect (60%). other congenital malformations, 
developmental delay 

Trisomy 18 1:5.000 Characteristic face. muscular hypertonia. COill'=nital 
malformations (heart 90%). severe developmental im-
pairment. lethality during first year 90% 

Trisomy 13 1:8.000 Arrhinencephaly, anophthahnia. microphthalmia, cleft 
lip/palate, heart defect. severe developmental impair-
ment, lethality during first year 90% 

Monosomy X females 1:2,500 Short stature, congenital lymphedema and/or webbed 
(mosaic 45X/46.XX females neck (variable), coarttation aortae ( 45%), streak ovaries, 
common) Turner other malformations; other manifestations, highly var-
syndrome iable 

47,XXY Klinefelter 1:600 Postpubertal delay of sexual maturation, small testes, 
syndrome males hypogonadism, infertility (highly variable) 

47,XXX 1:1,000 No recogni2ilble phenotype; variable, usually mild 
females neuromotor deficits 

47;XYY 1:1,000 No recogniZilble phenotype; variable, mild develop-
males mental delay 

• Several other rare numerical aberrations occur with variable manifestations and developmental 
impairment: XXXX. XXXXX. XXYY, XXXY, XXXXY (see references on p. 384). 

-
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20. Microdeletion/Miaoduplication Syndromes (p. 386) 

Examples of microdeletion/microduplication syndromes• 

Chromosomal Name Comments OMIM 
region 

1p36 1p36 Deletion syndrome Seep. 386 607872 
3q29 Microdeletion 3q29 syndrome 609425 

4p16.3 4p- or Wolf-Hirschhorn syndrome Seep. 386 194190 

5p15.2-15.3 5p- or cri-du-chat syndrome Familial occurrence 123450 
by translocation in 
12-15% 

5q35 Sotos syndrome Overgrowth, retarda- 117550 
tion, seizures; NSD1 
gene deletions; 
frequent in Jap;m 

7q11.23 Williarns-Beuren syndrome Elastin gene and an- 194050 
other gene invol~d; 
deletion shown in 70% 

8q24.12 Langer-Giedion syndrome (I and II) Sparse hair, bulbous 190350 
nose, mental 
retardation 

ttp13 Wilms tumor-aniridia-genitourinary Wrt 194072 
anomalies {WAGR) and PAX6 

genes involved 

ttp15.5 Beckwith-Wiedemann syndrome Macrosomia, 130650 
dup macroglossia 

15qtt-13 Prader-Willi syndrome Paternal chromosome 176270 
15 
involved (see p. 368) 

15q11-13 Angelman syndrome Mall!rnal chroma- 105830 
15q13.3 Microdeleton 15q13.1 syndrome some 15 612001 

involved, UBE3A gene 
mutations (seep. 368) 

16p11,2 Microdeletion syndrome 16p11.2 Gene encoding CREB 611913 
16p13.3 Rubinstein-Taybi syndrome binding prob!in 180849 

involved 600140 

16pter-p13.3 ATR-16 Mental retardation, 141750 
syndrome deletion hemoglobin-

a genes 

17p13.3 Miller-Dieker syndrome lissencephaly, Lt Sl 247200 
gene deletion in about .. 90% 

Continued~ 
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Chrommomill Nilme 
region 

17p11.2 
17q11.2 

20p12.1 

22q11 

Xq21.1 

Smith-Magenis syndrome 
NF1 microdeletion 

Alagille syndrome 

DiGeorge/Shprintzen syndrome 

ATRX syndrome: 
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Comments OMIM 

Complex malfonna- 182290 
tion syndrome 613675 
NFl 

Arteriohepatic 1 18450 
dysplasia and other 
systemic manifestl­
tions, )AGI 
gene mutations 

Immune defects, neo- 192430 
natal hypocalcemia, 
congenital heart 
defects, wide clinical 
spectrum, TBXI 
gene deletion in 
70-90% 

Mental retardation, 301040 
a-thalassc:mia, 
dysmorphias 

•Other microdeletions have been observed at tq21.1, tq41-42, 2p15-16.1, 2q23.1, 5q143, 12q14, 
15q13.3, 15q24.1, 15q26, 16p11.2, 16p13.11, 17q21.3, 19p13.11, 16q11.2, 17q12, 17q21.31, 
18q21, and others. (See Girirajan S, campbell CD, Eichler EE. Human copy number variation and 
complex genetic disease:. Ann Rev Genet 2011; 45: 203-226. Also see: DECJPHER GRCh37. List of 
70 microdeletion syndromes (at: https://decipher.sanger.ac.uk/syndromes). Accessed July 5, 2017. 
OMlM (at http://www.ncbi.nlm.nih.gov/omim). 

-





Definition of Tenns In Genetics and 
Cenomlcs-Clossary 

Acentrk Refers to a chromosome or chroma­
tid without a centtomere. 

Aaoc:enbtc (White 1945) Refers to a chromo­
some with a centromerc that lies very close to 
one of the ends, dividing the chromosome into 
a long arm and a very short arm. 

Adtn A structural proll!in interacting with 
many other proll!ins. In muscle cells, as F actin, 
it interacts with myosln during contraction. 

Allele Uohannsen 1909) or allelomorph 
(Bateson and Saunders 1902) One of several al­
ternative forms of a gene at a given gene locus. 

Allelic disorders A group of disorders result­
ing from different mutations In the same gene. 

Allelic exc:haslon Expression from one allele 
only. 

Alazygous Rd'ers to a gene locus with alleles 
of independent origin (see autozygous ). 

Alpha heltx A folding pattl!m of proteins. A 
linear sequence of amino acids folds into a 
helix (compare with beta sheet~ 

Alternative spldng Production of different 
mRNAs from one transaipt 

Alu sequences A family of related DNA se­
quences that are each - 300 base pairs long 
and containing the recognition site for the 
Alu restriction enzyme; -1.2 million copies of 
Alu sequences are dispersed throughout the 
human genome. A full-length Alu repeat is a 
dimer of about 280 bp: 120 bp for each mono­
mer, followed by a short sequence rich In A 
residues. They are asymmetric: the repeat to 
the right contains an internal 32-bp sequence, 
while the other does not 

Amber codon The stop codon UAG (a word 
play on the disamrer Bernstein (amber in 
German]~ 

Anm' tnt A mutagenicity test perfonned 
with a mixture of rat liver and mutant bacteria. 

An*1o add An organic compound with an 
amino (-NH2) and a carboxyl (-COOH) group. 
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Amlnoacyl tRNA A transfer RNA carrying an 
amino add. 

Amplf1atlon Production of additional copies 
of DNA sequences. 

Amplcon Fragment of DNA amplified by a 
specific PCR (polymerase chain reaction) 
reaction. 

Anaphase (Strasburger 1884) A staie of mito­
sis and of meiosis I and n. Characterized by the 
movement of homolosous chromosomes (or 
sister chromatids) toward opposite poles of 
the cell division spindle. 

Ancestral origin Rerers to genetic material of 
common origin from previous generations. 

Aneuploldy (T:lckholm 1922) Deviation from 
the normal number of chromosomes by gain or 
loss (see trisomy and monosomy~ 

Aneusomy Deviation from the normal pres­
ence of homologous chromosomal segments. 
Aneusomy by rcmmbination refers to the du­
plication/deficiency resulting from crossing­
over within an in~rsion (inverted region~ 

Anneil Hybridizing complementary single 
strands of nucleic add to form double­
stranded molecules (DNA with DNA, RNA 
with RNA, or DNA with RNA~ 

Antibody A protein (immunoglobulin) that 
recognizes and binds to an antigen as part of 
the immune response. 

Anticipation A tendency of a disease to in­
crease in severity in successive generations. 

Antlcodon A trinucleotide sequence in tRNA 
that is complementary to a codon for a specific 
illllino acid in mRNA. 

Antigen A molecule that induces an immune 
response. 

Antiparallel Double-stranded DNA or RNA 
running in opposite directions. 

Antlsense RNA An RNA strand that is comple­
mentary to normal mRNA. Natural antisense 
RNAs made from the nontemplate strand of a 
gene may regulate gene expres.gon by prevent­
ing it from being used as a template for normal 
translation. 
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Apoptosls Programmed cell death. 

Archaea Archaebacteria, one of the three 
evolutiollilry lineages of organisms living 
today, a domain distinct from prokaryotes 
and eukaryotes. 

ARMS Amplification refractory mutation sys­
tem. A genetic test using allele-specific PCR. 

Asray CGH See CGH. A genetic test based on a 
comparative analysis by hybridization of a 
large number of DNA or RNA samples of differ­
ent origin (test sample and reference sample) 
on a small surface (array) in the search for de­
letions or duplications in the genome (see copy 
number variation). 

Asa!rtainment The mode of identification of 
individuals fer a genetic study. 

Ashkenazl The Jewish population descended 
from Eastern Europe and medieval Jewish 
communities that lived along the river Rhine 
and in the Alsace region (Ashkenaz is the me­
dieval Hebrew llilme for this region). (Compare 
with Sephardim.) 

A50 Allele-specific oligonucleotides. 

Association Different alleles occurring to­
gether more often than expected from their 
individual frequencies (as opposed to linkage). 

Assortativl! mating Nonrandom selection of 
mates based on shared phenotypic features, 
as opposed to panmixia. 

Attenuator A DNA sequence regulating the 
tennination of transcription, involved in am­
trolling the expression of some operons in bac­
teria. 

Aultgnaclan Tools and artwork associated 
with upper paleolithic fossils of ancestral mod­
em humans in Europe. Named after Aurignac 
in the Pyrenees, where it was first discovered. 
(Compare with Mousterian.) 

Australopithecus (Dart 1924) Ancestral forms 
of early hominids in Africa. Derived from aus­
tralis (southern) and pithecus (ape). 

Autonomously repllcatlng sequence (ARS) A 
DNA sequence that is required to induce repli­
cation. 

Autoradlography (Lacassagne and Lattes 
1924) Photographic detection of a radioactive 
substance incorporated into cells or tissue. The 

distribution of the radioactively labeled sub­
stance can be demonstrated, e.g~ in tissue, 
cells, or metaphase chromosomes, by placing 
a photographic film or photographic emulsion 
in dose contact with the preparation. 

Autosome (Montgomery 1906) Any chromo­
some except a sex chromosome (the latter is 
usually desig!lilted X or Y). Autosomal refers to 
genes and chromosomal segments that are lo­
cated on autosomes. 

Auxotrophy (Ryan and Lederberg 1946) 
Refers to cells or cell lines that cannot 
grow on minimal medium unless a certain 
nutritive substance is added (compare with 
Prototrophy). 

Baduross Cross of a heterozygous animal 
with one of its homozygous parents. In a dou­
ble backcross, two heterozygous gene loci are 
involved. 

BAC Bacterial artificial chromosome; a syn­
thetic DNA molecule that contains bacterial 
DNA sequences for replication and segregation 
(seeYAC). 

Bcl-2 family A family of proteins localized to 
mitochondria involved in regulation of apoptosis. 

Bacteriophage A virus that infects bacteria. 
Usually abbreviated to phage. 

Banding patem (Painter 1939) A specific 
staining pattern of a chromosome consisting 
of alternating light and dark transverse bands. 
Each chromosomal segment of homologous 
chromosomes shows the same banding pat­
tern, characterized by the distribution and 
size of the bands, which can be used to identify 
that segment. The term was introduced in 
1939 fer the linear pattern of bands in poly­
tene chromosomes of certain Diptera (mosqui­
toes, flies). Each band is defmed relative to its 
neighboring bands. The sections between 
bands are interbands. 

BarT body See X chromatin. 

Base pair (bp) In double-stranded DNA, bp 
refers to two nucleotide bases-one a purine, 
the other a pyrimidine-lying opposite each 
other and joined by hydrogen bonds. Normal 
base pairs are AT and CG. Other pairs can form 
in ribosomal RNA. 

B cells B lymphocytes. 



Beta sheet A structural motif of proteins. Dif­
ferent sections of the polypeptide run along­
side of each other. 

Bimodal distribution A frequency distribution 
curve with two peaks. It may indicate two dif­
ferent phenotypes distinguished on a quantita­
tive basis. 

Bivalent (Haecker 1892) Pairing configuration 
of two homologous chromosomes during 
meiosis in the pachytene stage. As a rule, the 
number of bivalents corresponds to half the 
normal number of chromosomes in diploid so­
matic cells. Bivalents are the prerequisite for 
recombination by crossing-over of nonsister 
chromatids. A trisomic cell forms a trivalent 
of the three chromosomes. 

Breakage-fusion-bridge cyde Refers to a 
broken chromatid that fuses to its sister, form­
ing a bridge. 

Breakpoint Site of a break in a chromosomal 
alteration. e.g., translocation. inversion, or 
deletion. 

Cadhertns Dimeric cell adhesion molecules. 

Carcinogen A chemical substance that can in­
duces cancer. 

Caspase A member of the family of special­
ized cysteine-containing aspartate proteases 
involved in apoptosis (programmed cell death). 

CT (or CAAT) box A regulatory DNA sequence 
in the 5' region of eukaryotic genes; transcrip­
tion factors bind to this sequence. 

Catenate A link between molecules. 

C-bands Specific staining of the centromeres 
of metaphase chromosomes. 

cDNA Complementary DNA synthesized by 
the enzyme reverse transcriptase from RNA as 
the templali!. 

CD region Common docking, a region in­
volved in binding to a target protein. 

Cell cyde (Howard and Pelc 1953) life cycle 
of an individual cell In dividing cells, the fol­
lowing four phases can be distinguished: G1 
(interphase). S (DNA synthesis), G:;i, and mitosis 
(M). Cells that do not divide are in Go phase. 

Cell hybltd A somatic cell generated by fusion 
of two cells in a cell culture. It contains the 
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compleli! or incomplete chromosome comple­
ments of the parental cells. 

Cell organelle Defined structural and func­
tional unit within a cell, e.g., mitochondrion, 
ribosome, endoplasmic reticulum, Golgi's ap­
paratus, lysosome. 

CEPH A set of three-generation families with 
known DNA marker genotypes (Centre d'~tude 
du Polymorphisme Humain in Paris), intro­
duced by j. Dausset in 1986. 

Cendmorgan A unit of length on a linkage 
map (100 centimorgans, cM=100 Morgan). 
The distance between two gene loci in centi­
morgans corresponds to their recombination 
frequency expressed as percentage, i.e., one 
centimorgan corresponds to 1% recombination 
frequency. Named after Thomas H. Morgan 
(1866-1945), who initiated the classic genetic 
experiments on Drosophila in 1910. 

Cenbtole Small cylinder of microtubules. 

