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Preface

This book is written primarily for medical students seeking a summary
of genetics an d its medical applications , bu t it should be of value also to
advanced student s i n th e biosciences , paramedica l scientists , estab -
lished medica l doctor s an d health professionals wh o need to extend or
update their knowledge. It should be of especial value to those prepar-
ing for examinations.

Medical genetics is unusual in that, whereas its fundamentals usually
form par t o f first-yea r medica l teachin g withi n basi c biology , thos e
aspects that relate to inheritance may be presented as an aspect of repro-
ductive biology. Clinica l issues usually form a part of later instruction,
extending into the postgraduate years . This book is therefore presente d

in three parts, which can be taken together as a single course, or sepa-
rately a s component s o f severa l courses . Chapter s are , however ,
intended to be read in essentially the order of presentation, a s concept s
and specialized vocabular y are developed progressively .

There are many excellent introductory textbooks in our subject, but
none, so far as we know, is at the same time so comprehensive and s o
succinct. We believe the relative depth of treatment of topics appropri-
ately reflects the importance of these matters in current thinking.

Dorian Pritchard
Bruce Korf
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1 Basi c biology

The case for genetics
Medicine i s currently in a state of transformation, created by the con-
vergence of tw o majo r aspect s o f technological advance . The firs t i s
the explosion i n informatio n technology and the second , th e rapidly
expanding science o f genetics . The likely outcom e is tha t within the
foreseeable future we will see the introduction of a new kind of medi-
cine, individualized medicine , tailore d uniquely to the personal needs
of each patient .

Clinicians currentl y use family histories and genetic testin g to iden-
tify patient s fo r further evaluation an d for guidance o n their manage -
ment. Recognitio n o f th e precis e (molecular ) natur e o f a  disorde r
enables correct interpretation o f ambiguous symptoms. Some diseases,
such a s hypertensio n (hig h bloo d pressure) , hav e man y causes , fo r
which a variety of treatments may be possible. Identification of precise
cause would allow clinician s t o give personal guidanc e on the avoid-
ance of adverse stimul i and enable precise targeting of the disease with
personally appropriat e medications . At the time of writing (2002) more
than 5000 people worldwide hav e received 'gen e therapy', in which
attempts hav e bee n mad e t o correc t error s associate d wit h inherite d
deficiencies by introduction of normal genes into their cells.

Pharmacogenetics is the study of differential responses t o unusual
biochemicals. For genetic reasons, some individuals are hypersensitive
to standard doses of commonly prescribed drugs, while others respond
poorly. Genetic insight will guide physicians in the correct prescription
of dose s whil e discoveries i n othe r area s o f genetic s ar e stimulating
development o f new kinds of medication. The field o f pharmacoge -

nomics involve s the genetic engineering of pharmaceuticals. Human
genes, suc h a s thos e fo r insulin  an d interfero n ar e introduce d int o
microorganisms, field crops and farm animals and these species used as
living factories for production of the human proteins. Genomics is also
leading t o th e elucidatio n o f molecula r pathways of disease an d th e
ability to design drugs to target specific steps in these pathways.

In research int o human diseases, diseas e analogues can be created
in laborator y animal s b y targeted deletio n o f gene s o f interest . Thi s
approach ha s been used to create anima l models fo r a wide variety of
diseases such as cystic fibrosis and neurofibromatosis.

Some of these topics are outside the scope of this book, but the reader
should have no doubt that the medicine of the future, the medicine he or
she wil l practice , wil l rely ver y heavil y o n the insights provide d b y
genetics.

Overview of Part I
Although genetic s i s essentiall y abou t th e transmissio n o f harmfu l
versions o f genes fro m on e generation t o the next, i t encompasses a
great dea l more . Par t I  cover s th e basi c biolog y necessar y fo r it s
understanding.

The cel l (Chapter 2)
Typically every cell in our bodies contains a pair of each of our genes
and these are controlled and expressed in molecular terms at the level of
the cell.  During embryonic development cells in different part s of the
body becom e expose d t o differen t influence s an d acquir e divergen t

8 Developmental  biology
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properties, a s the y begi n t o expres s differen t combination s o f th e
30-40000 gene pairs they each contain. Nevertheless, most cells have
a similar basic structure and composition, as described i n Chapter 2.

Genetic material (Chapter s 3-5)
Most o f th e biochemica l processe s o f ou r bodie s ar e catalyse d b y
enzymes an d thei r amin o aci d sequence s ar e define d b y th e genes .
Genes are coded messages written into an enormously lon g molecul e
called DNA . This is elaborately coile d an d in growing tissue is found
alternately extende d o r tightly contracted .

The DNA is distributed betwee n 2 3 pairs of homologous chromo -
somes. In a normal woma n two of these are large X-chromosomes. A
normal man also has 46 chromosomes, bu t in place of one X is a much
smaller Y , that carries the single gen e responsible fo r triggering mal e
development.

Gene expression (Chapters 6-8)
The means by which the information contained i n the DNA is interpreted
is s o centra l t o ou r understanding , that the phrase : 'DNA  makes  RN A
makes protein';  or , mor e correctly : 'DN A make s heterogeneou s
nuclear RNA, which makes messenger RNA, which makes polypep-
tide, whic h make s protein' ; ha s becom e accepte d a s th e 'centra l
dogma' of molecular biology. The production of the protein product of
any gene can potentially be controlled at many steps (see figure).

Cell division and formation of eggs and sper m
(Chapters 9 and 10)
Body growt h involve s individua l cell s replicatin g their components ,
dividing in half, expanding and doing the same again. This sequence is
called the cell cycle and it involves two critical events: replication o f
chromosomal DNA, and segregation of the duplicated chromosomes by
mitosis.

A modified version of mitosis results in cells with only one, instead
of two, sets of chromosomes. Thi s is meiosis, whic h plays a critical part
in the creation of the gametes .

Embryonic development (Chapters 1 1 and 12 )
Fertilization o f a n egg b y a  sper m restore s th e norma l chromosom e
number in the resultant zygote . Thi s proliferates t o become a  hollow
ball tha t implants in the maternal uterus. Development proceeds until
birth, normally at around 38 weeks, but al l the body organs are present
in miniature by 6-8 weeks . Thereafter embryogenesi s mainly involve s
growth an d differentiation o f cell types . At puberty developmen t o f
the organ s o f reproductio n i s restimulated an d the individua l attain s
physical maturity.

Genotype and phenotype
Genotype i s th e wor d geneticist s us e fo r th e geneti c endow -
ment a  person has inherited . Phenotype i s our word for the anatomi -
cal, physiologica l an d psychologica l comple x w e recogniz e a s a n
individual.

People have diverse phenotypes partly because they inherited differ -
ent genotypes , but an equally important facto r is what we can loosely
describe a s 'environment' . Thi s include s nutrient s derived fro m th e
bodies of our mothers, growing space, our postnatal feeding and expe-
rience, sunlight, exercise, etc. A valuable concept i s summarized in the
statement: 'Phenotype  i s the product o f interaction  between  genotype,
environment and time'; or:

Phenotype = Genotype x Environment x Time

Practically ever y aspec t o f phenotype has both geneti c an d envi -
ronmental components . This is a point well worth remembering when
we consider the possible causes of any disease, and an issue we address
more closely in Part II.

Basic biology 9



2 Th e cell

A generalized epithelial cell
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Overview
The cell is the basic functional componen t of the body. It s nucleus is
both th e repositor y o f the vas t majorit y o f th e geneti c informatio n of
that individual an d the centre of activity involvin g its expression. There
are many different types of cell (e.g. epithelial, liver , nerve, etc.) and the
several kind s o f organelle s an d multitude s o f solubl e enzyme s con -
tained withi n thei r cytoplasm s carry ou t th e numerou s differentiated
aspects o f metabolism characteristi c o f each cel l type .

The plasma membran e
The plasma membrane, or plasmalemma, is a barrier to water-soluble
molecules an d defines the interface between th e interior and exterior of
the cell. It is basically a double, side-by-side array of phospholipid mol -
ecules formin g a  sheet o f hydrophobic lipi d sandwiched betwee n tw o
sheets of hydrophilic phosphate groups. Within the plasmalemma are a
variety of proteins positioned wit h their hydrophobic regions within the
lipid interior and their hydrophilic regions a t either surface . Microvill i
(singular: microvillus) are extensions o f the apica l plasmalemm a tha t
provide an increased surfac e for molecular exchange .

The nucleus
The genetic informatio n is carried on the chromosomes (see Chapter 3)
suspended in the nuclear matrix. Thi s is a mesh of proteinaceous mate -
rial densest close to the nuclear envelop e where i t is called the nuclear
cortex.

The nucleolu s i s a  morphologicall y distinc t regio n withi n th e
nucleus specialized fo r production of ribonucleic acid components of
the ribosomes (rRNA). Atypical human nucleus contains a single large
nucleolus, whic h at interphase (se e Chapter 9 ) contains th e nucleolar
organizer regions of the acrocentric chromosomes (se e Chapters 3 and
38).

The nucleu s is bounded b y a  double membran e calle d th e nuclea r
envelope, perforate d by nuclear pores .

The cytoplas m
The cytoplasm consists of a  gel-like materia l calle d th e cytosol . Thi s
contains deposit s of glycogen , lipi d droplet s an d free ribosome s (se e
Chapter 8) and is permeated by an array of interconnected filament s and
tubules that form the cytoskeleton. The latter has three major structural
elements: microtubules, microfilaments and intermediate filaments.

Microtubules are straight tubes buil t from alternatin g molecules o f
a- an d p-tubulin. They radiate from a  structure called the centrosome,
which contains a pair of cylindrical structures called centrioles with a
characteristic nine-uni t structure . (Simila r structure s occu r a s basa l
bodies of cilia.) The microtubula r network is important in the mainte-
nance of cell shape, separation o f the chromosomes during cell division
and movement of cilia and sperm .

Microfilaments ar e double-stranded polymers o f the protein acti n
distributed mainly near th e cel l periphery an d involve d i n cel l move -
ment and change of cell shape .

Intermediate filament s ar e tubular structure s tha t link the desmo -
somes. They ar e composed o f on e o f fiv e o r mor e differen t proteins ,
depending o n cell type.

Mitochondria (singular : mitochondrion) ar e the larges t an d mos t
abundant of the cytoplasmic organelles. Their main function is the pro-
duction of energy through synthesis of ATP. They are semiautonomous

and self-replicating , each containin g ribosomes an d up t o 1 0 or mor e
copies of a circular stran d o f mitochondrial DNA carrying th e mito-
chondrial genes (see Chapte r 20) . They contain the enzymes of the tri-
carboxylic aci d (TCA ) cycl e an d a major fraction o f those involved i n
the oxidation of fatty acids .

Peroxisomes ar e partially responsibl e fo r detoxificatio n of foreign
compounds suc h as ethanol, but their major role is the oxidation of fatty
acids.

The secretion pathway
The endoplasmi c reticulu m (ER ) i s a  majo r sit e o f protei n an d
lipid synthesi s and represent s th e beginning o f the secretio n pathwa y
for proteins . It is a bulky maz e of membrane-bound channel s continu -
ous with the nuclear envelope. Clos e to the nucleus it holds bound ribo-
somes an d i s known a s 'roug h ER'. Away fro m th e nucleu s i t lack s
ribosomes an d is called 'smoot h ER'. The ER also plays a role in neu-
tralizing toxins.

Proteins synthesized i n the ER are passed t o the Golgi complex for
further processing . Thi s i s a series o f stacked, flattene d vesicles. The y
are then collected i n storage vesicles or secretory vesicles for exocy -
tosis, i.e . release from the cell, in response to external stimuli.

Endocytosis
Endocytosis is the internalizatio n an d subsequent processin g of con -
stituents of the surrounding medium. Small particles are taken into vesi-
cles by receptor-mediated pinocytosis, which involves internalization
of surfac e boun d materia l throug h formatio n of a  coated pit . Large r
particles are bound to membrane receptor s and engulfed as phagocytic
vacuoles; solute s are taken in by fluid-phase pinocytosis. The content
of bot h pinocyti c and phagocyti c vesicle s i s usually delivered t o th e
lysosomes fo r breakdow n b y enzyme s called lysozymes . Durin g thi s
transfer the vesicles are sometimes referred to as endosomes.

Cell junctions
Tight junctions create a seal between th e apical environment o f epithe-
lial cells and their basolateral surfaces . Belt desmosomes are elongated
layers o f fibre s tha t assis t i n th e bindin g together o f adjacen t cells ,
together wit h spot desmosomes, whic h are localize d point s of adhe -
sion. Hemidesmosome s lin k epithelia l cell s t o thei r basa l lamina ,
which i s a  specialize d derivativ e o f th e extracellula r matrix . Ga p
junctions are grouped in junctional complexes . Each of these contains
a pore-permitting molecular communication between adjacent cells.

Medical issue s
Several inherite d disease s resul t fro m deficiencie s i n specifi c
lysozymes, including Tay-Sachs, Fabry and Gaucher diseases. Familial
hypercholesterolaemia ca n resul t fro m failur e o f internalizatio n of
lipoprotein. Peroxisomes ar e absent in Zellweger syndrome. Disorders
of the mitochondria are described in Chapter 20 .

Many therapeutic drugs act on receptors locate d in the plasma mem-
brane. Microtubule assembly is disrupted by the anticancer agents, vin-
cristine an d vinblastine,  as wel l a s colchicine,  which is used to arres t
cells a t metaphas e o f mitosi s (se e Chapte r 9 ) fo r examinatio n o f th e
chromosomes (se e Chapters 3 , 14, 15, 28 and 38). Clofibrate, use d clin-
ically to lower seru m lipoprotei n levels , act s by inducing formation o f
extra peroxisomes.

The cell  1 1



3 Th e chromosome s

The basis of chromosome structure

A typical chromosome at metaphas e of mitosis The basis of chromosome banding

Overview
The word 'chromosome' means 'coloured body', referring to the capac-
ity of these structures to take up certain histological stains more effec -
tively than other cell structures . Each chromosome i s composed o f an
extremely long molecule of DNA complexed with proteins and RNA to
form a  substance know n as chromatin. They dispers e throughout the
nucleus during interphase o f the cel l cycl e (i.e. when the cel l i s not
dividing), bu t becom e compacte d durin g mitosi s an d meiosis (se e
Chapters 9  an d 10) . DN A i s package d a s chromosome s probabl y
because packaging facilitates segregation of complete sets of genes into
daughter cell s a t mitosi s an d packin g int o sper m head s followin g
meiosis.

12 Developmental  biology

The staining properties of the chromosomes are utilized in diagnosis
for thei r genera l visualization , for thei r individua l identification and
for th e elucidation of chromosomal abnormalities . We can distinguish
lightly staining regions designated euchromatin, fro m densely staining
heterochromatin. Diagnosti c aspects are dealt with in Chapters 14 , 15
and 38.

The genetic information, or genome, i s carried in encoded form in the
sequence of bases in the DNA (see Chapters 4-8). The vast majority of
this information i s in the nucleus, on chromosomes, but a small portio n
is in the form of naked loops of DNA within each mitochondrion in the
cytoplasm. Nuclei are present in practically every cell o f the body, the
exceptions including red blood cells and the cells of the eye lens.



A typica l huma n nucleu s contain s aroun d 2 m o f DN A divide d
between 2 3 pairs of chromosomes, givin g an average of about 4cm pe r
chromosome. But prior to cell division this is reduced to less than 5 um
(0.005 mm) by intricate coiling and packing.

Chromatin structure
In eac h chromosom e th e DN A stran d i s woun d twic e aroun d
globular aggregate s o f eigh t histon e protein s t o for m nucleosomes ,
the whol e appearin g a s a  beade d strin g structure . Th e protein s
composing th e nucleosom e cor e particl e ar e tw o molecule s
each o f histone s H2A , H2B , H 3 an d H4 . Histone s ar e positivel y
charged an d s o ca n mak e ioni c bond s wit h negativel y charge d
phosphate group s i n th e DNA . Th e amin o aci d sequence s o f
histones sho w clos e t o 100 % identit y acros s species , indicatin g
their grea t importanc e i n maintenanc e of chromati n structur e an d
function. Eac h nucleosom e accommodate s abou t 20 0 bas e pair s
of DN A and effectivel y reduce s the lengt h of the DNA stran d to one
tenth.

The beaded string is then further coiled into a solenoid, o r spiral coil,
with five to six nucleosomes per turn, the structure being maintained by
mediation o f one molecule o f histone HI per nucleosome. Formatio n
of th e solenoi d decrease s th e effectiv e lengt h of th e DN A stran d b y
another factor of five, yielding a n overall 'packin g ratio ' o f about 50.
This is the probable stat e of euchromatin at interphase in regions where
the genes are not being expressed.

During mitosi s an d meiosi s th e chromosome s ar e condensed , a
further 100-fold , achievin g packin g ratio s o f around 5000. The chro -
matin fibre is thought to be folded into a series of loops radiating from a
central scaffol d o f non-histon e chromosoma l (NHC ) protein s tha t
bind to specific base sequences scattere d along the DNA strand. Com -
paction o f th e chromosom e probabl y involves contraction o f thes e
NHC proteins.

One of the most important of the scaffold proteins i s topoisomerase
II, a  DNA-nicking-closin g enzym e that permits the uncoilin g o f th e
two strand s of the DN A doubl e heli x necessar y fo r th e relaxatio n of
DNA supercoil s durin g replicatio n o r transcriptio n (se e Chapter s 5
and 7) . Topoisomerase I I binds to scaffol d attachmen t regions that
are AT-ric h (i.e . contai n mor e tha n 65 % o f th e base s A  an d T ; se e
Chapter 4) . I t i s believe d tha t eac h loo p ma y possibl y ac t a s a n
independent functiona l domai n wit h respec t t o DN A replicatio n or
transcription.

The looped fibre is then further coile d to create the full y condense d
heterochromatin of a chromosome at cell division.

Chromosome banding
Some part s o f the compacted chromosome stai n densely wit h Giemsa
stain t o creat e G-bands . Thes e contai n tightl y packed , smal l loop s
because the scaffold attachmen t regions there are close together.  They
replicate lat e in S-phase (se e Chapte r 9) and are relatively inactiv e in
transcription. Band s tha t stai n lightl y wit h Giems a stain , R-bands ,
contain more loosely packed loops, are relatively rich in bases G and C
and sho w mos t transcriptiona l activity . Difference s betwee n bandin g
patterns of chromosomes allow their identification (see Chapter 38).

The centromere
When visibl e in early mitosis each chromosom e i s composed o f tw o
identical structure s called siste r chromatid s connecte d a t a  primar y
constriction. This consists of a non-duplicated stretch of DNA called
the centromere that duplicates durin g early anaphas e o f mitosis (see
Chapter 9).

An organelle called the kinetochore becomes located on each side of
each centromere in early prophase o f mitosis and facilitates polymer-
ization o f tubuli n dimer s t o for m th e microtubule s o f th e mitoti c
spindle.

Thetelomeres
The ter m 'telomere ' refer s t o th e specialize d end o f a  chromosome .
Specific telomeri c protein s bin d to this structure to provide a  cap (se e
Chapter 5).

The telomere s hav e severa l probabl e functions : preventin g th e
abnormal end-to-end fusio n of chromosomes, ensurin g complete repli -
cation of chromosome extremities, assisting with chromosome pairing
in meiosis (see Chapter 10 ) and helping to establish the internal struc-
ture of the nucleus during interphase by linking the chromosomes t o the
nuclear membrane.

Euchromatin and heterochromatin
Euchromatin is compacted during cell division, but relaxes into an open
conformation durin g interphase. In compacted chromosomes it consti-
tutes the palely staining R-bands and contains the majority of the struc-
tural genes.

Heterochromatin is densely compacted at cell division and remains
compacted a t interphase. It is largely concentrated around the nuclear
periphery an d nucleolu s an d i s relativel y inactiv e i n transcription.
Constitutive heterochromati n i s commo n t o al l cell s o f th e body ,
while facultative heterochromatin varies, representing regions of the
genome that are expressed differentially i n the different cel l types.

The chromosomes  1 3



4 DM A structure
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Structural classes of human DN A

Schematic diagram of a two-base-pair section of DMA

The DMA double helix

A molecule of 2'-deoxyribose

A 3'-5' phosphodiester bond between
two molecules of 2'-deoxyribose

Base pair linkage s



Overview
As we learnt in Chapter 3, the chromosomes are composed essentiall y
of DNA , whic h contain s code d instruction s fo r synthesi s o f ever y
protein in the body. DNA consists of millions of nucleotides within two
interlinked, coiled chains . Each nucleotid e contain s one of four base s
and it is the sequence of these bases that contains the coded instructions.