Centromere (Waldeyer 1903) Cltromosomal 
region to which the spindle fibers attach dur­
ing mitosis or meiosis. It appears as a constric­
tion at metaphase. It contains chromosome­
specific repetitive DNA sequences. 

CGH Comparative genomic hybridization. 
Compares whole genomes to identify regions 
with a loss or additional DNA. 

Chaperone A protein needed to assemble or 
fold another protein correctly. 

Chlasma Qanssens 1909) Cytologically recog­
nizable region of crossing-over in a bivalent. In 
some organisms, the chiasmata move toward 
the end of the chromosomes (terminalization 
of the chiasmata) during lab! diplotene and di­
akinesis (see meiosis). The average number of 
chiasmata in autosomal bivalents is -52 in 
human males, and -25-30 in females, The 
number of chiasmata in man was frrst deter­
mined in 1956 in the paper that confirmed the 
normal number of chromosomes in man by 
Ford and Hamerton. 

Chimera (Winkler 1907) An individual or tis­
sue that consists of cells of different genotypes 
of prezygotic origin. 

ChlP Cltromatin immunoprecipitation. A 
method to detect DNA sequences that bind to 
a specific protein in chromatin. -



.. 

424 Glossary 

Chromatld (McClung 1900) Longitudillill 
subunit of a chromosome resulting from chro­
mosome replication; two chromatids are held 
together by the centromere and are visible 
during early prophase and metaphase of mito­
sis, and between diplotene and the second 
metaphase of meiosis. Sister chromatids arise 
from the same chromosome; nonsister chro­
matids are the chromatids of homologous 
chromosomes. After division of the centromere 
in anaphase, the sister chromatids are rererred 
to as daughter chromosomes. A chromatid 
break or a chrornosofllill aberration of the 
chrorlliltid type affects only one of the two sis­
ter chrorlliltids. It arises after the DNA replica­
tion cycle in the S phase (see Cell cycle). A 
break that occurs before the S phase affects 
both chrorlliltids and is called an isolocus aber­
ration (isochromatid break). 

Chromatin (Flemming 1882) The stained ma­
terial observed in interphase nuclei. It is a gen­
eral term for packaged DNA, composed of DNA, 
basic chromosomal proteins (histones), nonhi­
stone chromosomal proteins, and small 
amounts of RNA. 

Chromatin remodeling The energy-depend­
ent displacement or reorganization of nudeo­
somes for transcription or replicatiolL 

Chromosome (Waldeyer 1888) The gene­
carrying structures that are composed of chro­
matin and are visible during nuclear division 
as threadlike or rodlike bodies ("stained 
thread" from Greek). 

Chromosome painting A staining method to 
distinguish individual chromosomes. 

Chromosome Willklng Sequential isolation of 
overlapping DNA sequences to fmd a gene on 
the chromosome studied. 

Cs-;ictlng Refers to a regulatory DNA se­
quence located on the same chromosome 
( cis ), as opposed to trans-acting over a distance 
from other locations. 

Cs/trans (Haldane 1941) In analogy to 
chemical isomerism, rerers to the position of 
genes of double heterozygotes (heterozygotes 
at two neighboring gene loci) on homologous 
chromosomes. When two certain alleles, e.g .. 
mutants, lie next to each other on the same 
chromosome, they are in cis position. If they 

lie opposite each other on different homolo­
gous chromosomes, they are in a trans posi­
tio1L The cis/trans test (Lewis, 1951; Benzer, 
1955) uses genetic methods (genetic comple­
mentation) to determine whether two mutant 
genes are in the cis or in the trans position. 
With rererence to genetic linkage, the expres­
sions cis and trans are analogous to the terms 
coupling and repulsion (q.v.). 

Cstron (Benzer 1955) A functional unit of 
gene effect as represented by the cis/trans 
test. If the phenotype is mutant with alleles 
in the cis position and the alleles do not com­
plement each other (genetic complementa­
tion), they are considered alleles of the same 
cistron. If they complement each other, they 
are considered to be nonallelic. This definition 
by Benzer was later expanded by Fincham in 
1959: according!y, a cistron now rerers to a 
segment of DNA that encodes a unit of gene 
product. Within a cistron, mutations in the 
trans position do not complement each other. 
Functionally, the term cistton can be eqllilted 
with the term gene. 

Cade A group of organisms evolved from a 
common ancestor. 

Cathrin (Pearse 1975) A protein interacting 
with adaptor proteins to form the coated 
vesicles that bud from the cytoplasm during 
endocytosis. 

Cone (Webber 1903) A population of mole­
cules, cells, or organisms that have originated 
from a single cell or a single ancestor and are 
identical to it and to each other. 

aonal selectlon and expilnslon Specific in­
crease in number of a single cell, e.g .. lympho­
cytes with a specific antigen receptor or cancer 
cells. 

Coning efficiency A measure of the efficiency 
of dolling individual fllilmmalian cells in 
culture. 

Coning vector A plasmid, phage, or bacterial 
or yeast artificial chromosome (BAC, YAC) used 
to carry a foreign DNA fragment for the pur­
pose of dolling (producing multiple copies of 
the fragment). 

Coalescence time The time going back to the 
most recent common ancestor (see Divergence 
time). 



Coding strand of DNA The strand of DNA 
bearing the same sequence as the RNA strand 
(mRNA) that is used as a template for trans­
lation (sense RNA). The other strand of DNA, 
which directs synthesis of the mRNA, is the 
template strand (see antisense RNA). 

Coding RNA RNA involved in transcription 
(see noncoding RNA). 

Codomlnant Expression of two dominant 
traits together, e.g., the AB blood group pheno­
type (see Dominant). 

Codon (Brenner and Crick 1963) A sequence 
of three nucleotides (a triplet) in DNA or RNA 
that codes for a certain amino add or for the 
terminalization signal of an amino add 
sequence. 

Coefficient of Inbreeding An expression for 
the proportion of loci that are homozygous by 
descent from an ancestor, observed by parental 
consanguinity. 

Coefficient of relationship The proportion of 
loci that is homozygous for the same allele by 
descent from a common ancestor. 

Co-factor A molecule or metal required for a 
biological activity of a protein. 

Cohesln A protein complex of four subunits 
(Sect, Scc3, Smet, Smc3) regulating the sepa­
ration of sister chromatids during cell division. 

Coiled-coll A stable rodlike structural motif 
in proteins formed between two or more 
a-helices. 

Colllnear The 1 :1 representation of triplet 
nucleotides in DNA and the corresponding 
sequence of amino adds. 

Common dlsease-<ommon wriant hypothe­
sis Genetic influences on common diseases 
may be attributed to common variants present 
in 1-5% of the population. 

Compandlve genomk hybridization (CGH) A 
test comparing the genome of an individual 
with a control to assess differences in the 
amount of DNA that result from a duplication 
or a deletion in one or several chromosomes 
(see Array CGH). 

Complementary Two nucleic adds with iden­
tical sequences in opposite directions. This 
enables them to anneal and form a double­
stranded molecule. 
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Complementation, genetic (Flncham 1966) 
Complementary elfect of (restoration of nor­
mal function by) double mutants at different 
gene loci (see complementation groups in xe­
roderma pigmentosum, or Fanconi's anemia). 

Compound heterozygote Two dilferent mu­
tant alleles at the same gene locus. 

Concatemer An association of DNA molecules 
with complementary ends linked head to tail 
and repeated in tandem. Formed during repli­
cation of some viral and phage genomes. 

ConairdanCI! The occurrence of a trait or a 
disease in both members of a pair of twins 
(monozygotic or dizygotic) (see Discordance). 

Condensation Refi!rs to the density of chro­
matin in a chromosome. 

Condensln Protein complexes (condensin I 
and condensin ll), involved in the chromosome 
assembly for cell division (chromosome con­
densation). 

Confonnatlon The three-dimensional struc­
ture of a complex molerule required for 
biological function. 

Conjugation (Lederberg, Hayes, Cavalli 1953) 
The transfer of DNA from one bacterium to 
another. 

Consanguinity Blood relationship, 1\w or more 
individuals are reli!rred to as consanguinl!­
ous {related by blood) if they have one or 
more ancestors in common. A quantitative ex­
pression of consanguinity is the coefficient of 
inbreeding (q.v.). 

Consensus sequenCI! A corresponding or 
identical DNA sequence in different genes or 
organisms. 

Conserved In evolution Refers to genes or 
parts of chromosomes that have been main­
tained in the course of evolution because of 
their functional importance. 

ConUg A series of overlapping DNA frag­
ments (contiguous sequences). 

ConUguous gene syndrome A disease result-
ing from pathological changes in adjacent -
genes with different functions. 

Copy number Vilrlillllon (CNV) Differences in 
the number of a defined DNA sequence repeats 
in the genome of different individuals. 
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Cosmld A plasmid carrying the cos site ( q.v.) 
of a phage in addition to sequences required 
tor division. Serves as a cloning vector for 
DNA fragments up ID 40 kb. 

Cos site A restriction site required of a small 
strand of DNA ID be cleaved and packaged into 
the :A phage head. 

Coupllng (Bateson et al 1905) A cis configu­
ration (q.v.) of double heterozygotes. 

Covalent bond A stable chemical bond hold­
ing molecules together by sharing one or more 
pairs of electrons (as opposed to a non covalent 
hydrogen bond). 

Q>Ci Island A stretch of 1-2 kb in mammalian 
genomes that Is rich In unmethylated CpG 
doublets; usually at the 5' end of a gene. 

CRISPR Oustered Regularly lnterspaced Short 
Palindromic Repeats. Short DNA sequences 
in bacteria and archaea using small noncoding 
RNAs (ncRNA) to recognize and destroy invad­
ing viral genomes by complementary base 
pairing and targeted nuclease digestion. 

Cl'ossl~ (Mo~n and C.lttell 1912) The 
ex.change of genetic information between two 
homologous chromosomes by chiasma forma­
tion (q.v.) in the diplotene stage of meiosis I; 
leads to genetic recombination of neighboring 
(linked) gene loci. Unequal aossing-<JVer (Stur­
tevant 1925) results from mispairing of the ho­
mologous DNA segments at the recombination 
site. It results in structurally altered DNA 
segments or chromosomes, resulting in a du­
plication in one and a deletion in the other. 
Crossing-over may also occur in somatic cells 
(Stem 1936). 

cycnc AMP (cAMP) Cyclic adenine mono­
phosphate, a second messenger produced in 
response to stimulation of G-protein-coupled 
receptors. 

Cydin A protein involved in cell cyde regula­
tion. 

Cytoldne A small secreted molecule that can 
bind to cell surface receptors on certain cells ID 
trigger their proliferation or differentiation. 

CytDplasmk lnMtbK• Transmission of ge­
netic information located in mitochondria. 
Since sperm cells do not contain mitochondria, 

the information transmitted is of maternal 
origin. 

Cytmbleton Network of stabilizing protein 
in the cylDplasm and cell membrane. 

tytosol The content of the cytoplasm of a 
cell, excluding cell organelles. 

Dalton A unit of alDmic mass, approximately 
equal to the mass of a hydrogen atom (1.66 x 
1024 g). 

Defldency (Bridges 1917) Loss of a chromo­
somal segment resulting from faulty aossing­
over, e.g., by unequal crossing-over or by cross­
ing-over within an inversion (q.v.) or within a 
ring chromosome (q.v.). It arises at the same 
time as a complementary duplication (q.v.). 
This is referred ID as duplication/deficiency. 

Deletion (Painter and Muller 1929) Loss of 
part of or a whole chromosome or loss of 
DNA nudeotide bases. 

Denatur.tton Reversible separation of a dou­
ble-stranded nucleic acid molecule into single 
strands (see Renaturation). 

DWdnesls (Haeclcer 1897) A stage during late 
prophase I of meiosis. 

Dlcenbic: (DariingtDn 1937) Refers to a 
structurally altered chromosome with two 
centromeres. 

Dlctyotm• A stage of fetal oocyte develop­
ment during which meiotic prophase is inter­
rupted. In human females, oocytes attain the 
stage of dictyotene -4 weeks belbre birth; fur­
ther development of the oocytes is arresll!d 
until ovulation, at whlch time meiosis is 
continued. 

Diffen!!ntiation The process in which an un­
specialized cell develops inlD a distinct, speci­
alized cell 

Diploid (Strasburger 1905) Cells or organisms 
that have two homologous sets of chromo­
somes, one from the father (paternal) and one 
from the mother {maternal). 

Dlplotene A stage of prophase I of meiosis. 

Direct repeat Repeated DNA sequences 
oriented in the same direction (see Inverted 
repeat). 



Discordance The occurrence of a given trait 
or disease in only one member of a pair of 
twins (see Concordance). 

Disomy, uniparental (UPD) Presence of two 
chromosomes of a pair from only one of the 
parents. One distinguishes UPD due to isodi.s­
omy, in which the chromosomes are identical, 
and heterodisomy, in which they differ. 

Dlspermy The penetration of a single ovum 
by two spennatozoa. 

Divergence time The time elapsed since two 
populations have split from a rommon ances­
tor (see Coalescence time). 

Dlzygotlc Twins derived from two different 
zygotes (fraternal twins), as opposed to mono­
zygotic (identical) twins, derived from the 
same zygote. 

D-loop Displacement loop; a DNA sequence 
that is funned in a part of opened DNA double 
helix, e.g., in mitochondrial DNA or in the 
telomere. 

DNA (cleoxyrlbonudelc acid) The molecule 
rontaining the primary genetic information in 
the fonn of a linear sequence of nucleotides in 
groups of threes (triplets; see codon). 

DNase An enzyme that deaves bonds in DNA. 

DNA llbrary A collection of cloned DNA mol­
ecules comprising the entire genome (genomic 
library) or of cDNA fragments obtained from 
mRNA produced by a particular cell type 
( cDNA library). 

DNA chip or micro11Tay A set of many thou­
sands of different nucleotide sequences on a 
surface. Used to determine the gene expression 
pattern of thousands of genes simultaneously. 

DNA methylatton The presence of metllYI 
groups at specific sites by changing cytosine 
to 5-metllYlcytosine. 

DNA polymerase A DNA-synthesizing en­
zyme. To begin synthesis, it requires a primer 
of RNA or a romplementary strand of DNA. 

Domain A distinctive functional region of the 
tertiary structure of a protein. 

Dominant (Mendel 1865) Refers to a genetic 
trait that can be observed in the heterozygous 
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state. This depends in part on the accuracy of 
observation {see Codominant and Recessive). 

Dominant negative A mutant allele that pro­
duces an undesirable effect resembling loss of 
function (see gain-of-function mutation). 

Dorsal Refers to the back of an animal (for 
opposite, see ventral). 

Dosage mmpensatlon (Muller 1948) Refers 
to mechanisms that balance a difference in ac­
tivity of alleles. 

Downstream The 3' end of a gene. 

Dynamic mutation A change in DNA charac­
terized by expansion of nucleotide repeats. 

Drift, genetic (Wright 1921) Random changes 
in gene frequency over generations in small 
populations. Under some conditions, an allele 
may disappear rompletely from a population 
or be fixed, i.e., present in all individuals. 

Dupllcatlon (Bridges 1919) Addition of a 
chromosomal segment resulting from faulty 
crossing-over (see Deficiency). It may also 
refer to additional DNA nucleotide base pairs. 
Duplication of genes (gene duplication) played 
an important role in the evolution of eukar­
yotes. 

Ectoderm One of the three primary cell layers 
of an embryo giving rise to epidennal tissues, 
the nervous system, and external sense organs 
(see Endodenn and Mesoderm). 

Effector A protein exerting a specific effect 

Electrophoresls (Tiselius 1937) Separation of 
molecules by utilizing their different speeds of 
migration in an electrical field. As a support 
medium, substances in gel fcnn such as starch, 
agarose, and acrylamide are used. Further 
molecular differences can be detected by mod­
ifications such as two-dimensional electropho­
resis {electric field rotated 90 degrees for the 
second migration) or cessation of migration at 
the isoelectric point (isoelectric focusing). 

Elongation Addition of amino acids to a poly­
peptide chain. 

Elongatlon factor (EF} One of the proteins 
that associates with ribosomes while amino 
acids are added. EF in prokaryotes and eEF in 
eukaryotes. -
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Embryonic mm (ES) c.lls Undifferentiated 
pluripotent cells deriVl!d from an embryo. 

Endocytosls Specific uptllce of extracellular 
material at the cell surfac:e. The material is 
surrounded by an !nvagination of the Cl!!I 
membrane, and this fuses to fonn a membrane­
bound vesicle contiining the material 

Endoclerm The inner of the three primary cell 
layers of an embryo; aives rise to the gastro­
intestinal system and most of the respiratory 
tract (see Ectodcnn and Mesoderm). 

EndanuclHll A heterogeneous group of en­
zymes that cleaves bonds between nucleotides 
of single-stranded or double-stranded DNA or 
RNA. 

Endoplasmic retlailum A complex system of 
membranes within the cytoplasm. 

Endoredupllatian (Levan and Hauschka 
1953) Chromosome replication during inter­
phasc without actual mitosis. Endoredupli­
ca!M chromosomes in mctaphasc consist of 
tour chromatids lying next to each other, held 
together by two neighboring crntromercs. 

Enhancer (Banerlji 1981) Ads-acting regula­
tDry DNA segment that contains binding sites 
tor transcription factors. An enhancer is lo­
ca!M at various distallce$ from the promoter. 
It causes an increase in the rate of transcrip­
tion (-10-fold). 

Enzyme (Bachner 1897) A protein that cata­
lyzes a biochemical reaction. Enzymes consist 
of a protein part (apoenzyme). responsible fur 
the specificity, and a nonprotein part (coen­
zyme), needed for activity. Enzymes bind to 
their substrates, which become metabolically 
altered, or they combine with other substances 
during the train of the reaction. Most of the 
enzymatically catalyzed chemical reactions 
can be classified inlD one of six groups: (1) 
hydrolysis (cleavage with the addition of 
HJO). by hydrolases; (2) transfer of a molecular 
group from a donor to a receptor molecule, by 
transferases; (3) oxidation and reduction, by 
oxidases and rcductascs (transfer of one or 
more electrons or hydrogen atoms from a mol­
ecule to be oxidized to another molecule that 
is tD be reduced); ( 4) isomerization, by isomer­
ascs (rearranging the position of an atom or 
functional group within a molecule); (5) join-

Ing of two substratl! molecules tD !Onn a new 
molecule, by Iigascs (synthetases); (6) nonhy­
drolytic cleavage with formation of a double 
bond on one or both of the two molecules 
formed, by lyascs. 

Eplgenetlcs (Waddingmn 1942) The study of 
heritable changes in aene expression caused 
by mechanisms that do not airer the DNA 
sequence, often by DNA mcthylation. A port­
manreau (blended word) of ep~nesis and 
genetics. 

Eplgenorne Refers tD the ovrrall epigenetic 
state of a genome. 

Episome Oacob and Wollman 1958) A DNA 
sequence, e.g., in plasmid (q.v.). that can exist 
either independently in the cytoplasm or as an 
integrated part of the genome of its baetl!rial 
host 

Eplsbsls (Batl!son 1907) Nonreciprocal inter­
action of genes at the same gene locus (allelic) 
or at different gene loci (nonallelic) that alter 
the phenotypic expression of a gene. 

EpllDpe The part of an antigen molecule that 
binds ID an antibody. 

EST (expressed sequence tag) A sequenced 
site from an expressed gene that "tags" a 
stretch of unsequenced cDNA next to it; used 
ID map genes (see STS). 

Eubacteria A major class of prokaryores (see 
p. 26). 

Euchromatln (Heitz 1928) Chromosome or 
chromosomal segment that stains Jess in­
tensely than hcterochromatin (q.v.). Euchro­
matin corresponds to the genetically active 
part of chromatin that is not fully condensed 
in the interphase nucleus. 

Eukaryote (ChatlDn 1937) Cells in animals 
and plants that contain a nucleus and organ­
elles in the cytoplasm (see Eubacteria and Pro­
karyote). 

Euplokl (T.iidcholm 1922) Refers to cells, tis­
sues, or individuals with the complete normal 
chromosomal complement characteristic of 
that species (compare with Aneuploidy, Heb!r­
oploid, Polyploid). 

Excision rep* Repair of bulk lesions in DNA 
in which a stretch of nucleotides (-14 in 



prokaryotes ilild -30 in eukaryotes) is excised 
from the affected strand and replaced by the 
normal sequence (resynthesis). 

Exoc:ytosis Specific process by which nondif­
fusable particles are transported through the 
cell membrane to be discharged into the cellu­
lar environment 

Exome All exons in a genome. 

Exoo (Gilbert 1978) A segment of DNA that is 
represented in the mature mRNA of eukaryores 
(compare with Intron). 

Exoouclease An enzyme that deaves nucleo­
tide chains at their terminal bonds only, at 
either the 5' or 3' end (rompare with Endonu­
dease). 

Expression The observable effects of an active 
gene. 

Expression vector A dolling vector rontaining 
DNA sequences that can be transcribed and 
translared. 

Expresslvlty (Vogt 1926) Refers to the degree 
of phenotypic expression of a gene or geno­
type. Absence of expressivity is also called 
nonpenetrance. 

Fibroblast A type of connective tissue cell. 
Can be propagated in culture flasks rontaining 
suitable medium (fibroblast cultures). 

Rngeiprlnt, genetic A characreristic pattern 
of small polymorphic fragments of DNA or 
proteins. 

ASH (fluorescence In-situ hybridization) Iden­
tification ofa DNA stretch on a surface (in situ) 
by fluorescent markers. 

Fitness, biological Refers to the probability 
(between 0.0 and 1.0) that a gene will be trans­
mitted to the next generation. For a given gen­
otype and a given environment, the biological 
(or reproductive) fitness is determined by sur­
vival rate and fertility. 

Fixation An allele that becomes permanently 
present in all members of a population. 

Ruorophore A macromolecule bound to a 
fluorescent molecule with a defmed light 
wavelength that allows recognition at the site 
of hybridization (see FISH). 
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Founder effect Presence of a particular allele 
in a population as a result of a mutation in a 
single ancestor. 

Fragile site A specific site on a metaphase 
chromosome that appears to be broken be­
cause of a local difference in chromosome 
condensation. Inducible by culture medium 
conditions. 

frillmeshift mutation A mutation that alters 
the reading frame of a triplet in mRNA. As a 
consequence, an incorrect amino acid is in­
serted or a stop codon is created. 

Gain-of-function A mutation that causes a 
new type of function, usually undesirable (see 
Dominant negative mutation). 

Gamete (Strasburger 1877) A haploid germ 
cell, either a spermatozoon (male) or an ovum 
(female). In mammals, males are heterogamet­
ic (XY) and females homogametic (XX). In 
birds, females are heterogametic ('l)N) and 
males homogametic (ZZ). 

G-bands A type of bililding pattern of 
metaphase chromosomes used for their 
identification. 

Gene Uohannsen 1909) A hereditary factor 
that constitutes a single unit of genetic infor­
mation. It corresponds to a segment of DNA 
that encodes the synthesis of a single polypep­
tide chain (compare with astron). 

Gene amplltlcatlon (Brown and David 1968) 
Selective production of multiple copies of a 
given gene without proportional increases of 
other genes. 

Gene bank A collection of cloned DNA frag­
ments that together represent the genome 
from which they are derived (see Gene library). 

Gene cluster (Demerec and Hartman 1959) A 
group of two or more neighboring genes of 
similar function, e.g., the HI.A system or the 
immunoglobulin genes. 

Gene conversion (Winkler 1930; Lindgren 
1953) Nonreciprocal transfer of genetic in­
formation. One gene serves as a sequence 
donor, remaining unaffected, while the 
other gene receives sequences and under- -
goes variation. 
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c;ene desert A region along a chromosome 
that contains fewer genes than other regions. 

c;ene dosage Reft!rs to the quantitative 
degree of expression of a gene. 

(;ene family A set of evolutionarily related 
genes by virtue of identity or great similarity 
of some of their coding sequences. 

(;ene flow {Berdsell 1950) Transft!r of an al­
lele from one population to another. 

(;ene frequency The frequency of a given 
allele at a given locus in a population (allele 
frequency). 

(;ene locus (Morgan et al. 1915) The position 
of a gene on a chromosome. 

(;ene map The position of gene loci on chro­
mosomes. A physical map refers to the abso­
lute position of gene loci, with their distance 
from each other expressed as the number of 
base pairs between them A genetic map ex­
presses the distance of genetically linked loci 
by their frequency of recombination. 

c;ene pool All genes present in a particular 
population. 

c;ene product The polypeptide or ribosomal 
RNA encoded by a gene (see Protein). 

(;enetic code The information contained in 
the triplets of DNA nudeotide bases used to 
incorporate a particular amino add into a 
gene product. 

(;enetlc distance The distance on a genetic 
map as defined by the frequency of recombi­
nation (recombination fraction), measured in 
centimorgans ( cM). 

(;enetlc marker A polymorphic genetic DNA 
sequence that can be used to distinguish the 
parental origin of alleles. 

(;enetlcs (Bateson 1906) The science of he­
redity and variation. The hereditary basis of 
organisms; derived from the Greek word gen­
esis (origin). 

Cenome {Winkler 1920) All of the genetic 
material of a cell or of an individual. 

Cenome browser An electronic data bank 
providing a graphical representation of genes 

along a stretch of DNA (see UC:SC Genome Bio­
informatics at https:f/genome.ucsc.edu/). 

Cenomic disorden A group of disorders re­
sulting from certain structural features of the 
human genome. 

Genome scan A search with marker loci on all 
chromosomes for linkage with an unmapped 
locus. 

Cenome-wlde ilssadiltton study (CWAS) A 
search for the sites of an association of disease 
susceptibility with polymorphic DNA markers 
(usually SNPs) in the whole genome. 

Cenomics The scientific field dealing with the 
structure and function of entire genomes. 

Cenotype Oohannsen 1909) All or a particu­
lar part of the genetic constitution of an indi­
vidual or a cell (compare with Phenotype). 

Cerm cell A cell able to difrerentiate into ga­
metes by meiosis (as opposed to somatic cells). 

c;ermlnill Refers to germ cells, as opposed to 
somatic cells. 

c;ermllne The cell lineage giving rise to germ 
cells. 

Cermline mosilic The presence of a propor­
tion of germ cells in a gonad carrying a 
mutation. 

c; protein Guanine-nudeotide-binding pro­
teins involved in signal transduction. 

C&PD Glucose-6-phosphate dehydrogenase. 

Crowth filctor A protein, usually a small pep­
tide, acting as a ligand that activates a receptor. 

Cyri111 A topoisomerase that unwinds DNA 

Haldane's rule Hybrid sterility or inviability 
preft!rentially affecting the heterogametic sex. 

Haploid {Strasburger 1905) Refers to cells or 
individuals with a single chromosome comple­
ment; gametes are haploid. 

Haplolnsuffldency Refers to a diploid gene 
that does not exert normal function in the hap­
loid state ( e.g~ following loss of the homolo­
gous gene locus) . 

Haplotype (Ceppellini et al 1967) A series of 
alleles at two or more closely linked gene loci 



on the same chromosome, e.g., in the HIA sys­
tem ( q.v.). 

Hardy-Weinberg 9qulllrlum The distribu­
tion of frequencies of genotypes in a popula­
tion. 

Heilt map A graphical display of gene expres­
sion in array data. A 'lCNI represents a gene, a 
column represents a sample of genes. The color 
of each gene represents the gene expression 
(high activity usually in red. low in blue). 

Hewy strand Refers ID differences in density 
of DNA that result from differences in A and G, 
and C and T bases, In contrast to the light 
strand. 

Helicase An enzyme that unwinds and sepa­
rates the two strands of the DNA double helix 
by breaking the hydrogen bonds during tran­
scription or repair. 

Heltx-loop-hellx A structural motif in DNA­
binding proteins, such as some transcription 
factors. 

Hemlzygous Rders to genes and gene loci 
that are present In only one copy in an individ­
ual, e.g., on the single X chromosome in male 
cells (XY) or because a homologous locus has 
been lost. 

Heritability (lllsh 1950; Falconer 1!160) The 
ratio of additive genetic variance to the total 
phenotypic variance. Phenotypic variance is 
the result of the interaction of genetic and 
nongenetic f.tcturs in a population. 

Heb!rochromlltln (Heitz 1928) A chromo­
some or chromosomal segment that remains 
darkly stained in interphase, early prophase, 
and late telophase because it remains con­
densed, as all chromosomal material is in 
metaphase. This contrasts with euchromatin, 
which becomes Invisible during interphase. 
Heterochromatln corresponds to chromosomes 
or chromosome segments showing little or no 
genetic activity. Constitutive and facultative 
heterochromatin can be distinguished. An ex­
ample of facultative heterochromatin is the 
heterochromatic X chromosome resulting 
from inactivation of one X chromosome in so­
matic cells of female mammals. An example of 
constitutive heterochromatin is the centric 
heterochromatin at centromeres that can be 
demonstrared as C bands. 
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Heb!rodlsomy Presence of two homologous 
chromosomes from one parent only (compare 
with Isodisomy and UPD). 