Each base o n one chain i s matched b y a  complementary partne r on
the other , an d eac h sequenc e provide s a  templat e fo r synthesi s o f a
copy o f th e other . Synthesi s o f ne w DN A i s calle d replicatio n (se e
ChapterS).

The uni t of lengt h o f DNA i s the base pair (bp ) with lOOOb p i n a
kilobase (kb) and 1000,000bp in a megabase (Mb). A  typical human
body cel l contains nearly 7000Mb of DNA.

The structure o f DNA
We can imagine the  structure of DNA as like an extremely long , flexible
ladder that has been twiste d right-handed (like a corkscrew) by coiling
around a  telegrap h pole . Eac h 'upright ' o f th e ladde r i s a  serie s o f
deoxyribose suga r molecule s linke d togethe r b y phosphat e group s
attached to their 3' ('three prime') and 5' ('five prime') carbon atoms. At
the bottom of one uprigh t is a 3' carbon ato m carrying a free hydroxy l
(—OH) grou p and , a t the top , a  5' carbon carryin g a fre e phosphat e
group. O n the other upright this orientation i s reversed .

The 'rungs ' of the ladder are pairs of nitrogenous bases of two types,
purines and pyrimidines. Th e purine s are adenine (A) and guanine
(G) and the pyrimidines ar e cytosine (C) and thymine (T). Th e bases
are attached to the 1 ' carbon of each sugar. Each unit of purine or pyrim-
idine base togethe r wit h one attache d suga r and one phosphate group
constitute a nucleotide. A section of double-stranded DNA is therefore
essentially tw o linked, coile d chain s of nucleotides. Thi s double helix
has a major groove corresponding to the gap between adjacent sections
of th e su-gar-phosphat e chain s and a  minor groov e alon g th e ro w of
bases. Ther e ar e 1 0 pair s o f nucleotide s pe r complet e tur n o f th e
helix.

The pairs of bases o f the 'rungs ' are hydrogen-bonded together and
since both A and T have two sites available for bonding whil e C and G
each have three. A always pairs with Ton the opposite strand  and C with
G. This bas e pairin g (know n as Watson-Crick bas e pairing ) is very
specific an d ensure s that th e strand s ar e normall y precisely comple -
mentary to one another. Thu s if one strand reads 5'-CGAT-3', the com -
plementary stran d mus t rea d 3'-GCTA-5 ' i n th e sam e direction , or
5'-ATCG-3' if we obey the normal rule of describing the sequence from
5' to 3' . Th e numbe r of A  residues i n a  sectio n o f DN A i s therefor e
always equal t o the numbe r of T residues; similarly , the numbe r of C
residues always equals the number of G (Chargaff's rule).

The centromeres
Centromeric DN A contain s shor t sequence s o f bases repeate d man y
times 'i n tande m array' . The sequence s var y between chromosomes ,
but there are substantial regions of homology. The most important com-
ponent i s a 171-b p repeat calle d alpha-satellite DNA. Thi s is AT-rich
and contains a  binding sit e for a  protein containe d withi n the kineto-
chore. The latter is responsible for assembly o f the microtubules of the
spindle apparatus.

Thetelomeres
In contras t t o th e centromeri c repeats , telomeri c sequence s ar e th e
same in all human chromosomes and similar to  those in other species.
Human telomeric DNA consists of long arrays of tandem repeats o f the
sequence 5'-GGGTTA-3' extending for several hundre d bases on each
chromosome end . Most of this is double stranded, with 3'-CCCAAT-5'
on the complementary strand , but the extreme 3 ' end is single stranded
and believed to loop aroun d and invade the double heli x severa l kilo -
bases away . The triple-strande d structur e s o forme d i s stabilize d b y
binding telomere-specific protein (see Chapter 5) .

Structural classes of human DN A
The huma n haploid  genom e contain s probabl y 30-4000 0 nuclea r
genes, i.e . coding sequence s an d their associate d control elements, i n
addition to 37 (including those for mitochondrial tRNA: see Chapter 6)
within the mitochondrial genome. However, the nuclear genome  repre-
sents no more than 3% of nuclear DNA, the remainder having no coding
function. This includes introns that interrupt the coding exons of most
genes, plu s th e 75 % o f huma n nuclea r DN A tha t i s extragenic , i.e.
outside or between th e genes. Of the latter, 60 % is of unique sequence
or moderately repetitive , whil e 40% is moderately t o highly repetitive .

The highly repetitive fraction include s microsatellite and minisatel -
lite DNA, which differ i n the length of the repeat. Satellit e DNA is so-
called becaus e its unusual AT: GC ratio gives it a buoyant densit y that
differs fro m th e bul k o f the DNA . Thi s cause s i t to separat e ou t a s a
'satellite band' when mechanically sheared whol e DNA is subjected to
density gradient centrifugation.

Medical and legal issues
Microsatellite DN A i s scattered throughou t the genom e an d i s usefu l
for trackin g th e inheritance o f disease alleles of closely linke d genes .
Minisatellite DNA is concentrated near the centromeres an d telomeres ,
so is less useful fo r tracking genes, but, since it is highly variable, i t is
used fo r producin g DN A fingerprints . Thes e pla y a n exceptionall y
important rol e i n paternit y testin g an d forensi c identificatio n (se e
Chapter 46).
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Replication o f human  DNA

Replication o f telomeric  DNA
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Overview
Cells multiply by the process o f mitosis, but so that genetic information
is no t lost , th e whol e o f th e nuclea r genome i s firs t duplicated . Thi s
occurs during S-phase o f the cell cycle (se e Chapte r 9) . S-phase lasts
about 8h. The DNA at the centromeres of the chromosomes is repli-
cated i n th e middl e o f mitosis , just befor e chromosom e segregation .
Mitochondrial DNA is replicated ou t of phase with nuclear DNA.

Although the overall sequence of events during replication of nuclear
DNA i n highe r organism s (eukaryotes ) i s simila r to tha t i n bacteri a
(prokaryotes), the details are  subtly different . In eukaryotes replicatio n
takes place while the (nuclear) DNA remains in nucleosome configura-
tion (see Chapter 3).

Replication
GC-rich section s of the DNA, recognizable a s euchromatic R-bands in
condensed chromati n (se e Chapte r 3) , contain 'housekeepin g genes '
that operate i n every cell. These section s replicate in the early S-phase
(see Chapte r 9) . Th e heterochromati c AT-ric h G-band s contai n fe w
genes an d replicate i n lat e S-phas e (se e Chapte r 3) . Genes i n AT-rich
regions that code for differentiated propertie s and operate i n some cells
only ar e found in facultative heterochromatin (see Chapte r 3) . This i s
replicated early in those cells in which the genes are expressed an d late
in those in which they are not.

The place on the DNA helix which first unwinds to begin replication
is called the replication origin . Her e the double strand is split open by
a helicase enzyme to expose the base sequences . Replicatio n proceeds
along the single strands at about 40-50 nucleotides per second, simul-
taneously i n both directions. I n higher organism s ther e are many repli-
cation origins spaced abou t 50-300 kb apart. The resulting separations
of the DNA strand are called replication bubbles, a t each end of which
is a replication fork.

New DN A i s synthesize d by enzyme s calle d DN A polymerases ,
from deoxyribonucleotid e triphosphate s (ATP, GTP, etc.) , which in
the proces s ar e converte d int o monophosphat e nucleotide s (AMP ,
GMP, etc.) . Th e releas e an d hydrolysi s of pyrophosphat e fro m th e
triphosphates provides energy for the reaction an d ensures it is virtually
irreversible, making DNA a relatively very robust molecule.

All DN A polymerases can build new DNA only in the 5' to 3' direc-
tion, which means they must move along their template strands fro m
3' to 5'. Replication can therefore occur continuously from the origin of
replication along onl y one strand, called th e leading strand. The other
strand is called the lagging strand and, because of the orientation of the
sugars along this strand, replication takes place only in short stretches .
The ne w section s o f DN A alon g th e laggin g stran d ar e typicall y
100-200 bases lon g and are known as Okazaki fragments . Followin g
their synthesi s they are linked together by action of the enzyme DN A
ligase. Whil e awaiting replication the parental single-stran d sequence
of the lagging strand is temporarily protected by single-strand bindin g
protein (or helix-destabilizing protein).

Leading stran d synthesi s require s DN A polymeras e 6 ; laggin g
strand synthesi s use s a  differen t enzyme , DNA polymeras e a . Th e
latter contains a DNA primase subunit that produces a  short stretch of

RNA (see Chapter 6), which acts as a primer for DNA synthesis. Repli-
cation o f mitochondria l DN A occur s independentl y o f tha t i n th e
nucleus and utilizes a different se t of enzymes, including the mitochon-
dria-specific DNA polymerase y.

The genome contains multiple copies of the five histone genes, from
which copious quantities of histones are produced, especially during S-
phase. These bind immediately onto the newly replicated DNA.

Since each daughte r DNA duple x contains one old strand from the
parent molecul e an d on e newl y synthesize d strand , th e replicatio n
process is described as semiconservative.

Replication of the telomere s
Synthesis o f DNA a t the end of the lagging stran d is problematical a s
DNA polymerase a need s to attach beyond the end of the sequence that
is being replicate d an d work proximally , in the 5'-3' direction. A spe-
cialized DNA synthetic enzyme called telomerase provides a n exten-
sion of the lagging strand that enables this to happen.

Telomerase i s a  ribonucleoprotei n tha t contain s a n RNA templat e
with the sequence 3'-AAUCCCAAU-3'. This is complementary to one-
and-a-half copies of the six-base telomeri c DN A repeat, 5'-GGGTTA-
3' (see Chapter 4). The 3'-AAU of the RNA sequence of the telomerase
binds to the terminal -TTA-5' of the template laggin g strand , leaving
the res t o f th e RN A sequenc e exposed . Deoxyribonucleotide s the n
assemble on this RNA template, extending the DNA repeat sequence by
one unit . Th e telomeras e the n detache s an d move s alon g t o th e ne w
DNA termina l -TTA-3', wher e the process i s repeated. Whe n a  suffi -
ciently long-termina l repeat ha s bee n formed , DN A polymeras e a
attaches t o the single-strand extensio n an d assembles the complemen -
tary DNA strand in a proximal 5'-3' direction back to the old end of the
double strand, to which it becomes linke d by the action of DNA ligase.