Hetel'oduplex Refers to a region of a double­
stranded DNA or DNA/RNA molecule with 
noncomplementary strands that originated 
from different duplex DNA molecules. 

Heterogametlc (Wilson 1910) Rders to the 
two diflCrent types of gametes (q.v.). e.g .• X and 
Yin (ma1e) manunals orZ and Win female birds. 

Heterogeneity, genetic (Harris 1953; Praser 
1956) An apparently uniform phenotype 
caused by two or more different genotypes. 

Het«okaryon (Ephrussl and Weiss 1965; 
Harris and Watkins 1965; Okada and Muraya­
ma 1965) A cell having two or more nuclei 
with different genomes. 

Het«oplasmy Differences in the presence or 
absence of mutations in mitochondria within a 
single ~ll. 

Heteroplold (Winkler 1916) Refers to cells or 
individuals with an abnormal number of chro­
mosomes. 

HeterosB {Shull 1911 ) Increased reproduc­
tive fitness of heterozygous genotypes 
compared with the parental homozygous gen­
otypes, in plants and animals. 

Heterozygous (Bateson and Saunders 1902) 
Having two different alleles at a given gene 
locus (compare with Homozygous). 

Hfr cell A bacterium that possesses DNA se­
quences that lead to a high frequency of DNA 
transfer at conjugation. 

HCPRT )-fypox.anthineguanlne-phosphori~yl 
tran*rase. An enzyme in purine metabolism 
that is inactive in Lach- Nyhan syndrome. 

Hlstommp;ltlblltty Tissue compatibility. De­
termined by the major histocompatibility 
complex MHC (see HIA). 

Hlstone (Kossel 1884) ~ 
prorein of the nudeosome. Histones H2A. H2B. 
H3, and H4 furm an~ (q.v.). 

Hlstone code A pattern of chemical modifica­
tions in histones ( e.g~ methylation. acetyb­
tion) that are related to the regulation of gene 
activities. 
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HLA (Dausset md Terasaki 1954) HUiniln 
leukocyte antigen system A. HIJ\ is also said 
by some to refer to Los Angeles, where Terasaki 
made essential discoveries. 

HMG proteins High-mobility group proteins 
that exhibit high mobility during electrophore­
sis. Nudear proteins involved in different DNA 
interactions. 

Hogneu box A nudeotide sequence (5'-TA­
TAAA-3') located -25 bp upstream (in 5' direc­
tion) of the promoter region in eukaryotic 
genes (usually called TATA box). 

Holoprosencephaly A wide rmge of CODgl!ni­
tal Inillformations involving the midline em­
bryonic forebrain, ranging from a single eye 
( cydopia) without nose foflililtion at the most 
severe end of the spectrum to a single incisor 
tooth and a flat face with dosely set eyes (hy­
potelorism) as a result of mutations in several 
genes. 

Homeobox A highly conserved DNA segment 
in homeotic genes. 

Homeosls Trmsformation of one body part 
into another. 

Homeotlc gene One of the developmental 
genes in Drosophila that can lead to the 
replacement of one body part by another by 
mutation. 

Homologous Refers to a chromosome or gene 
locus of similar maternal or paternal origin. 

Homozygoslty mapping Mapping genes by 
identifying chromosomal regions that are ho­
mozygous as a result of identity by descent 
from a common mcestor in consanguineous 
matings (see Identity by descent, IBD). 

Homozygous (Bateson md Saunders 1902) 
Having identical alleles at a given gene locus. 

Hormone (Bayliss and Starling 1904) An or­
ganic compound able to induce a specific 
response in target cells. (Derived from the 
Greek "to spur on.") 

Hotspot A site on a chromosome where re­
combination frequently and preferentially 
occurs. 

Housekeeping gene A gene carrying informa­
tion about basic functions in a cell. 

Hox ge.-s Ousters of mammalian genes con­
raining homeobox sequences. They are impor­
tant in embryonic development. 

Hybridization In genetics, the fusion of two 
single complementary DNA strands (DNA­
DNA hybridization) DNA and RNA strands 
(DNA-RNA hybridization), or the in vitro 
fusion of cultured cells of different species 
(cell hybridization). 

Hybridomil A clone of hybrid cells. 

Hydrogen bond A noncovalent weak chemi­
cal bond between an electronegative atom 
(usually oxygen or nitrogen) and a hydrogen 
atom; important in stabilizing the three­
dimensional structure of proteins or base pair­
ing in nudeic adds. 

Hypomorph An allele that produces a re­
duced amount or activity of a gene product. 

Identity by descent llBD) Refers to homozy­
gous alleles at one gene locus that are identical 
because they are inherited from a common m­
cestor (see Consanguinity). 

lmmunoglobulln An antigen-binding mole­
cule. 

Imprinting, genomic Different expression of a 
gene depending on the parental origin. 

Inbreeding coeffident (Wright 1929) Meas­
ure of the probability that two alleles at a 
gene locus of an individual are identical by 
descent, i.e., that they are copies of a single 
allele of an ancestor common to both parents 
(IBO, identity-by-descent). Also, the proportion 
of loci at which the individual is homozygous. 

Incidence A measure of the rate of occurrence 
of a disease in a population in a specified peri­
od of time (compare with Prevalence). 

lndel Insertion/deletion variant in DNA. 

Index patient The patient who first calls at­
tention to a family and leads to ascertainment. 

Inducer A molecule that induces the expres­
sion of a gene. 

lnltliltlon fildDr A protein that associates 
with the slililll subunit of a ribosome when 
protein synthesis begins (IF in prokaryotes, 
e!F in eukaryotes). 



Insertion Insertion of chromosomal material 
of nonhomologous origin into a chromosome 
without reciprocal translocation (q.v.). 

Insertion sequence (IS) A small bacteriill 
transposon carrying genes for its own transpo­
sition (q.v.). 

In slllco A process taking place within a com­
puter; e.g., analysis of biological data. 

lntercillatlng ilgent A chemical compound 
that can occupy ii space between two adjacent 
base pairs in DNA. 

ln~ltu hybrldlutlon Hybridization of com­
plementary single-stranded DNA or RNA in 
the original or natural position (see FISH). 

lnterphilH The period of the cell cycle be­
tween two cell divisions (see Mitosis). 

lntron (Gilbert 1978) A segment of noncod­
ing DNA within a gene (compare with Exon). It 
is transcribed, but removed from the primary 
RNA transcript before translation. 

Inversion (Sturtevant 1926) Structural altera­
tion of a chromosome through a break at two 
sites with reVl!rsal of direction of the inter­
mediate segment and reattachment. A pericen­
tric inversion includes the centromere in the 
inverted segment. A paracentric inversion 
does not involve the centromere. 

Inverted repeat 1Wo identical, oppositely ori­
ented copies of the same DNA sequence. They 
are a characteristic feature of retroviruses. 

In vttro A biological process taking place out­
side a living organism or in an artificial envi­
ronment in the laboratory. 

In vivo Within a living organism. 

IPS cells (IPSCs) (Yamanaka 2006} Induced plu­
ripotent stem cells. Adult cells that have been 
reprogrammed ID express genes (Oct3, Oct4, 
SOX2, c-Myc, KIF4) that are active in pluripotent 
stem cells only, such as embryonic stem cells. 

lsochromatld break A break in both chroma­
tids at the same site. 

lsochromosome (Darlington 1940) A chro­
mosome composed of two identical arms con­
nected by the centromere, e.g .. two long or two 
short arms of an X chromosome. Implies du­
plication of the doubled arm and deficiency of 
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the absent arm. An isochromosome may have 
one or two centromeres. 

lsodisomy Presence of two identical chromo­
somes from one of the parents (compare with 
Heterodisomy). 

Isolate, genetic (Waldund 1928) A physically 
or socially isolated population that has not in­
terbred with individuals outside of that popu­
lation (no panmixia). 

lsotype Closely related chains of immunoglo­
bulins. 

lsozyme or lsoenzyme (Markert and Miiller 
1959; Vesell 1959) One of multiple distin­
guishable polymorphic variants of enzymes of 
similar function in the same organism. Isoen­
zymes are a biochemical expression of genetic 
polymorphism. 

IVS Intervening sequences. DNA sequences in 
an intron. 

Jewish genetic cn-s As a result of relative 
isolation, several autosomal recessive diseases 
occur more frequently in Jewish populations 
(see Jewish Genetic Disease Consortium 
at: http:/jwww.jewishgeneticdiseases.org/; Ac­
cessed July 6, 2017). 

Karyogram The visual display of a.II chromo­
somes of a cell arranged in pairs of homolo­
gous chromosomes. 

Karyotype (Levitsky 1924} The complete chro­
mosoine set of a cell, an individual, or a species. 

Kllobllse (kb) 1,000 base pairs (bp ). 

Klnetochore Chromosomal structure at the 
centromere, where the spindle fibers attach 
during cell division. 

Knodcout (of ii gene) Intentional inactivation 
of a gene in an experimental organism to ob­
tain information about its function (same as 
targeted gene disruption). 

Lilgglng strilnd of DNA The new strand of 
DNA replicated from the 3' to 5' strand. It is 
synthesized in short fragments in the s· to 3' 
direction (Okazaki's fragments), and these are 
subsequently joined together. 

Lilmlns Intermediate filament proteins form- -
ing a fibrous network. the nuclear lamina on 
the inner surface of the nudear envelope. 
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Lilmpbnish dlromosome (Riicla::rt 1892) A 
special type of chromosome found in the pri­
mary oocytes of many vertebrates and il'M!rte­
brates during the dlploll!ne stage of meiotic 
division and in Drosophila spermatocytl!S. The 
chromosomes show numerous lateral loops of 
DNA that are aa:ompan!ed by RNA and protein 
synthesis. 

Lil..-t An intermediate form of RNA during 
splicing when a circular structure with a tail 
is formed by a 5' to 3' bond. 

Luder sequenc. A short N-tcrmin;iJ se­
quence of a protein that is required for direct­
ing the protein to Its target. 

Leaky mutant A mutation causing only parti­
al loss of function. 

Leptotene A stage of meiosis (q.v.). 

leth;il equivalent (Morton et al. 1956) A gene 
or combination of genes that in the homozy­
gous state is lethal to 100% of individuals. This 
may refer to a gene that is lethal in the homo­
zygous state, to two different genes each, with 
50% lethality, or to three ~rent genes, each 
with 33% lethality, etc. It is assumed that each 
individual carries about five or six lethal equiv­
alents. 

Lethal fKtxM' (Bauer 1908; Hadom 1959) An 
abnonnality of the genome that leads to de.ath 
in utero, e.g., numerous chromosomal anomalies. 

Leudne zipper A specific DNA-binding pro­
tein that resembles a zipper and serves as a 
transcription f.tctor. 

Ub111ry See DNA library. 

Ugand A molecule that can bind to a receptor 
and induce a signal in the cell. 

Ugase An enzyme that doses a gap in a DNA 
strand. 

LINE (long Interspersed nuclear element) 
Long interspersed repetitive DNA sequences. 

UnQge ~tum (Kimura 1956) Non­
random association of alleles at closely linked 
gene loci that deviates from their individual 
frequencies as predicted by the Hardy-Wein­
berg equilibrium. 

Unkage, genetic (Morgan 1910) Localiz.ation 
of gene loci on the same chromosome dose 

enough to cause deviation from Independent 
segregation. 

linkage group Gene lod on the same chro­
mosome that are so dose tx>gether that they 
usually are inherited together without tteam­
bination. 

Linker DNA A synthetic DNA double-stranded 
fragment that carries the m-x>gnition site for a 
resttiction enzyme and that can bind two DNA 
fragments. Also, the stretch of DNA between 
two nudeosomes. 

Locus Same as gene locus. 

Loss-of-fundlon mutlltlon A mutation that 
causes total or partial Joss of function of a 
gene product (see Gain-of-function mutation). 

Loss of hetel"OZ)'9(l'llty (LOH) Hemizwosity or 
homozygosity in a tumor resulting from loss of 
a heterozygous gene locus or chromosome. 

Long terminal repeat (LlR) A repeat DNA se­
quence of up to 600 bp flanldng the coding 
regions of retroviral DNA and viral transpo­
sons. 

Lymphocyb! Cell of the immune system. of 
one of two general types: B lymphocytes 
from the bone marrow and thym~derived T 
lymphocytes. 

Lysogeny The ability of a ~e to integrate 
into the bacterial chromosome. 

Lysosome (de Duve 1955) Small cytoplasmic 
organelle containing hydrolytic enzymes. 

Lytle Infection A phage infecting a bacterium 
and causing lysis. 

Map distance Distance between gene loci, ex­
pressed in either physical terms {number of 
base pairs, e.g., kb (1,000 bpi or Mb [million 
bp)) or genetic tenns (recombination fre­
quency, expressed as cM, centimorgan. One 
cM corresponds to 1%). 

Mapping Various methods to determine the 
position of a gene on a chromosome (physical 
map) or its relative distmce to other gene lod 
and their order (genetic map~ 

Marbr, genetic An allele used to recognize a 
particular genotype. 

MegalHise (Mb) 1 million base pairs (bp~ 



Meiosis (Strasburger 1884) The speci.tl divi­
sion of a genn cell nucleus that leads to reduc­
tion of the chromosome compll!fllent from the 
diploid to the hoiplold state. Prophase of the 
first meiotic division is especially important 
and c.onsists of the following stages: leptotene, 
zygotene, pachyt:ene, dlplotene. diakinesis. 

Mendeltm lnherftmc2 (castle 1906) Inheri­
tance according to the laws of Mendel as op­
pmed to extrachromosomal inheritance, WJder 
the c.ontrol of cytoplasmic hereditary factors 
(mitochondrial DNA). 

M.Ubollc coopel'Mton (Subak-Sh;irpe et al. 
1969) Correction of a phenotype in cells in 
culture by contact with normal cells or cell 
products. 

Meblc:entrlc Refers to chromosomes that are 
divided by the centromere into two arms of 
approximately the same length. 

Metaph•se (Strasburger 1884) Stage of mito­
sis in which the contr.Jcted chromosomes are 
readily visible. 

MHC (mator hlstocomp.tlbmty complex) 
(Thorsby 1974) The principal histoaxnpaoliil­
ity system, oonsisting of class I and class m 
antigen genes of the HI.A system, including 
the class n genes. 

Microfii-nt cyt:oskeletal fiber of -7-nm 
diameter that results from polymerization of 
monoglobar (G) actin (actin filament). 

microRNA lmlRNA) Small RNA molecules of 
21-23 nucleotides that associate with multiple 
proteins in an RNA-induced silencing complex 
(RISC; see RNAi). 