Repair system s
Occasionally a  wrong base i s inserted into a growing stran d but, fortu-
nately, health y cell s contai n postreplicatio n repai r enzyme s an d
base mismatch proofreading systems that correct suc h errors. Thes e
remove an d replace the erroneously inserte d bases, using the templat e
strand a s a  guide . These repai r system s utiliz e tw o additiona l DN A
polymerases: ( 3 and e (see Chapter 29).

Medical issues
Several cancer-predisposin g conditions aris e from defects i n differen t
aspects o f th e postreplicatio n repai r an d mismatc h repai r systems .
These includ e th e chromosom e breakag e syndrom e calle d Bloo m
syndrome, familia l predisposition to breast cancer caused by mutations
in th e gene s BRCA 1 an d BRCA 2 an d a n autosoma l dominan t form
of bowe l cance r calle d hereditar y non-polyposi s colo n cance r
(HNPCC) (se e Chapter 32) .

One theory holds that telomeres are reduced in length at every round
of mitosis and that the number of repeats they contain may play a role in
limiting the number of times a  cell ca n divide . On thi s theory, abnor-
mally efficient , mutan t telomerases may promote the indefinite growth
of cancer cells by delaying telomere decay.
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6 RN A structure

RNA structure

Transfer RN A
2-dlmenslonal cloverleaf structure 3-dimensiona l L shape

A molecule of ribose A molecule of undin e

Production of 5.85,105 and 26S rRNA

Overview
In Chapter 4 we learnt that DN A is the double-stranded nucleic acid that
carries the genetic information we received from our parents and which
we pass on to our children. RNA is a similar molecule that facilitates the
expression of this genetic information within our own cells. The main
differences betwee n RN A and DNA are tha t RNA is (usually ) single
stranded, ribose replaces deoxyribose and uracil (U) replaces thymine.
In eukaryote s (literall y organism s wit h a  'tru e nucleus' , i.e . higher

organisms) RN A occur s a s si x type s o f molecule : messenge r RN A
(mRNA), it s precurso r heterogeneou s nuclea r RN A (hnRNA) ,
transfer RNA (tRNA), ribosomal RN A (rRNA), small nuclear RNA
(snRNA) and mitochondrial RNA (mtRNA). Heterogeneous nuclea r
RNA i s characteristic of eukaryotes and i s not foun d i n prokaryote s
(literally 'before  th e nucleus' , e.g . bacteri a an d viruses) . Som e
viruses use RN A in place of DNA for storag e an d transfer of genetic
information.
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Schematic diagram of a two-base section of RNA

The resultant  rRNA , tRNA and mRN A

Production o f mitochondrial  RN A
(the bold arrows indicat e the structura l gene s for
species of mitochondrion-specific tRNAs)

The mitochondrial
genome



Heterogeneous nuclear and messenger RNA
Heterogeneous nuclea r RN A an d it s derivative mRNA carr y geneti c
information from the nuclear DNA into the cytoplasm.

There ar e a s man y specie s o f hnRN A as ther e ar e genes , becaus e
hnRNA i s th e direc t transcrip t o f th e codin g sequence s o f th e
genome. The y ar e transcribe d fro m th e DN A b y th e enzym e RN A
polymerase I I (Po l II) . Messenger RN A result s fro m th e processing
of hnRNA , whic h include s th e remova l o f non-codin g intron s an d
linking together of the coding exons (see Chapter 7) . mRNA therefore
carries onl y th e codin g informatio n of th e correspondin g specie s o f
each hnRNA, plus the flanking leader and trailer, and so is considerably
shorter.

Transfer RN A
Each molecul e of transfer RNA consists of about 75 nucleotides linked
together i n a long chai n which , due to internal base pairing, adopt s a
'clover leaf structure , which then twists into an L shape. Transfer RNA
is unusual i n containing a  variety o f rarer bases in addition t o C, G, A
and U, and some o f these ar e modified by methylation. The important
feature of tRNAis that each 'charged' molecule carrie s an amino acid at
its 3' end, while on the middle 'leaf o f the cloverleaf structure are three
characteristic base s known a s the anticodon. The sequenc e o f bases
in th e anticodo n i s specificall y relate d t o th e specie s o f amin o acid
attached t o the 3' terminus. For example, tRN A with the anticodon 5' -
CCA-3' carries the amino acid tryptophan and no other. It is this specific
relationship that forms the basis o f translation of the genetic messag e
carried b y mRNA (see Chapter 8).

Transfer RNA molecules are transcribed from their coding sequences
in DNA by the enzyme RNA polymerase III (Pol III). There are over
40 different tRN A subfamilies, each with several members.

Ribosomal RNA
Ribosomal RN A consists of several species usuall y referred to by their
sedimentation coefficient s i n Svedber g unit s (S) , deduce d b y thei r
speed of centrifugation i n a dense aqueous medium.

Each ribosom e consist s o f on e larg e an d on e smal l sub -
unit. Thes e contai n man y protein s derive d b y translatio n o f
mRNA, plu s RN A tha t remain s untranslated . The ter m 'ribosoma l
RNA refer s t o th e non-translate d material . Th e smal l ribosoma l
subunit contain s 18 S rRN A an d th e larg e subuni t 5S , 5.8 S an d 28 S
rRNA.

Ribosomal RN A i s transcribed fro m DN A by tw o additiona l RN A
polymerases. Polymerase I (Pol I ) transcribes 5.8S, 1 8 S and 28 S, as
one lon g 45S transcrip t which i s then cleaved int o three sections , s o
ensuring they are produced in equal quantities. We each carry about 250
copies of the DNA sequence coding fo r the 45S transcript per haploid
genome. These ar e in five clusters of tandem repeats o n the short arms
of chromosomes 13 , 14 , 15, 21 and 22. These are known as the nucleo-
lar organizer regions , a s thei r transcriptio n an d the subsequen t pro -
cessing o f th e 45 S transcrip t occur s whil e the y ar e hel d withi n th e
nucleolus.

There ar e about 2000 copies o f the 5S rRNA gene i n a t least thre e
clusters on Chromosome 1 . These are transcribed by Pol III outsid e the
nucleolus and importe d fo r ribosome assembly , alon g with ribosomal
proteins.

Small nuclear RNA
The conversion of hnRNA into mRNA by the removal of introns occurs
in the nucleu s i n RNA-protein complexe s called spliceosomes. Eac h
spliceosome ha s a core of three small nuclear ribonucleo-proteins o r
snRNPs (pronounce d 'snurps') . Eac h snRN P contain s a t leas t on e
snRNA an d severa l proteins . Ther e ar e severa l hundre d differen t
snRNAs, transcribed mainl y by Pol II, which are believed t o be capable
of recognizing specific ribonucleic acid sequences by RNA-RNAbase
pairing. The most importan t i n hnRNA processing are Ul, U2, U4/U 6
andUS.

Mitochondria! RNA
Mitochondrial DNA i s in the form of a  continuous loop coding fo r 1 3
polypeptides, 22 tRNAs and two rRNAs (one 16S , the other 23S). Most
genes are on one strand, the heavy strand , bu t a few are on its comple-
ment, the light strand and both strands are transcribed, a s two contin-
uous transcripts, by a mitochondrion-specific RN A polymerase. This
enzyme is coded b y a nuclear gene. The long RNA molecules are then
cleaved t o produc e 3 7 separat e RN A specie s an d th e mitochondrial,
ribosomal an d transfe r RNAs join force s t o translate the 1 3 mRNAs .
Many additiona l proteins are imported int o the mitochondria from th e
cytoplasm, having been transcribed from nuclear genes.

Medical issues
Patients with systemic lupus erythematosus have antibodies directed
against their own snRNP proteins.
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Overview
Most metaboli c processe s ar e catalyse d b y proteinaceou s enzymes .
Proteins ar e also th e mai n structura l components o f the body an d th e
amino acid sequences o f all proteins are coded in the DNA. Conversion
of th e DNA-encode d informatio n int o protei n involve s transcriptio n
into an hnRNA copy, processing int o mRNA, translation into polypep-
tide and elaboration into protein (se e Chapte r 8).

The structure of a gene
Eukaryotes diffe r fro m prokaryote s i n tha t mos t o f thei r gene s
contain redundan t DN A tha t interrupt s th e codin g sequences . Thes e
stretches o f non-codin g DN A ar e calle d introns , whil e th e codin g
sequences ar e called exons . I n both groups , outsid e th e coding regio n
are a  leade r an d trailer , plu s a  variet y o f transcriptiona l contro l
sequences.

Genes tha t cod e fo r protei n ar e calle d 'structura l genes ' an d thei r
transcription i s performed b y RNA polymerase Po l II. A sequence jus t
'upstream' (i.e . 5' ) of the coding sequenc e constitute s th e promoter,
which act s a s a  bindin g sit e fo r transcriptio n factor s tha t indicat e
where Pol II should begin its action.

Among protein s w e ca n distinguis h 'housekeepin g proteins '
present i n all cell types and 'luxury proteins' produced fo r specialized
functions. The promoters o f genes that code for luxury proteins include
a 'TAT A box', wit h a  sequenc e tha t i s a  varian t of 5'-TATAAA-3 ' at
about 2 5 bp upstream o f the transcription initiation site . Gene s tha t
code fo r 'housekeepin g proteins ' instea d usuall y have on e o r mor e
'GC boxes' in variable positions , containin g a  variant of 5'-GGGCGG-
3'. Another commo n promote r elemen t i s the 'CAA T box ' (e.g . 5' -
CCAAT-3') at -80bp and there ar e often als o enhance r and silencer
sequences som e distanc e awa y tha t bin d controllin g factors , whic h
interact with the promoter b y looping of the DNA. Some 'luxury ' genes
have additional function-specifi c contro l elements.

'Downstream' (i.e. 3') of the transcription initiation site is the leader
sequence, which is not translated. The coding message follows , usually
interrupted b y on e o r mor e intron s an d followe d b y th e non-codin g
trailer. A t the end of the trailer i s the polyadenylation site of variable
sequence, bu t define d b y 5'-AATAA-3 ' (5'-AAUAA-3 ' i n th e RN A
transcript), 10-3 0 bases upstream .

Introns begin with the sequence GTA(/G)GAGT an d end with a run
of Cs or Ts preceding AG. The first GT (GU in the hnRNA) and the last
AG, togethe r wit h a n A  residu e situate d withi n a  relativel y standard
sequence nea r th e downstrea m end , ar e importan t i n intro n removal .
The 5' site is known as the donor site, the 3' site is the acceptor and the
A residue is the branch site.

In prokaryotes  transcriptio n stops a t a  specifi c poin t indicate d by
an inverte d repea t i n the trailer , followed b y a  run o f T residues. Th e
adoption of a  hairpin loo p by base pairin g i n the mRN A copy bring s
transcription t o a n end . A n analogou s structur e exist s i n histon e
gene trailers, but no general transcription termination  signal  ha s been
identified in  eukaryotes.

Transcription
Transcription is signalled by assembly of protein transcription factors at
the promoter. A molecule of Pol II binds to this complex an d splits open
the double helix . The complex, no w including the enzyme, the n move s
downstream causing local unwinding and splitting, followed by re-for-
mation o f the double heli x as it proceeds, creatin g a  17-b p long tran-
scription bubble. When i t reaches the transcription initiation point it
ejects on e transcription factor , acquires anothe r an d begins t o synthe-
size RNA.

Using the strand orientated in the 3'-5' direction (fro m left to right) as
a template , Pol I I links ribonucleotides on e by one to produce a  com-
plementary RN A sequence, orientate d wit h reverse polarity (i.e . 5' to
3')- In other words, by applying the rules of base pairing to the template
strand it creates a  precise RNA copy of the coding strand. The enzyme
transcribes throug h leader , exons , intron s an d trailer , an d (apparentl y
wastefully!) proceeds indefinitel y downstream (see above) .

RNA processing
As hnRNA transcripts are synthesized, they are covalently modifie d to
distinguish them a s coded messages fo r later translation int o polypep -
tide. The 5' end is first capped b y addition o f 7-methyl GTP in revers e
orientation. Whe n th e polyadenylatio n sit e appear s i n th e hnRN A
strand, i t i s cleave d ther e an d poly- A polymerase add s o n 100-20 0
residues of adenylic acid to form the poly-A tail. Both the cap and tail
probably protec t th e molecul e fro m degradation , contribut e t o th e
'passport' tha t allow s it s expor t t o th e cytoplas m an d late r provid e
a recognitio n signa l fo r th e ribosome , indicatin g it s availabilit y fo r
translation.

On average, an hnRNA molecule may have about 700 0 nucleotides
which are reduced t o about 120 0 in the mRNA by removal o f as many
as 50 introns. Histone genes are exceptional i n having no introns.

The ribonucleoprotein complexes that remove th e introns are called
spliceosomes and they contain several snRN A species (U1-U6) , each
complexed wit h specifi c proteins . U l snRN P (i.e . ribonucleoprotei n
containing U 1 snRNA ) binds to the upstream splic e site , guided b y a
complementary sequenc e i n the U l snRNA . U 2 snRN P bind s t o the
branch site, then becomes linke d to the bound U1, causing a loop in the
hnRNA. U 2 then cut s th e hnRNA immediately upstrea m o f GU (se e
above) and joins that upstream cut end of the intron to the junction site,
creating a  lariat shape. The downstream en d of the intro n i s then cu t
just beyond AG, releasin g the RNA lariat, and the spliceosome bring s
together and joins the two exons.

Medical issues
Alpha-amanitin fro m th e deat h ca p mushroom , Amanita  phalloides,
blocks the action of Pol II. Alternative RNA splicing occurs normally in
some transcripts , notabl y in the production o f antibodies (se e Chapte r
33). Man y genetic disorders involve errors in RNA splicing. The antibi-
otic, rifampicin  (rifamycin)  block s bacteria l transcription b y binding to
the prokaryote promoter; actinomycin intercalates between G- C pairs.
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Overview
The mai n structura l components o f the bod y an d mos t o f it s catalysts
are proteins, each derived from one or more polypeptides . A polypep-
tide is a chain o f amino acids, the sequence o f which is determined by
that of the bases i n the corresponding mRNA , in accordance wit h 'the
genetic code'. Each amin o acid is represented i n mRN A by one or more
groups o f three base s calle d triplet codons , and their interpretation as
polypeptide is called translation. Messenge r RNA is translated fro m
the 5 ' t o th e 3 ' en d withi n cytoplasmi c ribosomes . Th e resultan t
polypeptides ar e then modified into proteins. The functional propertie s
of proteins deriv e largel y fro m th e activ e groups they display in their
tertiary and quaternary conformations.

The genetic code
Translation requires transfe r RN A molecules charged with amino acid s
appropriate t o their anticodon sequence s (se e Chapte r 6) . Some amin o
acids are coded b y several codons , onl y tryptophan and methionine by
one each. Three of the 64 possible three-fol d combination s of A, C, G
and U in the mRNA code for STOP signals: UGA , UAG and UAA (see
The geneti c code ' in the figure) . AUG codes for methionine an d also
acts a s a  STAR T signal , simultaneousl y determinin g th e amino -
(or N-) terminal en d of the polypeptide and selecting one of the thre e
possible readin g frame s (se e 'Settin g o f th e readin g frame ' i n th e
figure). The genetic cod e o f mitochondria i s slightly different.

Translation
Initiation
A smal l ribosoma l subuni t containin g severa l initiatio n factor s an d
methionyl tRN A charge d wit h methionin e binds t o the 5 ' cap o n th e
mRNA and the n slide s alon g unti l i t find s an d engage s wit h th e firs t
AUG sequence. The initiation factors are then released, a  large riboso -
mal subunit binds t o the small one, and translation begins .

The large ribosomal subuni t contains two sites , known as the A site
(for aminoacyl ) and the P site (for peptidyl). At the end of initiation the
P site contains a  charged met-tRN A with it s anticodon engaged i n the
first AUG codon, whil e the A site is empty.

Elongation
The appropriate aminoacyl tRN A now becomes located in the A site, as
dictated by the adjacent codon i n the mRNA, with the help of a soluble
elongation factor called EF1. The peptidyl transferase reaction then
creates a  peptide bond between the amino (—NH2) group of the amino
acid at the A site and the carboxyl (—COOH) group of that at the P site,
while the firs t tRNA is released.

The translocas e reactio n nex t promote s expulsio n o f th e
uncharged tRNA , move s th e ribosome thre e bases along an d translo -
cates the growing peptide from A to P. This requires elongation factor ,
EF2

Mitochondrial mRNA s ar e translate d b y mitochondria-specifi c
tRNAs.

Termination
Elongation continue s unti l a STOP codon enter s the ribosome, al l three
being recognize d b y a  singl e multivalen t releas e facto r (RF) . Thi s
modifies th e specificit y of peptidy l transferase s o tha t a  molecul e of
water is added t o the peptide instead . The ribosome is then released an d
dissociates int o its subunits, so freeing the completed polypeptide.

Synthesis o f an average polypeptid e o f 400 amino acids takes abou t
20 seconds .

As each ribosom e vacate s th e messenge r ca p anothe r attache s an d
follows it s predecessor , creatin g a  polyribosom e o r polysome. Th e
mRNA usually survives for a few hours .

Protein structure
The amin o acid sequenc e o f a  polypeptide define s its primary struc -
ture. Th e secondary structure is the three-dimensional for m o f part s
of th e polypeptide : th e a-helix , th e collagen pro-a helix , o r th e fj -
pleated sheet .

Tertiary structur e is the folded form of the whole polypeptide, com -
posed o f different secondary structures .

Quaternary structure i s the fina l native conformatio n o f a  multi -
meric protein , e.g . haemoglobi n i s compose d o f tw o oc-globi n
monomers, tw o (3-globi n monomers , on e molecul e o f hae m an d a n
atom o f ferrous iron . Collagen fibres are cables of many triple helices,
each formed as a rope of three pro-a helices .

Structure i s frequently maintained b y disulphide bridges betwee n
cysteine residues on adjacent strands , while enzymic properties depen d
on the distribution of charged groups .

Post-translational modification
Post-translational modificatio n include s remova l o f th e N-termina l
methionine and cleavage. Association occur s between simila r or differ -
ent polypeptides, or with prosthetic groups such as haem.

Polypeptides destine d fo r extracellula r secretion ar e firs t glycosy -
lated i n the roug h endoplasmic reticulu m and Golgi apparatus . Thei r
selection involves a  signal peptide near the N terminus tha t binds to a
signal recognitio n peptide free in the cytoplasm. Thi s links them to a
receptor i n the membrane of the endoplasmic reticulum . As it is synthe-
sized th e polypeptid e i s transferre d throug h th e membrane ; whe n it s
carboxyl terminu s emerges, th e signal peptide i s cleaved off . Polypep -
tides ar e transported t o the Golgi apparatu s in vesicles tha t bud off the
endoplasmic reticulum (see Chapter 2).

Glycosylation i s usuall y N  linked , involvin g additio n o f a
common oligosaccharide to the side chain —NH2 group of asparagine,
as i n th e productio n o f antibodie s an d lysozymes . O-linke d
oligosaccharides ar e attached t o the —OH group on the sid e chai n of
serine, threonine or hydroxylysine, as with secreted AB O blood grou p
antigens.

Other modification s includ e hydroxylation  o f lysin e an d proline ,
important in creation o f the collagen pro- a helix , sulphation of tyro-
sine, a s a  signa l fo r compartmentalizatio n an d lipidatio n o f cysteine
and glycin e residues , necessar y fo r anchorin g the m t o phospholipi d
membranes. Acetylation o f lysine in histone H4 modifies its binding to
DNA. Protei n kinases phosphorylate serine an d tyrosine residues and
can regulat e enzymi c properties,  a s i n th e proto-oncogen e signa l
transduction cascade (see Chapter 31) .

Medical issues
I-cell disease is due to deficiency in glycosylation of lysozymes. Ricin
from castor beans blocks EF2; diphtheria toxin blocks translocase .