Mlcroslltelllte DNA Small tandem repeats of 
-1-6 bp (e.g .. CACACACA). usually less than 
0.1 kb in total length; also referred to as short 
tandem repeats (STRs). 

Mkrosatellte lnmblllty Instability of miao­
satellites in some forms of cancer, especially in 
the colon. 

MISlllllkh ~r A DNA repair mechanism to 
repair improperly paired DNA bases. 

Mlssense muatlon A mutation that alters a 
codon to one for a different amino acid (see 
Nonsense mutation). 
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MltDc:hondrlon (ptu,..I: mltochonclrta) Cell or­
ganelles containing DNA. 

Mitmis (Flemming 1882) Nuclear division 
during the division of somatk cells, consisting 
of prophase, metaphase, anaphase, and telo­
phoise. 

Mitosis Index (Minot 1908) The proportion of 
cells present that are undergoing mitosis. 

MlxDplokly (Nemec 1910: Hammon 1971) A 
tissue or individual amtaining cells with dif­
ferent numbers of chromosomes ( chromoso­
mal mosaic). 

MLC (Bach, Hischhom, Lowenstein 1964) 
Mixed lymphocyte culture. MLC is a tl!St for 
differences in HLA-D phenotypes. 

Mobile genetic element A DNA sequence that 
can change its position (see Transposon). 

Modal number (White 1945) The number of 
chromosomes of an individual or a cell. 

Monodonal mdbocly An antibody reyresent­
ing a single antigen specificity, produced from 
a single progenitor cell. 

Monol;iyer (Abercrombie and Heaysman 
1957) The single-layered sheet of cultured dip­
loid cells on the bottom of a culture flask. 

Monmomy (Blakeslee 1921) Absence of a 
chromosome in an otherwise diploid chromo­
somal complement (see nisomy). 

Monozygotlc Twins with identical sets of nu­
clear genes (compare with Dizygotic). 

Mo111hogen A protein present In embryonic 
tissues in a concentration gradient that indu­
ces a developmental process. 

Mosaic Tissue or Individuals made up of ge­
netically different cells, as a rule of the same 
zygotic origin (compare with Chimera). 

Moustl!Nn Middle Stone Age tools mainly 
associated with Neanderthals (compare with 
Aurignacian). 

mRNA (Brenner et al. 1961; Jacob and 
Monod, 1961) Messenger RNA. 

mtDNA Mitochondrial DNA. 

Multlgene bmily A group of genes related by 
their common evolution. 
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Mutagen A chemical or physical agent that 
can induce a mutation. 

Mutation (de Vries 1901) A heritable struc­
tural and functional alteration of the DNA 
sequence. Different types indude point muta­
tions from exchange, loss, or insertion of base 
pairs within a gene (see Missense mutation 
and Nonsense mutation). 

Mutation nomenclature Mutations are desig­
nated according to an international nomenda­
ture system by the Human Genome Variation 
Society (HGVS). It indicates the type of refer­
ence sequence used by a letter prefix: "g.• for 
genomic reference sequence, "c.• for coding se­
quence, "n" for nonroding, "r." for RNA, "p." for 
protein. All variants should be described in re­
lation to an accepted reference sequence. Sub­
stitutions at the DNA level are designated by 
the sign ">" and deletions by "del" after the 
deleted interval and insertions by "ins· fol­
lowed by the inserted nudeotides. Thus, 
1994G>T denotes a change of G (guanine) to T 
(thymine) at nudeotide (nt) position 1994. 
1994-1996deITTC denotes a deletion of two T 
and one C (cytosine). 1994-1995insAG denotes 
an insertion of an A (adenine) and G between 
nt position 1994 and 1995. lntron changes are 
designated by "IVS" followed by the intron 
number or the cDNA position. g.lOG>C de­
scribes a change of G to Cat nt position 10 in 
relation to genomic DNA; c.lOg>c de.scribes this 
change in cDNA and m.lOG>C in mitochondrial 
DNA. Mutations designated at the protein level 
indicate the deduced consequence preca:led by 
"p" e.g., p. R25S designates a change of arginine 
(R) to serine (S) at amino acid position 25. Dele­
tions and insertions at the protein level are des­
ignated by "del" or "ins" after the positions of 
the amino acids involved: R98-S101del means a 
deletion betwl!en Rat position 98 and S at 101. 
R98-S99insRmeans an insertion ofR betwl!en R 
at 98 and S at 99. Note that at the protein level 
the deduced consequence is described, but not 
the nature of the mutation. (For details, see den 
DunnenJI', Antonarakis SE. Mutation nomenda­
ture. Hum Mutat 2000; 15: 7-12; Human Muta­
tion Special lssue june 2016; 37: 499--615; and 
Human Sequence Variant Nomenclature at 

.. http:/fvamomen.hgvs.org). 

Mutation rate The frequency of a mutation 
per locus per individual per generation. The 

average mutation rate in man is estimated to 
be -2.5 x tQ-8 (Nachman MW, Crowell SL, 
Genetics 2000; 156: 297-304). 

Myosin A dass of motor proteins. 

Necrosis Cell death resulting from tissue 
damage. 

Neural crest A structure parallel to the dorsal 
neural tube containing a network of migratory 
cell populations that give rise to different cell 
types and anatomical structures. 

Neurotr;msmltter Extracellular signaling 
molecules at the nerve-musde junction. 

N-llnked ollgosacchaltdes Branched oligosac­
charide chains attached to the amino group 
side chain of asparagine in glycoproteins. 

Nonallelk homologous recombination 
(NAHR) Recombination between misaligned 
DNA repeats on the same chromosome or on 
sister chromatids. The consequences are 
deletions or duplications (see Genomic disor­
ders). 

Noncoding RNA (ncRNA) RNA not involved in 
transcription and translation, but with differ­
ent functions (see Coding RNA). 

Noncovalent bond A (weak) chemical bond 
between an electron-negative atom (usually 
oxygen or nitrogen) and a hydrogen atom 
(see hydrogen bond), but not involving sharing 
of electrons. 

NondlsJundlon (Bridges 1912) Faulty distri­
bution of homologous chromosomes at meio­
sis. In mitotic nondisjunction, the distribution 
error occurs during mitosis. 

Nonpolar Molecules lacking a net electric 
charge or having an asymmetric distribution 
of positive and negative charges; generally in­
soluble in water. 

Nonsense codon A codon that does not have a 
normal tRNA molecule. Any of the three trip­
lets (stop codons) that terminate translation 
(UAG, UAA, UGA). 

Nonsense-mediated mRNA decay A mecha­
nism to degrade mRNA molecules containing 
a premature stop codon (usually <50 nudeoti­
des upstream of the last splice junction) before 
translation into a polypeptide. 



Nonsense mutatfon A mutation that results 
in lack of any genetic information, e.g., a stop 
codon (see Missense mutation). 

Northern blot Transfer of RNA molecules to a 
membrane by a procedure similar to that of a 
southern blot (q.v.). A word play on southern 
blot (see Western blot). 

Nuclelc ildd A molecule such ilS DNA and 
RNA that can store genetic infonnation. 

Nucleolus The site in the nucleus where ribo­
somal RNA is transcribed. 

Nucleolus organizer (NOR) The sall!llite stalks 
of human acrocentric chromosomes 13, 14, 15, 
21, and 22 containing ribosomal RNA that can 
be specifically stained with silver. 

Nucleoslde Compound of a purine or a pyri­
midine base with a sugar (ribose or deoxyri­
bose) (compare with Nucleotide). 

Nucleosome (Navashin 1912; Kornberg 1974) 
A subunit of chromatin consisting of DNA 
wound ilfOund histone proteins in a defined 
spatial configuration. 

Nucleotide Single monomeric building block 
of a polynucleotide cha.in that makes up nu­
cleic acid. A nucleotide is a phosphate ester 
consisting of a purine or a pyrimidine base, a 
sugar (ribose or deoxyribose as a pentose), and 
a phosphate group. 

Odlre melon The stop codon UAA (see Amber 
codon, and Stop codon UAG). 

OkaZilld's fragments Short (<1,000 nucleoti­
des) single-stranded DNA fragments that are 
synthesized on the lagging strand of DNA dur­
ing replication (q.v.). They are rapidly joined by 
DNA ligase into a continuous new DNA strand. 

0-llnked ollgosaccharldes Attachment to the 
hydroxyl groups of the side chains of serine 
and threonine in glycoproteins (see N-linlred). 

Oncogene (Huebner and TodilfO 1969) Origi­
nally a DNA sequence of viral origin that can 
lead to malignant transformation of a eukilry­
otic cell after being integrated into the cellular 
DNA. Now used to designate a gene involved in 
control of cell proliferation (fonnerly proto­
oncogene). 

Open reading frame (ORF) A DNA sequence of 
variable length that does not contilin a stop 
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codon within any of the triplet reading frames. 
Any ORF beginning with a start codon and ex­
tending for 100 or more codons probilbly 
encodes a protein, and is therefore meaningful 
because it can be translated. 

Operator Oacob and Monod 1959) The recog­
nition site of an operon at which the negative 
control of genetic transcription takes place by 
binding to a repressor. 

Operan Oacob et al. 1960) In prokilryotrs. a 
group of functionally and structurally related 
genes that are regulared together. 

Organelle A membrane-enclosed subcellular 
structure in a eulcaryotic cell (see Cell organ­
elle). 

Origin of repllcatlon (ORI) Site of start ofDNA 
replication. 

Ortholog A homologous DNA sequence or a 
gene that has evolved by speciation from a 
common ancestor between related species, 
e.g., the a- and ~globin genes (see paralog). 

Pachytene (de Winiwarter 1900) Stage of 
prophase meiosis I. 

Palindrome (Wilson and Thomas 1974) A se­
quence of DNA nucleotides that reads the same 
in the 5' to 3' direction as in the 3' to 5' direc­
tion. This occurs in recognition sequences of 
restriction enzymes, e.g., 5'-AATG-3' in one 
strand and 3'-GTM-5' in the other. 

Panmbda (Weismann 1895) Pairing system 
with random partner selection, ilS opposed to 
assortiltive mating. 

Paraalne Refers to secreted signaling mole­
cules acting over a short distance on neighbor­
ing cells. 

Paralog A DNA sequence or a gene that has 
evolved by duplication from a common ances­
tor within a species, e.g~ the two a-globin gene 
loci in humans (see ortholog). 

Panisexual (Pontocorvo 1954) Refers to ge­
netic recombination by nonsexual means, e.g., 
by hybridization of cultured cells (see Hybrid­
ization). 

PCR (polymerase chain reaction) (Mullis -
1985) Technique for in vitro propagation (am­
plification) of a given DNA sequence. It is a 
repetitive thermal cyclic process consisting of 
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denaturation of genomic DNA of the sequence 
of intell!St, annl!illing the DNA tD appropriate 
oligonucleotide primers, and replication of the 
DNA segment complementary tD the primer. 

Pflnetr11nce (Vogt 1926) The frequency or 
probability of expression of an allele (compare 
with Expressivity) and become visible in the 
phenotype. 

Peptide A compound of two or more amino 
adds joined by peptide bonds. 

Phage Abbreviation for bacteriophage. 

PhagocytDSls Reli!rs to cells that incorporate 
foreign cells, such as bacteria. 

Pharmacogenetic:s (Vogel 1958; Vesell 1959) 
Study of the individual influence of certain 
genes on the metabolism and function of phar­
maceutical substances (see p. 272). 

PharrMmgenomics Study of genetic variation 
in response to pharmaceutical substances on a 
whole genome basis. 

Phenocopy (Goldschmidt 1935) A nonheredi­
tary phenotype that resembles a genetically 
determined phenotype. 

Ph•notype Qohannsen 1909) The observable 
effect of one or more genes on an individual or 
a cell 

Pherom- A signaling molecule that can 
alter the behavior or gene expression of other 
individuals of the same species. 

Phosphoclletter bond The chemical bond 
linking adjacent nucleotides of DNA or RNA. 

Phytohemagglutlnln (PHA) A protein sub­
stance obtained from kidney beans (Phaseohil 
vulgaris). Nowell (1960) discovered its ability 
tD induce blastic transformation (see Trans­
formation) and cell division in lymphocytes. 
This Is the basis of phytohemagglut inin­
stimulated lymphocyte cultures for chromo­
somal analysis. 

Plasmid (Lederberg 1952) Autonomously 
replicating circular DNA structures found in 
bacteria. Although they are usually separate 
from the actual genome, they may become in­
tegrated into the host chromosome. 

PlasUds Any of several types of organelles 
fOund in plant cells. e.g., chloroplasts. 

Plelotropy (Plate 1910) Expression of a gene 
with multiple, seemingly unrelated phenotypic 
features. 

Point mut:.tlon Alteration of the genetic code 
within a single codon. The possible types are 
the exchange (substitution) of a base: a pyri­
midine for another pyrimidine (or a purine for 
another purine), i.e. a transition (Prese 1959), 
e.g .• thymine for cytosine (or adenine for gua­
nine); or the exchange of a pyrimidine for a 
purine or vice versa: tronwemon, i.e. thy­
mine by adenine or vice versa. In addition to 
the two types of exchange, a point mutation 
may be due to the insertion of a nucleotide 
base or the deletion of one or several base 
pairs. 

Polar Refers to molecules with a net electric 
charge or a symmetric distribution of positive 
and negative charges. 

Polar body (Robin 1862) An involutional cell 
arising during oogenesis that does not develop 
further as an oocyte. 

Polyadenylatlon The addition of multiple ad­
enine residues at the 3' end of eukaryotic 
mRNA after transcription. 

Polydstronlc messenger mRNA including 
coding regions from more than one gene (in 
prokaryotes). 

Polygenk (Plate 1913; Mather 1941) Refers 
tD traits that are based on several or numerous 
genes whose effects cannot be individually de­
tennined. The term multigenic is sometimes 
used instead. 

Polymera- Enzymes that catalyze the poly­
merization of new DNA or RNA nucleotides 
from a template as in transcription and DNA 
replication. 

Polymorphism, genetic (Ford 1940) ExistellCl! 
of more than one variant of a normal allele at a 
gene locus. By definition, frequency must ex­
ceed 1 l. Polymorphisms exist at seYeral levels, 
i.e., sequence of DNA, amino adds, certain 
structures of chromosomes, or phenotypic 
traits. 

Polypeptld• Linear polymer of amino adds, 
which form a protein. 

Polyplold (Strasburger 1910) Refers to cells, 
tissues, or individuals having more than two 



copies of the haploid genome, e.g., three (ttip­
loid) or four (tetraploid). 