Many antibiotic s targe t translatio n specificall y i n prokaryotes .
These include erythromycin whic h disrupts translocase, chlorampheni-
col, whic h interfere s wit h peptidy l transferase , tetracycline  whic h
prevents bindin g o f aminoacy l tRNAs , puromycin,  whic h mimic s
an aminoacy l tRN A an d streptomycin,  whic h bind s t o th e smal l
ribosomal subunit . Huma n mitochondri a hav e a n evolutionar y
affinity wit h bacteri a an d som e antibiotic s interfer e wit h thei r
action.
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Overview
The body grows by increase i n cell siz e and cel l number, the latte r by
division, called mitosis . Cell s proliferat e i n response t o extracellular
growth factors , passin g through a repeated sequenc e of events known
as the cell cycle. This has four major phases: Gl, the n S, G2 and lastly
the mitotic or M-phase. Thi s i s followed b y division of the cytoplasm
and plasma membrane t o produce tw o identical daughte r cells . Gl , S
and G 2 togethe r constitut e interphase . Th e chromosome s ar e repli -
cated during the DNA synthetic o r S-phase (se e Chapter 5). Most body
cells are not actively dividing and are arrested a t 'GO' within Gl.

Typically th e M-phas e occupie s betwee n a  hal f an d on e hou r o f a
cycle time of about 20 hours. Normal (a s distinct from cancer ) human
cells can undergo a total of about 80 mitoses, depending o n the age of
the donor.

The biochemistry of the cell cycle
The cel l cycl e i s driven by alternatin g activatio n and de-activation of
key enzyme s know n a s cyclin-dependent protei n kinase s (CDKs) ,
and thei r cofactors calle d cyclins . Thi s i s performed b y phosphoryla-
tion an d de-phosphorylatio n b y othe r phosphokinase s an d phos -
phatases, specifi c cyclin-CDK complexes triggering specific phase s of
the cycle. At appropriate stage s the same classes o f proteins cause th e
chromosomes to condense, the nuclear envelope to break down and the
microtubules o f th e cytoskeleto n t o reorganiz e t o for m th e mitoti c
spindle.

G1-phase
Gl i s the gap between M- and S-phases, when the cytoplasm increase s
in volume. It includes the Gl checkpoin t whe n damage to the DNA is
repaired and the cell check s that it s environment i s favourable befor e
committing itself to S-phase. If the nuclear DNA is damaged, a  protein
called p5 3 increase s i n activity and stimulates transcription of protein
p21. Th e latter binds to the specific cyclin-CD K complex responsibl e
for driving the cell into S-phase, so inactivating it and arresting the cell
in Gl. This allows sufficient tim e for the DNA repair enzymes to make
good the damage to the DNA. If p53 is defective the unrestrained repli-
cation that ensues allows that line of cells to accumulate mutations and
a cancer can develop . Fo r thi s reason, p5 3 i s known affectionately a s
'the guardian o f the genome'.

GO-phase
Mammalian cell s wil l proliferat e only i f stimulate d by extracellula r
growth factor s secrete d b y othe r cells . Thes e operat e withi n th e
cell throug h th e proto-oncogen e signa l transductio n cascad e (se e
Chapter 31) . If deprived of such signals during G1, the cell diverts from
the cycle and enters the so-called G O state. Cells can remain in GO for
years before recommencing division .

The G O block i s imposed b y mitosis-suppresso r proteins suc h a s
the retinoblastoma (Rb) protein encoded b y the normal allel e of the
retinoblastoma gene . Thes e bin d t o specifi c regulator y protein s pre -
venting them fro m stimulatin g the transcription of genes require d fo r
cell proliferation . Extracellular growth factor s destro y thi s bloc k b y
activating Gl-specifi c cyclin-CD K complexes , whic h phosphorylate
the R b protein, alterin g it s conformation an d causing i t to release it s
bound regulatory proteins. The latter are then free to activate transcrip-
tion of their target genes and cell proliferation ensues .

S-phase
The standar d numbe r of DNA double-helices per cell , correspondin g
to th e diploi d numbe r of single-stran d chromosomes , i s described a s
2C. The 2C complement i s retained throughou t Gl an d into S-phase ,
when new chromosomal DN A is synthesized and the cell becomes 4C .
From th e end of S-phase, throug h G2 and into M-phase eac h visuall y
detectable chromosom e contain s tw o DN A molecules , know n a s
sister chromatids, bound tightl y together . I n human cells , therefore ,
from th e end of S-phase t o the middle of M there are 23 pairs of chro-
mosomes (i.e . 46 observable entities) , but 4C (92) nuclear DNA double
helices.

Mitosis involve s sharin g identica l set s o f chromosome s betwee n
the tw o daughte r cells , s o tha t each ha s 2 3 pair s an d i s 2 C i n term s
of it s DN A molecules . G l an d G O are th e only  phases  o f th e cell
cycle throughout  which  46  chromosomes  correspond  to  2C  DNA
molecules.

The replication of DNA during S-phase is described in Chapter 5.

G2-phase
A second checkpoint on cell size occurs during G2, the gap between S-
phase an d mitosis . I n additio n th e G 2 checkpoin t allow s th e cel l t o
check that DNA replication is complete before proceeding to mitosis.

Mitosis or M-phase
1 Prophase . Th e chromosomes, each consisting of two identical chro-
matids, begin t o contract an d become visibl e within the nucleus . The
spindle apparatus of tubulin fibres begins t o assemble aroun d the tw o
centrosomes at opposite poles of the cell. The nucleoli disperse .
2 Pro-metaphase . Th e nuclea r membrane dissociates . Kinetochore s
develop aroun d th e centromere s o f the chromosomes . Tubuli n fibres
enter the nucleus and assemble radiating out from th e kinetochores and
linking up with those radiating from the centrosomes.
3 Metaphase . Tensio n in the spindle fibres causes the chromosomes to
align midwa y betwee n th e spindl e poles , s o creating th e metaphase
plate.
4 Anaphase . Th e centromeri c DN A share d b y siste r chromatid s i s
duplicated, they separate an d are drawn towards the spindle poles.
5 Telophase . Th e separate d siste r chromatids (no w considered to be
chromosomes) reach the spindle poles and a nuclear membrane assem-
bles around each group. The condensed chromati n becomes diffuse and
nucleoli reform.
6 Cytokinesis . Th e cel l membran e contract s aroun d th e mid-region
between the poles, creating a  cleavage furro w which eventually sepa-
rates the two daughter cells.

The centrosome cycle
At Gl th e pair of centrioles associated with each centrosome separate.
During S-phase and G2 a new daughter centriole grows at right angles
to each old one. The centrosome then splits at the beginning of M-phase
and the two daughter centrosomes mov e to opposite spindle poles.

Medical issues
For karyotype analysis (see Chapter 38) dividing cells can be arrested at
metaphase wit h the drug, colchicine.

The drug taxol prevents spindle disassembly and is used in the treat-
ment of cancer.
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Overview
Each body cell contains two sets of chromosomes, one from the mother
and on e fro m th e father . The y ar e describe d a s 2  N o r diploid . Th e
sperm an d ova contain onl y one set of chromosomes and are said to be
1 N, or haploid. The process by which the diploid number is reduced to
haploid durin g th e formatio n o f th e ger m cell s i s calle d meiosis .
In term s o f th e numbe r o f centromeres , thi s involve s a  reductional
division followe d by an equational divisio n know n as Meiosis I  and
Meiosis II . In men meiosis occur s by the pattern seen in most diploid
species, but in women there are several differences.

Crossing-over between maternall y and paternally derive d chromo -
somes ensure s reshufflin g o f th e geneti c informatio n between eac h
generation. At fertilization, fusio n o f the haploi d chromosome com -
plement of the sper m with that of the ovu m restores th e chromosom e
number to diploid in the zygote.

Meiosis I
Meiosis I  has similarities wit h mitosis, bu t is much more complex an d
extended i n time . Primar y spermatocyte s an d primar y oocyte s ente r
meiosis following G2 of mitosis, so they each have a diploid set of chro-
mosomes (2N) , but each o f these contain s replicate d DN A as sister
chromatids (i.e. are 4C; see Chapter 9). Prophase I involves reciprocal
exchange between maternal and paternal chromatids by the process of
crossing-over.

Prophase I
1 Leptotene . Th e chromosome s appea r a s lon g thread s attache d a t
each end to the nuclear envelope.
2 Zygotene . The chromosomes contract , pair with and adhere closely
to (o r 'synaps e with' ) thei r homologues . Thi s normall y involves
precise registration , gene fo r gen e throughou t the entir e genome . I n
primary spermatocyte s X - an d Y-chromosomes synaps e at the tip s of
their short arms only.
3 Pachytene . Siste r chromatids begin to separate, the double chromo-
some being known as a bivalent. Th e chromosome pai r represented b y
four doubl e helices i s called a  tetrad. One or both chromatids of each
paternal chromosome crosses over with those from th e mother in what
is known as a synaptonemal complex. Every chromosome pai r under-
goes a t least one cross-over.
4 Diplotene . Th e chromatids separate excep t a t the regions of cross -
over o r chiasmata (singular : chiasma). Thi s situatio n persists in al l
primary oocyte s unti l they are shed at ovulation.
5 Diakinesis . th e reorganized chromosomes begin to move apart. Each
bivalent can now be seen to contain four chromatids linked by a common
centromere, while non-sister chromatids are linked by chiasmata.

Metaphase I , Anaphase I , Telophase I , Cytokinesis I. These follow
a similar course to the equivalent stages in mitosis (see Chapter 9), the
critical differenc e bein g that , instea d o f non-siste r chromatids being
segregated, pair s of reciprocally crossed-over siste r chromatids joined
at their centromeres are distributed to the daughter cells.

At th e en d o f Meiosi s I , secondar y spermatocyte s an d secondar y
oocytes contai n 2 3 chromosome s ( IN) , eac h consistin g o f tw o
chromatids (i.e. 2C).

Meiosis II
There i s a transient interphase, during which no chromosome replica-
tion occurs, followed by prophase, metaphase, anaphase, telophase and

cytokinesis. Thes e resemble the equivalen t phase s o f mitosi s i n tha t
pairs o f chromatid s (bivalents ) linke d a t thei r centromere s becom e
aligned at the metaphase plate and are then drawn into separate daugh-
ter cells following replication o f the centromeric DNA.

At the end of Meiosis II the cells contain 23 chromosomes (1 N), each
consisting of a single chromatid (1C).

Male meiosi s
Spermatogenesis include s all the event s by whic h spermatogonia are
transformed int o spermatozoa an d takes abou t 64 days. Cytokinesis i s
incomplete throughout, so that each generation of cells remains linked
by cytoplasmic bridges.