Polytene chromosome (Koltzoff 1934; Bauer 
1935) refers to a special type of chromosome 
resulting from repeated endoreduplication of a 
single chromosome. Giant chromosomes arise 
in this manner (compare with Chromosome). 

Population Oohannsen 1903) Individuals of a 
species that interbreed and constitute a com­
mon gene pool (compare with race). 

Pos!Uon effect (Sturtevant 1925) An effect on 
the expression of a gene depending on its lo­
cation on a chromosome (Sturtaiant AH. The 
effects of unequal crossing over at the bar locus 
in Drosophila. Genetics 1925; 10: 117-147). 

Posltlon;il donlng Identification of a gene 
based on prior information of the position of 
its locus. 

Premutat:lon A state leading to a mutation 
(see dynamic mutations repeat expansion dis­
orders. 

Premature chromosome condensation Oohn­
son and Rao 1970) Induction of chromosomal 
condensation in an interphase nucleus after 
fusion with a cell in mitosis. Condensed 
S-phase chromosomes appear pulverized (so­
called chromosome pulverization). 

Prevalence The total number of individuals 
with a given disease in a population at a 
given time (compare with Incidence). 

Pribnow box Part of a promoter (TATAAT se­
quence 10 bp upstream of the gene) in prokar­
yotes. 

Prlm11ry tr11nscrlpt The RNA transcribed 
from a eukaryotic gene before processing 
(splicing, addition of the cap, and polyadeny­
lation). 

Primer A short DNA or RNA oligonucleotide 
of -15-25 bases that specifically binds to a 
target sequence and initiates SYDthesis of a 
complementary strand. 

Primordial germ cells (PCCs) Cells in the go­
nads that give rise to germ cells in the ovary or 
testis. 

Prton Proteinaceous infectious particles that 
cause degenerative disorders of the central 
nervous system. 
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Proband The individual who first calls atten­
tion to a family with a given genetic disorder 
(same as propositus or index patient). 

Probe A defined single-stranded DNA or RNA 
fragment. labeled for detection with a fluoro­
phore, to identify complementary sequences 
by specific hybridization. 

Prokaryote Single-celled microorganisms 
without a cell nucleus or intracellular org;in­
elles, such as bacteria and archaea (compare 
eukaryote). 

Promoter A defined DNA region at the 5' end 
of a gene that binds to transcription factors 
and RNA polymerase during the initiation of 
transcription. The -1 O sequence is the consen­
sus sequence TATAATG -10 bp upstream of a 
prokaryotic gene (Pribnow box). 

Prophage A viral (phage) genome integrated 
into the bacterial (host) genome. 

Prophase An early stage of mitosis or meiosis. 

Proposlbls, proband The individual in a ped­
igree that has brought a family to attention for 
genetic studies. 

Protein A molecule with a distinct biological 
function, consisting of one or more polypep­
tide subunits each with a defined amino add 
sequence folded into a specific three-dimen­
sional structure. 

Proteome The complete set of all protein­
encoding genes or all proteins produced. 

Proteomlcs The study of all proteins in a cell 
or an organism. 

Proto-oncogene A normal gene that can be 
changed into a tumor-promoting oncogene by 
a mutation. 

Prototrophy Refers ta cells or cell lines that 
do not require a special nutrient added to the 
culture medium (compare with Auxotrophy). 

Provlrus Duplex DNA derived from an RNA 
retrovirus and incorporated into a eukaryotic 
genome. 

Pseudoautosomal region (PAR) Regions at the 
end of the X- and the Y-chromosome that par-
ticipate in recombination as in autasomes. -

Pseudogene DNA sequences that closely re-
semble a gene but have lost function due ta 
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structural rearrangements, such as stop codon, 
deletion, insertion, or other structural changes. 
A processed pseudogene consists of DNA se­
quences that resemble the mRNA copy of the 
parent gene, i.e., it does not contain intrans. 

Pseudohennaphrodltlsm A condition in 
which an individual has the gonads of one 
sex and phenotypic features of the opposite 
sex. 

qPCR Quantitative PCR. 

Qui1dltri1dli1I figure The configuration as­
sumed when homologous segments of chro­
mosomes involved in a reciprocal translocation 
pair at meiosis. Rarely, such a figure may occur 
during mitosis. 

Race A population ( q.v.) that differs from an­
other population within the same species in 
the frequency of some of its gene alleles 
(Dunn LC. Heredity and Evolution in Human 
Populations. Cmlbridge, MA: Harvard Univer­
sity Press; 1967). Aa:ordingly, the concept of 
race is flexible and relative, defined in relation 
to the evolutionary process. The term race er­
roneously divides humans into distinct catego­
ries defined by external phenotypic features 
such as skin color that are the result of adapta­
tion to dimate conditions during evolution. It 
is often associated with discriminatory reac­
tions for which no genetic basis exists. The 
dassification of individuals according to race 
is uncertain and of dubious biological value. 

Reildlng frilme A sequence of DNA nucleoti­
des that can be read in triplets in the genetic 
code (compare with Open reading frame). 

Receptor A transmembrane or intracellular 
protein involved in transmission of a cell 
signal 

Recessive (Mendel 1866) Rerers to the genet­
ic effi!ct of an allele (q.v.) at a gene locus that is 
manifest as phenotype in the homozygous 
state only (see dominant). 

Reclprocal translocatlon Mutual exchange of 
chromosome parts. 

Recombinant DNA An artificial DNA molecule 
constructed of fragments of different origins. 
Widely used in molecular genetic analysis. 

Recombination (Bridges and Morgan 1923) 
The formation of new combinations of chro-

mosomes and genes as a result of crossing­
aver betwl!en homologous chromosomes dur­
ing meiosis. Recombination is the main source 
of genetic variation. 

Recombination frequency Frequency of re­
combination between two or more gene loci. 
Expressed as the recombination fraction theta 
(8) value. AB of O.Dl (1% recombination fre­
quency) corresponds to 1 centimorgan (cM). 

Regulate~ gene A gene encoding a protein 
that regulates other genes. 

Renaturation of DNA Combining of comple­
mentary single strands of DNA to form 
double-stranded DNA (compare with Denatu­
ration). 

Repair (Muller 1954) Correction of structural 
and functional DNA damage. 

Replication Identical duplication of the DNA 
double helix prior to cell division. 

Repllcatlon foltl The unwound region of the 
DNA double helix in which replication takes 
place. 

Replicon (Huberman and Riggs 1968) An in­
dividual unit of DNA in eukaryotic DNA that is 
capable of replication. 

Repormr gene A gene used to analyze anoth­
er gene, especially in the regulatory region of 
the latter. 

Repressor A protein that suppresses gene 
function. 

Repulsion (Bateson et al 1905) A term to in­
dicate that the mutant alleles of neighboring 
heterozygous gene loci lie on opposite chromo­
somes, i.e., in trans configuration (see ds/ 
trans). 

Resistance factor A gene in plasmids causing 
antibiotic resistance. 

Re!llriction enzyme, or restriction endonu­
clease (Meselson and Yuan 1968) An endonu­
clease that cleaves DNA at a specific base 
sequence (restriction site or recognition 
sequence). 

Restriction fragment length polymorphlsm 
(RFLP) A variant DNA sequence (polymor­
phism) that creares or abolishes a restriction 
site. This can be used to identify the parental 



origin of a given DNA frilgment ilI!d used in 
diagnostics. 

Restrldlon map A segment of DNA chi!rilcter­
ized by a particuliir pattern of absence or pres­
ence of a restriction site. 

Restrldlon site A particular sequence of nu­
deotide bases in DNA at which a particular 
restriction enzyme deaves a DNA molecule. 

Retrotransposon A mobile DNA sequence 
thilt Cilll insert itself at a diffi:rent position by 
using reverse transaiptilSe (see Transposon). 

Retrovirus A virus with a genome ronsisting 
of RNA that repliCi!tes by copying its RNA ge­
nome into cDNA prior to integriltion into a 
chromosome of the host cell 

hvl!rse transaiptase An enzyme complex 
present in RNA viruses that Cilil synthesize 
DNA from an RNA template. 

RR.P Restriction fragment length polymor­
phism. 

Rho factor A protein involvi:d in termination 
of trilnscription in Escherichia coli. 

Rlbonucluse (RNAase) Enzymes (nucleilses) 
that Cilil cleave RNA. 

Ribosome (Dintzis et al 1958; Roberts 1958) 
Complex moleculiir structure in prokaryotic 
and eukilryotic cells consisting of specific pro­
teins and ribosomal RNA in different subunits. 
The translation of genetic information occurs 
in ribosomes. 

Ring chromosome A circular chromosome. In 
prokaryotes the normal chromosome usually is 
ring shi!ped. In mammals ii ring chromosome 
represents a structurill anomaly ilI!d implies 
that chromosomal material hils been lost. 

RNA (rlbonudelc add) A polynucleotide with 
a structure similar to that of DNA except that 
the sugar is ribose instead of deoxyribose. 

RNA editing A chi!nge of RNA sequence fel­
lowing transcription; a mechanism of gene 
regulation. 

RNAI (RNA Interference) Inhibition of tran­
scription by antisense RNA (see p. 186). 

RNA polymerae An enzyme that synthesizes 
RNA from ii DNA template. 

Glossary 441 

RNA sllenclng Downregulation or suppres­
sion of a gene by antisense RNA. The ability 
of double-stranded RNA to suppress a gene. 

RNA spllclng The processing of the primary 
transcript in mRNA (in eukaryotes). 

rlWA Ribosomal RNA. AnY of many large RNA 
molecules in ribosomes. 

RTK Receptor tyrosine kinilSe; membrilI!e 
bound proteins (G proteins) involved in signal 
transduction. 

Satellltl! (NaVilshin 1912) Small mass of chro­
mosomal material ilttached to the short arm of 
an ilcrocentric chromosome (q.v.) by a con­
stricted ilppendilge or stalk. It is involved in 
the orgilniZiltion of the nucleolus (see Nucleo­
lus organizer). 

Satelllte DNA (sDNA) (Kit 1961; Sueokil 1961; 
Britten ilnd Kohne 1968) DNA thilt forms addi­
tional minor band in density grildient centrifu­
gation because it contains either heavier 
(GC-rich) or lighter (AT-rich) thilI! the main 
DNA (see DNA). Not to be confused with the 
Siltellite regions of acrocentric chromosomes. 
sDNA Cilil be separated from the main DNA 
by density gradient centrifugation in cesium 
chloride, after which it appears as one or sev­
eral bands (satellites) separated from that of 
the main body of DNA. In eukaryotes, light 
(AT-rich) and heavy (GC-rich) satellite DNA 
Cilil be distinguished. Microsatellites are small 
(2-1 O) tandem repeats of DNA nucleotides. 
Minisatellites are tilildem repeats of -20-100 
bp; classical satellite DNA ronsists of large re­
peats of 100-6,500 bp. 

SCE (sister chro1mdld exch11nge) (Taylor 
1958) An exchi!nge between the two chroma­
tids of a metaphilSe chromosome. After two 
replication cycles in a cell culture in the pres­
ence of a halogenated base analogue (e.g., 5-
bromodeoxyuridine), both DNA strilI!ds of one 
chromatid will be substituted with the halo­
genated base analogue, whereas only one 
DNA strand of the other chrornatid will be sub­
stituted. As a result, the two chromatids differ 
in staining intensity and it is possible to deter­
mine where somatic crossing-over of the two 
chromatids has occurred. An increased rate of 
SCEs is ii definitive diagnostic test in Bloom 
syndrome. -
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Segmental dupllcatlon Duplicated DNA block 
with the same or highly related sequence. 

Segregation (Bateson and Saunders 1902) The 
separation of alleles at a gene locus at meiosis 
and their distribution to different gametes. 
5egregation accounts for the 1 :1 distribution of 
allelic genes to different chromosomes. 

Segregation amilysls A set of different meth­
ods to detennine the mode of inheritance. 

Selectlon (Darwin 1858) Preferential repro­
duction or survival of different genotypes 
under different environmental conditions. Pos­
itive selection is in favor of a given genotype as 
opposed to negative selection. 

Selection coeffident Quantitative expression 
(from O to 1) of the disadvantage that a geno­
type has (compared with a standard genotype) 
in transmitting genes to the next generation. 
The selection coefficient (s) is the quantitative 
expression by which biological fitness ( 1-s) is 
decreased; i.e., a selection coefficient of 1 indi­
cates a complete lack of biological fitness. 

Selectlve medium A medium that supports 
growth of cells in rulture containing a partic­
ular gene. 

Sen-ce Aging of cells in rulture or refer­
ring to aging in general 

Sense strand The DNA strand used for tran­
scribing into RNA. It is complementary to the 
antisense strand. Gene DNA sequences are al­
ways written in the 5' to 3' direction of the 
sense strand. 

Semlmnservatlve (Meselson and Stahl 1958) 
The normal type of DNA replication. One DNA 
strand is completely retained; the other is syn­
thesized completely anew. 

Sephardic The Jewish population primarily 
from Spain, North Africa, parts of France and 
Spain, and Turkey. They were expelled from 
Spain in 1492. The name is derived from the 
Hebrew word Sepharad for Spain (see Ashke­
nazi). 

Sequencing The derennination of the se­
quence of nucleotides in genes or amino acids 

.. in protein. 

5e11M1ntlne A seven-helix transmembrane 
protein. 

Signal sequence The N-tenninal amino acid 
sequence of a secreted protein; required for 
transport of the protein to the right destination 
in the cell. 

Siiencer sequence A eukaryotic DNA se­
quence that blocks the access of gene activity 
proteins required for transcription, by forming 
condensed heterochromatin in that particular 
area. 

SINE (short Interspersed nuclear element) 
Short repetitive DNA sequences (comp.are 
with LINE). 

SMADS Intracellular proteins that transmit 
extracellular signals from the transforming 
growth factor J3 ligands to the cell nucleus, 
where they induce downstream TGFJ3 gene 
transcription. The name is derived from a pro­
tein Sma in caenorhabditis elegans and a 
Drosophila protein Mad (mothers against de­
capentaplegic). 

SNP Single nucleotide polymorphism. A var­
iant in the DNA sequence resulting from a dif­
ference in a single nucleotide. 

snRNA Small nuclear RNA. One of several 
small RNAs located in the nucleus; five are 
components of the spliceosome. 

snRNPs (small nuclear ribonucleoprotein par­
ticles) Complexes of small nuclear RNA mole­
cules and proteins. 

Somatic Refers to cells and tissues of the 
body, as opposed to germinal (referring to 
germ cells). 

Somiltlc cell Any cell of an organism that does 
not undergo meiosis and does not form game­
tes (as opposed to germ cells). 