A diploid primary spermatocyt e undergoes Meiosis I to form two
haploid secondary spermatocytes. Thes e bot h undergo Meiosis I I to
produce four haploi d spermatids . The spermatids become elaborate d
into spermatozoa durin g spermiogenesis. This includes: (i) formation
of the acrosome containing enzymes that assist with penetration of the
egg; (ii) condensation o f the nucleus; (iii) shedding o f most of the cyto-
plasm; and (iv) formation of the neck, midpiece and tail.

Female meiosi s
Oogenesis begins in the fetus a t 1 2 weeks, but ceases abruptl y at about
20 weeks, th e primary oocyte s remainin g a t diplotene of prophase I
until ovulation, this suspended state being called dictyotene .

Ovulation begin s a t pubert y an d usuall y onl y on e oocyt e i s she d
per month . Under stimulatio n by hormone s a  primary oocyt e swell s
accumulating cytoplasmic materials. At completion o f Meiosis I  these
are inherite d by on e daughte r cell, th e secondar y oocyte . Th e othe r
nucleus passe s int o the firs t polar body , whic h usually degenerate s
without furthe r division . Meiosi s I  i s complete d rapidl y then , afte r
a pause , th e secondar y oocyt e i s she d int o the uterine , o r Fallopian,
tube.

Meiosis II stops at metaphase unti l the entry of a sperm. It then com-
pletes division , producin g a  larg e haploi d ovu m pro-nucleus , which
fuses with the sperm pro-nucleus, an d a very small second polar body,
which degenerates.

The whole process takes from 1 2 to 50 years, depending when fertil-
ization takes place .

The significance of meiosis
1 Th e diploi d chromosom e conten t o f somati c cell s i s reduce d t o
haploid in the gametes.
2 Paterna l an d materna l chromosome s becom e reasserted , wit h a
potential for 223 (= 8 388 608) different combinations, excluding recom-
bination within chromosomes.
3 Reassortmen t of paternal and maternal alleles within  chromosome s
creates an infinite potential for genetic variation between gametes.
4 Th e randomness  o f reassortmen t o f paterna l an d materna l allele s
during meiosis (and at fertilization) ensures the applicability o f proba-
bility theory to genetic ratios and the general validity of Mendel's laws
(see Chapter 16).
5 Th e frequenc y o f cross-ove r betwee n gene s within  chromosome s
allows the relative positions of genes to be mapped (see Chapters 27,28).
6 Error s sometime s occu r a t chromosome pairin g and crossing-over ,
which ca n produc e translocations , a s wel l a s a t thei r separatio n o r
disjunction, whic h can lead to aneuploidy (se e Chapter 14) .
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Overview
Fertilization b y a sperm initiate s embryogenesis. Mitosis ensues and
the pre-embryo implant s i n the uterus. The embryo proper develop s
from a  few interna l cells , through creation o f three embryoni c germ
layers. Organogenesi s involve s interaction s betwee n thes e an d i s
completed b y 6-8 weeks . During the subsequent perio d of growth and
cytodifferentiation the individual is called a fetus .

The pre-embryo (days 0-14)
The secondary oocyte is shed into the peritoneal cavit y and directed into
the adjacen t uterin e (Fallopian ) tube , wher e fertilizatio n mus t tak e
place within 24 hours. The sperm performs fou r functions: (i ) stimula-
tion o f metaphase  I I i n th e secondary  oocyte;  (ii ) restoration  o f th e
diploid number  o f chromosomes;  (iii ) initiation  o f cleavage;  an d
(iv) determination  o f sex.

The sperm passes through the corona cells on the oocyte surface and
adheres t o the zona pellucida . Th e acrosome i n the sperm hea d then
releases enzymes tha t digest a tunnel through the zona pellucida, allow -
ing th e sper m t o pas s int o th e perivitellin e spac e an d fus e wit h the
oocyte membrane . Th e sper m hea d become s engulfe d by the oocyte ,
entry of more sperms being prevented by a rapid cortical reaction . Th e
oocyte nucleu s completes metaphas e II , expels the second pola r bod y
and maternal and paternal pronuclei fus e to form the zygote .

Mitosis o f the pre-embryo is called cleavage , an d the resultant blas-
tomeres ar e smalle r afte r eac h division , the 16-cel l morul a passing
down th e uterin e tub e aide d b y peristalsi s an d ciliar y movement . A
space called the blastocoel forms off-centre in the morula to create the
blastocyst, whic h swells and bursts from th e zona pellucida. Two dif-
ferent cel l type s ar e no w recognizable : th e flattene d trophectoder m
cells o f the oute r trophoblast and the eccentrically placed inne r cel l
mass or embryoblast.

On da y 6  th e blastocys t implant s i n th e endometriu m linin g th e
uterus. Som e trophoblas t cell s fus e t o form the invasive syncytiotro -
phoblast, th e remainder constituting the cytotrophoblast. Th e blasto-
cyst no w takes  nourishmen t from th e mothe r an d grows rapidl y a s i t
sinks further into the endometrium.

The inne r cel l mas s expose d ventrall y to th e blastocoe l flatten s t o
form th e primitiv e endoderm , o r hypoblast , whil e th e remainde r
forms the primitive ectoderm, or epiblast, within which develops the

amniotic cavity . A  double-layere d dis c calle d th e embryoni c dis c
forms fro m th e epiblas t an d hypoblas t a t 7-12 days , from which  th e
embryo proper develops.

The embryo (weeks 2-8)
Gastrulation is the process which creates the embryonic mesoderm
and initiate s activit y o f th e embryo' s ow n genes . Th e primitiv e
streak first appears in the epiblast a t the caudal (tail ) end of the embry -
onic disc , extends towards its centre an d then develop s th e primitiv e
groove in it s amnioti c (i.e . dorsal ) surface . A t the crania l (head ) end
of thi s develops a  nodule o f cell s called th e primitiv e (o r Hensen's)
node.

Epiblast cells migrate acros s th e disc, through the primitive groov e
and into the space above th e hypoblast. Thes e become the embryonic
mesoderm, creating the three germ layers: ectoderm from the epiblast,
mesoderm and endoderm from the hypoblast togethe r with some epi -
blast cell s tha t merge wit h it . Mesoderm cell s tha t migrat e anteriorly
and accumulat e i n the midline for m th e notochordal process, which
later extends caudally.

The epiblas t thicken s t o for m th e neura l plat e an d a neural fol d
arises o n either side of the central axis . These curv e over, contact an d
from 22 days fuse in five separate movements to create the neural tube,
which late r become s th e spina l cord . Alon g th e dorsa l edge s o f th e
neural fold s ar e the neural cres t cell s tha t migrate ou t to give rise to
several cel l types , includin g nerve , bone, supportin g structures o f the
heart, adrenalin-secretin g and pigmen t cells . As th e primitiv e nod e
moves caudally down the midline , blocks of mesoderm o n either sid e
rotate to create 42-44 pairs of segmental somites, th e most caudal 5- 1
of which subsequently disappear.

The fetus (weeks 8-38)
The ectoder m i s th e origi n o f th e oute r epitheliu m an d CN S and ,
with mesoderm, periphera l structures such as limbs; mesoderm form s
muscles, circulator y system, kidneys , se x organ s an d togethe r wit h
endoderm, the internal organs; endoderm gives rise to the gut and diges-
tive glands. The rudiment s of al l the major organs are formed through
'inductive' tissue interactions by abou t 6 weeks, when the heart start s
beating. Thereafte r developmen t mainl y involve s increas e i n th e
number and types of cells. Birth normally occurs at 38 weeks .
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Overview
Sexual differentiation is initiated at fertilization, depending on whether
the sperm carrie s an X or a Y chromosome. A t the blastocyst stage in
XX embryo s on e X  chromosom e i n every cel l i s permanently inacti-
vated, otherwise development of the sexes is similar until the SRY gene
on th e Y  chromosom e come s int o operatio n an d certai n structures,
including the brain, become progressivel y more masculinized.

X chromosome inactivatio n
At the late blastocyst stag e cells inactivate al l but one of their X  chro-
mosomes. Th e nucle i o f norma l X X femal e cell s therefor e com e t o
contain one inactive X, which can be seen at interphase as a Barr body
in addition to their active X (see Chapter 20). Presence o r absence of a
Barr body is the basis of the original Olympic sex test. The choice of
whether i t i s th e paternal , o r materna l X  whic h become s inactiv e i s
random in each somatic cell, but in descendent cells it remains the same.
Every woman therefore develops as a mosaic with respect to expression
of her two X chromosomes. In the extra-embryonic trophoblast cells the
paternal X  i s preferentially inactivated. In oogoni a th e inactiv e chro-
mosome i s reactivated.

Genes i n the pairing (pseudo-autosomal) regio n and severa l othe r
sites on the X are not subject to inactivation, accountin g fo r the sexua l
abnormalities of XXY and XO individuals (see Chapter 14).

Early developmen t
At the beginning of week 5, up to 2000 primordial ger m cells migrate
from th e endoderm cell s of the yolk sac and infiltrate the primitive se x
cords withi n the mesodermal genita l ridges , whic h are developments
of the coelomic epithelium. The paired indifferent gona d is identical in
males and females.

The ovary
In th e earl y ovar y th e primitiv e se x cord s brea k down , bu t th e
surface epitheliu m proliferate s an d give s ris e t o th e cortica l cords ,
which split into clusters, each surrounding one or more germ cells. The
latter, now called oogonia , proliferat e then ente r rneiosis a s primar y
oocytes.

The testis
The SRY gene carried only on the Y chromosome i s expressed in week
7 i n the cells o f the primitiv e se x cords. It s produc t i s a  zinc finger
protein ( a gene switchin g protein) that bind s to DN A i n thos e sam e
cells, leading to a new pattern of specifi c gen e expression. These cells
proliferate into the testis cords .

Leydig cell s derived fro m th e original mesenchyme of the gonadal
ridge mov e i n around th e 8th week an d unti l weeks 17-1 8 synthesiz e
male sex hormones, or androgens, includin g testosterone, whic h initi-
ate sexual differentiation o f the genital ducts and external genitalia. By
the 4th month the male gonads also contain Sertoli cell s derived fro m
the surface epithelium of the gonad.

Genital duct s
Initially bot h sexe s hav e tw o pair s o f genita l ducts : mesonephri c
(or Wolffian) an d paramesonephric (o r Mullerian). I n female s th e
mesonephric duct s regres s unde r th e actio n o f oestrogens produce d
by th e materna l system , placent a an d feta l ovaries , bu t th e para -
mesonephric ducts remain and become the uterine tube s and uterus.