Somatic cell hybridization Formation of cell 
hybrids in culture. 

Southern blot (Southern 1975) Method of 
transferring DNA fragments from an agarose 
gel to a membrane after the fragments have 
been separated according to size by electro­
phoresis. (Southern E. Detection of specific 
sequences among DNA fragments separated 
by gel electrophoresis. J Mo! Biol 1975; 98: 
503-517). 

Spedatton (Simpson 1944) Formation of spe­
cies during evolution. One of the first steps 



towilrd speciiltion is the establislunent of ii re­
productive barrier ilga.inst genetic exchange. A 
frequent mechilllism is chromosomal inver­
sion. 

Spedes A niltural population with inter­
breeding of the individuals, which share a 
common gene pool 

S phase (Howard illld Pelc 1953) Phase of 
DNA synthesis (DNA replication) between the 
Gl illld the G2 phi!Se of the eukaryotic a:ll 
cycle. 

Spllceosame An aggregiltion of different mol­
ecules thi!t can splice RNA. 

Splice Junction The sequences ilt the exan/in­
tron boundaries. 

Splldng A step in processing a primary RNA 
transcript in which introns are excised and 
exans are joined. 

Spondlc Nonfamilial occurrence of pheno­
type without knowing whether it is genetic 
or not 

Stem cell An undifferentiated cell able to 
renew itself by division, retaining the potential 
for differentiation within a particular develop­
mental pathway. Omnipotent (totipotent) stem 
cells can differentiate into any cell type; pluri­
potent stem a:lls are descendilllts of totipoll!nt 
stem cells, which can differentiate into a wide 
variety of a:ll types, but not all. 

Steroid receptor A trilllscription factor that 
responds to a steroid hormone. 

Stop melon A codon that termini!tes trilllsli!­
tion (UAG, UAA, UGA), originally called non­
sense codons. 

STS (sequence tagged site) A short segment 
of DNA of known sequence. 

Submet.acentric Refers to a chromosome con­
sisting of a short illld a long arm because of the 
position of its centromere (see Metacentric 
illld Acrocentric). 

SUMO Small ubiquitin-related modifier. At­
taches to other proteins (SUMOylation) to 
modify their function (Meuhneester E, Mel­
chior F. Cell biology: SUMO. Nature 2008; 
452: 709-711). 
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Superfamlly A set of genes or proteins related 
to each other by evolution. 

Synapse A region at the junction of a nerve 
and a musde cell or between two nerve cells. 

Synapsls (Moore 1895) The pairing of homol­
ogous chromosomes during meiotic prophase. 

Synaptonemal compll!X (Moses 1958) Pilfallel 
structures associated with chiasmata forma­
tion during meiosis, visible under the electron 
microscope. 

Syndrome Within human genetics, a group of 
clinical illld pathological characteristics that 
are etiologically related, regardless of whether 
the details of their relationship have yet to be 
identified, 

Synteny (Renwick 1971) Refers to gene loci 
that are located on the same chromosome, 
whether or not they are linked. 

Tandem dupllcatlon Short identical DNA seg­
ments ildjilcent to each other. 

TATA box A conserved, noncoding DNA se­
quence -25 bp in the 5' region of most eukary­
otic genes. It consists mainly of sequences of 
the TATAAAA motif. Also known as Hogness 
box (compare with Pribnow box, in prokar­
yotes). 

T cells T lymphocytes. 

Telocentric (Darlington 1939) Refers to chro­
mosomes or chromatids with a terminally 
located centromere, without a short arm or 
satellill!. They do not occur in man. 

Telomerase {Greider and mackburn 1987) A 
ribonucleoprotein enzyme that adds nucleo­
tide bases at the telomere. 

Telomere {Muller 1938) The terminal areas of 
both ends of a chromosome containing specific 
sequences. 

Template The molecule that determines the 
nudeotide sequence for the formation of an­
other, similar (complementary) molecule (see 
DNA and RNA). 

Term.gen (Ballantyne 1894) Chemical or 
physical agent that leads to disturbances of em- -
bryological development illld malformations. 
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Tennlnatlon codon One of the three triplets 
signilling the end of translation (UAG, UAA, 
UGA). 

Tetraploid (Nemec 1910) Having a double 
diploid chromosome complement, i.e~ four of 
each kind of chromosome are present ( 4n in­
stead of Zn). 

Topolsomerase A class of enzymes that un­
winds DNA and can control the three-dimen­
sional structure of DNA during replication by 
cleaving one DNA strand. rotating it about the 
other, and resealing it (cli!ss I) or cleaving and 
resealing both ends (class ll). Used to unwind 
the DNA double helix at transcription. 

Trait An observable phenotype. 

Trans-;1cting A regulatory element acting 
from a distance. 

Transcript An RNA copy of a segment of the 
DNA of an active gene. 

Transcription The synthesis of messenger 
RNA (mRNA). the first step in relaying the in­
formation contained in DNA (see Translation). 

Transcription factor DNA-binding proteins 
that regulate transcription activity. 

Transcription unit All of the DNA sequences 
required to code for a given gl!ne product (op­
erationally corresponding to a gl!Ile i Includes 
promoter and coding and noncoding sequences. 

Transduction (Zinder and Lederberg 1952) 
Transfer of genes from one cell to another (usu­
ally bacteria) by special viruses, the bacterio­
phages. 

Transfectlon Introduction of pure DNA into a 
living cell (compare with Transformation). 

tRNA Transfer RNA, the intermediate be­
tween mRNA and protein synthesis carrying a 
specific anrino acid to the growing polypeptide 
chain in the ribosome. 

Transformation A term with several different 
meanings in biology. In gl!Iletics, three main 
types of transformation are distinguished: (1) 
malignilnt transformation, the transition of a 
normal cell to a millignilnt state with loss of 
control of proliferation; (2) genetic transfor­
mation (Griffith 1928; Avery et al. 1944), a 
change of genetic attributes of a cell by transfer 
of genetic information; and (3) blastic trans-

formation, the reaction of lymphocytes to mi­
togenic substances (e.g., pbytohemagglutinin 
or specific antigens) leading to cell division. 

Transgene A cloned gl!ne introduced into a 
plant or animill and transmitted to subsequent 
generations. 

Transgenk Refers to an animill or a plant into 
which a cloned gene has been introduced and 
stably incorporated. It reveals information 
about the biological function of the (trans) 
gene. 

Transition A mutation by replacement of ii 
purine with another purine or ii pyrimidine 
with another pyrimidine (see Transversion). 

Translation The second step in the relay of 
genetic information. Here the sequence of trip­
lets in mRNA is translated into a corresponding 
sequence of amino acids to form a polypeptide 
as the gene product (see Transcription). 

Tr11nslocatlon Transfer of all or part of a chro­
mosome to another chromosome. A transloca­
tion is usually reciprocill, leading to an exchange 
of nonhomologous chromosomi!I segments. A 
translocation between two acrocentric chromo­
somes that lose their short arms and fuse at 
their centromeres is cillled a fusion type trans­
location (Robertsonian translocation). 

Transmembrane prolll!in A protein located in 
the cell membrane with domains inside and 
outside the cell, usuillly involved in signill 
transduction. 

Transposition Movement of a genetic se­
quence, a transposon, from one location in 
the genome to another. 

Transposon A DNA sequence with the ability 
to move and be inserted at a new location of 
the genome. 

Transvenlon A mutation with replacement of 
a purine with a pyrimidine or vice versa (see 
Transition). 

Trlplet A sequence of three nucleotides com­
prising a codon of a nucleic add and represent­
ing the code for an amino acid (triplet code, see 
Codon). 

Trlsomy (Blakeslee 1922) An extra chromo­
some in addition to a homologous pair of chro­
mosomes (see Monosomy). 



Tumor suppressor gene A gene involved in 
control of cell division. It suppresses tumor de­
velopment when one allele retains its normal 
function (see Oncogene). 

Ubiquitin A small protein that inactivall!s 
other proteins. 

Ublqultlnatlon Inactivation of a protein by at­
tachment to ubiquitin 

UndilSSlfled Vilrlant (UV) A variant in the DNA 
sequence without known functional conse­
quence. 

Untrillnslilted region (lJTll) Regions at the 5' 
or 3' end of a gene that are not translall!d 
into a gene product (5' lITR, 3' UTR). 

UPD Uniparental disomy. Refers to the pres­
ence of two chromosomes derived from the 
same parent, either as isodisomy when both 
chromosomes are identical, or heterodisomy 
when different. 

Upstream 5' direction of a gene (see Down­
stream). 

Vartat:lon The differences among related indi­
vidllills, e.g.. parents and offspring, or among 
individuals in a population. 

Variegation Different phenotypes within a 
tissue. 

Vector A molecule that can incorporate and 
transfer DNA. 

Vlrton A complete extracellular viral unit or 
particle. 

Virus Particle consisting of DNA or RNA of 
defined size and sequence, enclosed in a pro­
tein coat encoded by its genes and able to rep­
licate in a susceptible host cell only. 

VNT1I. Variable number of tandem repeats; a 
type of DNA polymorphism. 

Voltage-gated channel An ion channel that is 
opened or dosed by a gradient of electric current. 

Western blot Technique to identify antibod­
ies to proteins, in principle similar to the 
Southern blot method (q.v). 

Wild-type Refers to the genotype or pheno­
type of an organism found in nature or under 
standard laboratory conditions, meaning "nor­
mal." Not used when referring to humans. 
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WNT A family of cysll!ine-rich secreted signal 
proteins with different roles in cell to cell com­
munication. proliferation. migration. polarity, 
survival, and self-renewal. 

X chromatin (Barr and Bartram 1949) Darkly 
staining condensation in the interphase cell nu­
cleus representing an inactivated X chromosome 
(fonnerly called Barr body or sex chromatin). 

Xenogenlc Refers to transplantation between 
individuals of different species. 

X-lm1ctlviltton (Lyon 1961) Inactivation of 
genes on one of the two X chromosomes in 
somatic cells of female mammals during the 
early embryonic period by formation of X 
chromatin. 

X-llnked Rerers to genes on the X chromo­
some. 

YAC (yeast artificial chromosome) A yeast 
chromosome into which foreign DNA has 
been inserted for replication in dividing yeast 
cells. YACs can incorporate relatively large DNA 
fragments, up to -1,000 kb (see BAC). 

Y chromatin (F body) (Pearson et al. 1970) 
The brightly fluorescent long arm of the Y 
chromosome visible in the interphase nucleus. 

Yeast two-hybrtd sysmm A technique to 
identify genes or proteins that interact in 
function. 

z DNA Alternate conformation of DNA. Unlike 
normal B DNA. (Watson-Crick model), the 
helix is left-handed and angled (zigzag. thus z 
DNA). 

Zinc finger A finger-shaped region found in 
many DNA-binding regulatory proteins, the 
"finger" being held together by a centrally 
placed zinc atom. 

Zoo blot A Southern blot mntaining conserved 
DNA sequences from relall!d genes of different 
species. It is taken as evidence that the sequences 
are coding sequences from a gene. 

zwote (Bateson 1902) The new diploid cell 
limned by the fusion of the two haploid gametes, 
an avum and a spennatozoon, at fertilization. The 
cell from which the embryo develops. 

zwotene (de Winiwarter 1900) A stage of 
prophase of meiosis L -
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Note: Glossary entries are not included in the index 

The entries set in bold are names of diseases. 

ABLgene324 
aainthocytosls 334 
acardius 130, 131 
acetyl coenzyme A 280 
N-acetyl-glucosamine 36, 37 
N-acetylglucosamine-1-phosphotransferase 

288,290 
Acheulian 30 

~340 
achronMtopsla 374, 398 
acrocentric chromosomes 144. 158, 159 
centric fusion 158 
KJ'OC8Ph•ly-syndactyly syndrome TYP 

s.thni-Olotzen 172 
actin 334 
action potential, cardiac 264 
activator-dissociation (Ac/Os) 222 
adaptive immune system 296 
adenine (A) 42, 44, 48 
dc:amination 76 
lldenocardnorna 316 
adenoslne dumlnase deficiency 42 
adenylatc: 188 
adjacent segregation 158 
adrenogmltll syndrome (co11ge11ltal adrwi.I 
~)368 

adrenoleukodystrophy, neonatal 294 
agammaglobullneml;1, X-llnked 310 
Alagille syndrome 194, 396 
alanine 40, 52 
alkaptonurla 393 
allele 60, 61, 70 

frequency 122, 124 
allele-specific PCR 60 
codominant 110 
dominant 112 
geographical differences 126 
hc:tc:rogeneity 388 
population distribution 122 
recessive 112 
allelic c:xdusion 300, 304 

«r..antichemotrypsin deficiency 266 
«r..antitrypsln 266, 267 

mutations 266 
Pi(Z) allele 266 
synthesis 266, 267 

111-antitrypsln defidency (MT) 266, 267 

alternate segregation 158 
alternative RNA splicing 168, 169 
Alu f.unily (Alu sequence) 210 
amino acids 40, 41 
amplionic region, Y chromosome 230 
anaphase 90, 91, 95, 160 
anatomically modern man (AMN) 28 
androgen Insensitivity syndrome 366 
androgen receptor 366 
aneuploidy 156, 157 
aneusomy by recombination 160, 161 
Angelm1n syndrome 182, 258, 259, 396 
anlcyrin 334 
anosmia378 
antennapedia gene 196, 199 
anti-Milllerian 364 
antibody diversity generation 300 
anticipation 84 
antlcodon 52 
antl~-antibody binding 296, 297 
anti~-binding molecules 300 
Antley-Bixler syndrome 282, 283, 340 
aortic v1lve disease 194 
APC gene 320 
Apert syndrome 340 
apolipoprotein (Apo) B 168 
apoplDsis 100, 101 
Camorllabditis elegcms 194, 202 
arachidonic acid 38 
Archaea (archaebacteria) 26 
Ardiplthecus ramidus 28 
arginine 40, 41 
array-comparative genomic hybridization 
(aCGH) 216, 217 
Ashicc:nazi Jewish population 322, 330 
asparagine 40, 41 
aspartic acid 40, 41 
assertive (nonrandom) mati~ 124 
ataxia-telangiectasia (AT) 330, 331 
A7Mgene322 
ATM protein 80, 330 
Allt-16 syndrome 358 
auditory systl!m 376 
Australopithecinae 28 
autonomous replicating sequences (ARS) 137 
autonomous transposition 222 
autosomal inheritance 114 -
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autosomal trisomies 156, 382 
axon 86 

B-cell lymphoma 100 
B cells 296, 300, 302 
backcross, genetic 106 
backward slippage 78 
transformation 46 
transposons 222, 223 
bacteriophage genomes 208 
bacteriophage q>Xl 74 208, 209 
baker's yeast see Saccharomya:s cerevisiae 
Balbiani rings 132 
band 4.1 protein 334 
band-shift assay ( electrophoretic mobility 

shiftassay) 172 
Bardet-Biedl syndrome 248, 396 
basal cells 378 
base analogues 76, 77 
basic helix-loop-helix (bHLH) proteins 172, 173 
BCL-2 gene 202 
BCR/ABL fusion protein 324 
BCRgene324 
Becker muscular dystrophy (BMD) 338 
bioinfonnatics 206 
bivalent 96 
Bloom syndrome (BLM) 330, 331 
bone development 348 
brachydactyly (type 1 A) 394 
BRCA1/A2 80, 322, 323 
breast cancer susceptibility genes 323 
brittle bone disease (osteogenesls Imperfect.a) 

346 
5-bromodeoxyuridine (5-BrdU) 76 
brother/sister mating 128, 129 
BTKgene 310 
butyryldiolJnesterase defldency 272, 273 

C4A/CABmmplement 368 
C bands 146 
Caenorhabditis elegans 100, 228 
apoptosis 202 
cellular origins 208 
comparative genomics 216 
developmental control genes 202, 203 
caldtonin gene 168 
cAMP response element-binding protein 

(CR.EB) 192 
cancer 

cell line gene expression patterns 202 
classification 312 
genetic causes 312 
genomes 14, 306, 316 

multistep clonal expansion 312, 313 
origins of 312-316 
cancer genes 312 

carbohydrates 36 
carcinoma 312 
Cilrdlac: arrhythmias, Inherited 264, 265 
caretaker genes 314 
caspases 100, 101 
cassette model, mating-type switch 88, 89 
catfish (lct:alurus punctatus) 378 
cdc2 (cell division cycle 2) 140 
cDNA60, 61 

array 224 
doning68 
library 68 
preparation 64 
probe 68 
vectors 66 

ced-9 gene 202 
cell(s) 

components 32, 36 
impaired structure 334-338 
mitosis see mitosis 
types 32 

cell adhesion molecules (CAMs) 308 
cell culture methods 102 
cell cycle 90 

control 90 
control systems 90 
mutations 90 

cell line dendrogram 214 
cell membrane 32 
cell membrane-bound receptors 86 
cell signaling 86 
cell wall32 
cellular signal transduction 186 
Centre d'~tude du Polymorphisme Humain 
(CEPH) 72, 73 
centromeres 134 
constitutive heterochromatin 134, 135 
centromeric DNA 134 
centromeric DNA sequences (CEN) 136, 137 
CFTR protein 262, 263 
channelopathil!S 264 
Chartot-Marte-Tooth disease type lA (CMI1A) 

236 
chemosensory epithelia 380 
chiasma 94, 132 
otllD syndrome 282, 283 
chimeric mouse 176 
chloride channel defects 262 
chloroplasts 32 
cholesterol 38, 39, 280 



cholesterol biosynthesis J>i!thway 280, 281 
chondrocytes 340 
chondrodysplasla punctata type 2 280 
CRISPR-Cas 224 
chromatid 98 
chromatid break 160 
chromatin 134 

disorders 238 
DNA packing model 138, 139 
chromatin-associated proteins 228 
reversible changes 180 
topological associated domains 212, 240 

chromosome(s) 132 
banding patterns 132, 136 
centromeric sequences 136, 137 
conserved segments 226, 228 
crossing-over 94, 96, 97 
G-banding 146 
genetic disease locations 392 
histone-depleted 134 
interphase 140, 141 
lampbrush 132, 133 
metaphase 92, 93, 95, 134 
mosalclsm, Turner syndrome 382 
multiradiate 178 
nonrecombinant 116, 117 
structural aberrations 160 
submetacentric 144, 148 
supernumerary 160 
chromosome-associated proteins 228, 229 
chromosome break 160 
chromosome painting 160 
chromosome puffs 132 

chromothripsis 312 
chronic rnyelogenous leukemia (CML) 324 
cilia 378, 379 
clllopathles 248 
circos plot 316 
cis-acting enhancers 184 
cleldoaanlal dysplasla (CCD) 348, 349 
done libraries 66 
cDNA68 
coagulation factors 268 
cochlea 376, 377 
Cockayne syndrome 332 
codominant 110 
dominant 110 
coding strand 48, 52 
Coffin-Sirls syndrome 238 
cohesin 92 
cohesin disorders 246 
COLtAl 344 
COL1A2 344 

COI2A 1 344, 345 
cokemid 150 
collagen 344 
color vision 370, 374 
colorectal cancer 312 
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common thorn apple Uimsonweed, Datura 
stramonium) 156 

comparative genomic hybridization (CGH) 216, 
217 

comparative genomics 228 
complementary DNA ( cDNA) 60, 71 
complex diseases 

genome-wide association study 210 
polygenic threshold model 120 

condensin 140 
cone cells 370, 374 
congenital adrenal hyperplasia 368 
congenital c:ontractural arachnodactyly 342 
congenital flat cornea (c:ornea plana) 126 
congenital hemlclysplula with lchthyoslfonn 

erythrodenna or news and llmb defects 
(CHILD syndrome) 282 

congenital Intestinal agangllonosls (Hirsch-
sprung dl-J 250 

connexin32 
Conradl-HQnennann syndrome (X-llnkecl 
chondrodysplasla punctata type 2) 280, 282 
consanguinity 114, 128, 129 
consensus sequence 164, 165, 166 
constitutive expression 168 
contact-dependent signaling 86, 87 
copy number variation (CNV) 218, 236 
cornea plana (congenital flat cornea) 126 
Cornelia-de-Lange syndrome 238 
corolla length, Nicotiana longiflora 120 
COstal 2 192 
Costello syndrome 252 
cousins 128, 129 
cranlosynostmls 340 
cri-clu-dlat syndrome (deletion Sp-) 386 
CRJSPR-Cas system 224 
crossing-over 94, 96, 97 
congenital adrenal hyperplasia 368 
Crouzon syndrome 340 
cultured cells 102 
cydic adenosine monophosphate (cAMP) 188, 

189 
cyclic guanosine monophosphate ( cGMP) 370 
cyclin-dependent ldnases (Cdks) 90 
CYP2 family 274 
CYP21 gene 368, 369 
CYP21A2 gene 368 
CYP pseudogene (CYP21P) 368 -
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cysteine 40, 41 
cystic fibrosis (mucovlscldosls) 262, 263 
cystic fibrosis transmembrane conduction 

regulator {CFTR) gene 262, 263 
cytochrome P450 enzymes 274 
cytolytic r lymphocytes (killer cells) 304 
cytoplasm 32 
cytosine (C) 42, 44, 48, 58 
deamination 76 
cytoskeleton 328 

Dania rerio (zebrafish) 200 
Danisovans 30 
Darura stramonium 156, 157 
Lli\X1 gene 364 
deafness,C1111genltil376,394 
deamination 76, 77 
debrisoquine-4-hydroxylase [CYP2D) 274 
deletion 4p- (Wolf-Hirschhorn syndrome) 386 
deletion Sp- (crt-ilu-<hat syndrome) 386 
deletion 22q 11 
(D!George syndrome) 310, 311, 386 
delta MOB mutation 262 
Denisovan hominin 30 
deoxyribonucleic acid (DNA) 42 
~-D-deoxyribose 42 
depurination 76, 77 
dermal (intramembranous) ossification 346 
desmosterol 282 
desmostl!!rolosis 282, 283 
deuteranopla 374 
diabetes lnslpldus 396, 397 
diabetes mellltus 120, 276 
diakinesis 96, 97 
dlastrophlc skeletal dysplasla 126, 127 
dicer 174, 175 
dideoxynucleotide 62 
DICeorge syndrome (deletion 22q11) 310, 311, 

386, 397 
7-dihydrocholesterol (7-DHC) 282 
dihydrolanosterol 282 
dihydrotestosrerone (DHT) 364 
diplotene 96, 97 
disease(s) 

chromosomal locations 392 
X chromosome 392 
Y chromosome 392 
complex SU complex diseases 
gene identification 220 
geographical differences 126, 127 
susceptibility 323 

disomy 156 
dispermy 156 

disulfide bridge 192, 270 
dizygotic twins 130, 131 
DMD gene SU dystrophin gene (DMD) 
DMPK gene 254 
DNA 

analysis 58-71 
base-excision repair 80 
base pairing 44, 76 
as carrier of genetic information 42 
in chromosomes 152 
cleavage. restriction nucleases 59 
components 44-45 
denaturation 48, 49 
double helix 48 
double strand 45, 48 
fluorescence labeling 62 
genetic information transfer 46 
genetic information transmission 48, 49 
genetic variability 72, 73 
hybridization 66 
intervening sequences See introns 
ligated fragments 64 
methylation 178, 179 
mutations 74 
nucleotide chain 44, 48 
polymorphism 70 
processing 80-81 
regulatory protein binding 194 
renaturation 48, 49 
repair 64, BO 
replication 50, 136 
sequencing 64 
structure 48 
transposons 82, 222 
variability 72-79 
zinc fmger protein binding 170 

DNA-binding domains 172 
DNA chips (DNA rnicroarrays) 214 
DNA cloning 

cell-based 66, 67 
host cells 67 
vectors 67, 68 

DNA excision repair disorders 332 
DNA helicases 34, 50 
DNA libraries 68, 69 
DNAligase 50 
DNA methyltransferases (DNMTs) 178, 238 
DNA rniCl'OillTilys (DNA chips) 214 
DNA polymerase 64 
DNA polymerase III 80 
DNA probe 66, 71 
DNA-protein interactions 170, 172 
DNA replication fork 50, 51 



DNAHS gene 248 
DNase I footprinting assay 172 
DNMIJB gene mutations 178, 179 
dominant 112, 114 
dominant negative effect 78 
do.sage compensation 184 
double-stranded RNA {dsRNA) 174 
Down syndrome Stt trtsomy 21 
driver mutations 314 
Drosophila melanogaster 132, 156, 196 

bithorax mutation 198 
comparative genomic; 216 
embryonic development 198 
embryonic development genes 198 
hedgehog{hh)192 
larval stages 196 
life cycle 193 
mutant Notdt 194 
mutations 196 
pattern-determining genes 198 
polytene chromosomes 132, 133 
segmental organization 196, 197 

Duchenne muscular dystrophy (DMD) 337, 339 
dynamic genome 222 
dyneins 248 
dyskeratosls congenlta 242 
dystroglycans 336 
dystrophin 336 

analysis in muscle cells 336, 337 
dystrophin gene (DMD) 336, 337 
deletion distribution 322, 327 
Duchenne muscuhu dystrophy 337 
gennline mosaidsm 338 
dystrophin-glycan complex 336, 337 

EcoRI 67 
EDNRB receptor signaling 250 
elliptocytosis 334 
elongation, translation 52 
embryonic stem cells 176, 177 
ENCODE (Encyclopedia of DNA Elements) 212 
endochondral ossification 348 
endocrine cells 86 
endocrine disorders 188 
endocrine signaling 86, 87 
endolysosome 288 
endonudease 58, 80, 88 
endoplasmic reticulum 88, 270 
endosome 284 
enhancers 172, 173, 178, 180 
epidermal growth factor (EGFR) 186, 194 
epigenetics 34, 78, 140, 178 
epistasis 104 
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ERM family 328 
erythrocyte cytoskeletal proteins 334 
Escherichia coli genome 208 
etiological (genetic) heterogeneity 220 
euchromatin 134 
eukaryotes/eukaryotic cells 25, 74 

cell communication 86 
chromosomes 140 
components 32 
DNA replication 48, 50 
gene expression regulation 169, 174, 182 
gene structure 56, 57 
kingdoms 26 
ribosomal RNA 162 
ribosomes 162, 163 
transcript processing 56 
transcription 56, 57, 60 
translation 56 

evolution 26 
chromosomes 230 
genes 232 
genomes 232 
hemoglobin 350 
immunoglobulin super family 308 
mitochondrial genome 232 
photoreceptors 370 
pseudogenes 226 
evolutionary medicine 30 
evolutionary strata Sl to 55 230 
evolutionary tree reconstruction 226 

ex vivo somatic gene therapy 390 
exon 56, 57, 64 

shuffling 226 
trinucleotide repeat expansions 85 

external genitalia 364, 365 

F1 h/F2 hybrids 120, 121 
factor VllL IX 268 
facultative heterozygotes 114 
FADD (Fas-associated death domain) 100 
familial adenomatous polyposls (FAP) 320 
familial hypercholesterolemla (FH) 284 
Fanconi anemia (FA) 322, 330 
Fas-associated death domain (FADD) 100 
fetal hemoglobin (HbF) 350 
FGFR1/R2/R3340 
fibrillin-1 gene (FBN1) 342 
fibrillin-1 protein (FBN1) 342 
fibroblast growth factor (FGF) recepturs 186 
fibroblast growth factors (FGFs) 186, 340 
first cousins 128, 129 
fission yeast (Schizosaccharomyces pombe) 90, 

91 -
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fluoreS<EI1ce in-situ hybridization (FISH) 153, 155 
fluorophores 62, 154 
FMR1 gene 231, 256 
FMRP protein 256 
forward slippage 78, 79 
fragile site Xq27.3 256, 257 
fragile X mental retardation syndrome 256 
fragile X tremorjalilxla syndrome (FXTAS) 256 
frameshift mutation 74 
Friedrelch mxlill 84, 255 
fructose met:abollsm disorders 36 
fruit fly See Drosophila melanogaster 
functional gencmics 206 
fushi tarazu 196 

G2 phase 90 
G-banding (GTG banding) 146 
G-protein-mupled ll!Cl!ptors 189, 370, 378, 380 
gakictosemla 36 
JJ-galactosidase 72 
gametes 98-99, 109 
gametogenesis 98 
ganglloslcle catabollsm disorders 38 
gap genes 198 
gap junction proteins 32 
gatekeeper genes 314 
Gaussian curve 120 
gene(s) 3-4 

amplification, tumor cells 313 
arrangement 374 
mntrol principles 166 
embryonic development 196-203 
evolution 226 
expression 168, 169 
regulation 180, 181 
frequency See allele frequency 
function regulation 162-177 
identification 218, 220 
long-range activation by enhancers 168, 169 
mutations See mutation(s) 
overexpression 78 
polymorphism 70 
gene knodrin 176 
gene knockout 176 
gene locus 106, 120, 126 
quantitative traits 120 

gene therapy 224, 390, 391 
genetic counseling 110 
genetic diagnosis 388-390 
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