In males the Sertoli cell s produce a growth factor called Mulleria n

inhibiting substance (MIS), which causes the paramesonephric duct s
to degenerate .

Testosterone bind s t o a n intracellula r recepto r protei n an d th e
hormone-receptor comple x the n bind s t o specifi c control site s i n th e
DNA an d regulate s transcriptio n o f tissue-specifi c genes . I n mal e
embryos testosteron e convert s th e mesonephri c duct s int o th e va s
deferens an d epididymis.

External genitalia
The external genitalia are derived from a  complex of mesodermal tissue
located aroun d the urogenital sinus. At the end of the 6th week in both
sexes thi s consist s o f th e genita l tubercl e anteriorly , th e paire d
urogenital fold s o n eithe r sid e an d latera l t o thes e th e labioscrota l
swellings.

In females oestrogen stimulates slight elongation of the genital tuber -
cle to form the clitoris, while the urogenital folds remain separate a s the
labia minora. Th e urogenital sinus remains open a s the vestibule an d
the labioscrotal swelling s become th e labia majora .

The tissue s aroun d th e urogenita l sinu s synthesiz e 5-alpha -
reductase which in males converts testosterone secreted by the Leydig
cells t o dihydrotestosterone . Unde r th e actio n o f thi s hormon e th e
genital tubercl e elongate s int o the  penis , pullin g the  urethra l fold s
forward t o form the lateral walls of the urethral groove. A t the end of
the 3rd month the tops o f the walls fuse t o create th e penile urethra ,
while the urogenital sinus becomes th e prostate .

Descent of the testis
Usually i n th e 7t h mont h th e teste s descen d fro m th e peritonea l
cavity betwee n th e peritonea l epitheliu m an d pubi c bone s an d int o
the scrotum . Thi s i s mediate d finall y b y th e gubernaculu m con -
tracting unde r th e influenc e o f testosterone , bu t descen t ma y no t
be completed unti l birth.

Puberty
Puberty i s triggere d b y hormone s secrete d b y th e pituitar y glan d
acting on ovaries, teste s an d adrena l glands . In girls, usually between
ages 1 0 an d 14 , th e ovarie s respon d b y secretin g oestroge n tha t
stimulates breast growth . About a year later menstruation commences,
accompanied b y maturatio n of the uteru s an d vagina an d broadenin g
of th e pelvis . Testosteron e synthesi s i s stimulate d i n th e adrena l
glands and i s responsible fo r growth of pubic and axillary (underarm)
hair in girls.

In boys , starting at about 11-1 2 years, the testes enlarge and synthe-
sis o f androgen s i s reactivated . Th e testi s cord s acquir e a  lumen ,
so forming th e seminiferous tubules , whic h link up with the urethra.
The androgen s enhanc e growt h o f th e peni s an d laryn x an d initiat e
spermatogenesis.

Medical issue s
The mos t common cause s of ambiguous genitalia are adrenal hyper -
plasia i n girl s an d androge n insufficienc y i n boys . Patient s wit h
testicular feminizatio n syndrom e inheri t a  Y  chromosome , bu t
develop a  convincin g female externa l phenotyp e becaus e the y lac k
testosterone receptors . Failur e o f testicula r descen t i s calle d
cryptorchidism.

Tumours arising from primordia l germ cells are known as teratomas.
They ca n contai n severa l well-differentiate d tissues (e.g . hair , bone ,
sebaceous gland, thyroid tissue) and are usually benign (see Chapter 31) .
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13 Th e place of genetics in medicin e

Introduction
The true scale of genetic disease has only recently become appreciated.
One survey of over a million consecutive births showed that at least one
in 20 people under the age of 25 develop a serious disease with a major
genetic component . This , however , i s probably a n underestimate as it
depends on how disease is defined an d how strong the genetic compo-
nent needs to be for it to be included.

Studies o f the cause s o f deat h o f mor e tha n 120 0 Britis h children
suggest that about 40% die d a s a result of a  genetic condition . Other
studies i n North America indicat e that genetic factors are important in
50% o f th e admission s t o paediatri c (children's ) hospitals . Through
variation in immune responsiveness, geneti c factor s eve n play a  role
in infectiou s diseases, althoug h these migh t be thought to be wholly
environmental.

Traditionally geneti c disease s ar e classifie d int o thre e majo r cat -
egories: chromosomal, singl e gene and multifactorial. Chromosomal
defects can create major physiological disruptio n and most are incom-
patible with even prenatal survival. These are responsible for the vast
majority of deaths in the first trimester of pregnancy and about 2.5% of
childhood deaths . Mos t single-gen e defects revea l thei r presence after
birth and are responsible fo r 6-9% o f early morbidity (sickness ) and
mortality. The multifactorial disorders account for about 30% of child-
hood illnes s and in middle-to-late adul t lif e play a  major rol e i n th e
common illnesses from which most of us will die.

Overview of Part I I
Chromosomal defects (Chapters 1 4 and 15)
If chromosome segregation i s incomplete or unequal at meiosis, chro-
mosomally abnorma l embryos ca n result . Sinc e a n averag e chromo -
some carrie s abou t 200 0 genes , to o man y o r too fe w chromosome s
cause gross abnormalities of phenotype, most of which are incompat-

ible wit h survival . Abnormal o r unequa l exchange o f chromosoma l
material create s a variety o f abnormalities, of varying severity . Thes e
are describe d i n Chapters 1 4 and 15 . I t i s interesting to not e that th e
three chromosomes associated with live birth of chromosomal triomies
(13,18 and 21) are the ones with the lowest gene density or the smallest

Single gene defects (Chapters 16-19)
The foundation of the science of genetics is a set of principles of hered-
ity discovered in the mid-19th century by an Augustinian monk called
Gregor Mendel and described in Chapter 16. These give rise to charac-
teristic pattern s o f inheritance , dependin g o n whethe r th e disease i s
dominant o r recessive. Recognitio n o f the pattern of inheritance of a
disease is central to prediction of the risk of producing an affected child,
as described in Chapters 1 7 and 18 . Chapter 1 8 also explains the risks
associated wit h consanguineous mating. Chapter 1 9 deals with single-
gene conditions that are less easily classified .

Sex-related inheritance (Chapter 20)
There are many reasons why the sexes may express diseases differently .
Of thes e th e mos t importan t relate s t o th e possessio n b y male s o f
only a  singl e X-chromosome . Mos t sex-relate d inherite d diseas e
involves expression in males of recessive alleles carried on the X. The
most commo n condition s i n thi s categor y ar e defectiv e colou r vi -
sion an d neurodevelopmenta l dela y (menta l retardation ) i n males .
Mitochondrial disorders are uniquely transmitted by mothers to all their
children.

Congenital and complex traits (Chapter s 21-24)
Some conditions, includin g man y congenital abnormalities , ar e due to
the combined action of several genes, or the adverse effects o f environ-
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mental factors . Thes e fal l int o th e categor y o f multifactoria l in -
heritance. Geneti c counsellin g i n relatio n t o thi s grou p i s generall y
problematic a s pattern s o f inheritanc e ar e usuall y no t discernible .
Multifactorial traits are of immense importance as they include most of
the common disorders  o f adult life. Muc h current research i s concen-
trated in this area.

Polymorphism (Chapters 25 and 26)
'Polymorphism' refers t o variation betwee n normall y healthy individ -
uals. This concept is especially important in pharmacogenetics, bloo d
transfusion an d orga n transplantation . Th e frequenc y o f polymor -
phisms within populations is dealt with in Chapter 26.

Genetic linkage and association (Chapters 27 and 28)
If genes reside side-by-side on the same chromosome they are 'geneti -
cally linked' . I f on e i s a  disease gene , bu t canno t easily be detecte d
whereas it s neighbou r can, the n allele s o f th e latte r ca n b e use d a s
markers for the disease allele. This allows prenatal assessment, inform-
ing decisions about pregnancy termination, selection of embryos ferti -
lized i n vitro, presymptomatic diagnosi s an d diagnosis o f problemati c
conditions.

'Genetic association ' refer s t o th e coinciden t presenc e o f certai n
alleles with certain diseases although the basis of the relationship may
be obscure.

Mutation and its consequences (Chapters 29-32)
Mutation of DNAcan involve chemical modification of bases, destruc-
tion, deletion o r relocation o f critica l sequences . Repai r mechanisms
usually correc t muc h o f th e damage , bu t ne w allele s ar e sometime s
created that can be passed on to offspring. I t is generally accepted that
most mutationa l changes ar e eithe r neutra l i n effec t o r deleterious ,
although very , ver y occasionall y a  new , apparently beneficia l allel e
does appear . Geneticist s therefor e generall y conside r tha t conditions
which increase the rate of mutation ar e best avoided.

Damage that occurs to the DNA of somatic cells can result in cancer,
when a cell start s t o proliferate ou t of control. Thi s can give ris e to a
tumour which may break up and its component cells migrate and estab-
lish secondar y tumours . The molecula r details o f carcinogenesis ar e
outlined in Chapter 31 and families with a tendency toward cancer are
described in Chapter 32.

Immunogenetics (Chapter 33)
A healthy immune system may eliminate many thousands o f potentia l
cancer cells every day, in addition to disposing of infectious organisms.
Molecular biologist s believe that the genetic event s tha t take place in
the immun e system ar e uniqu e to tha t system. These event s involve
cutting, splicing and reassembly of alternative DNA sequences to create
billions o f ne w gene s withi n individual B- an d T-lymphocytes . A n
outline of these events is given in Chapter 33.

The place o f genetics in medicine 3 3
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Overview
Chromosomal disorder s involv e both abnorma l number s o f chromo -
somes an d aberration s i n thei r structur e (se e Chapte r 15) . Euploid y
means tha t the chromosome numbe r per body cel l i s an integral multi-
ple of the haploid number , N - 23 , aneuploidy tha t it is other tha n an
integral multiple . Diploid y describe s th e norma l situation , a  typical
body cell in humans havin g 2N  =  46 chromosomes. Women hav e 2 3
similar pairs , includin g a  pai r o f X  chromosomes , thei r karyotyp e
formula bein g 46,XX. In normal me n ther e i s a n X an d a  Y chromo-
some, thei r karyotype bein g 46,XY . Polyploid y refer s t o multiples of
the haploid numbe r (e.g. triploidy, 3N=  69).

Trisomy (2 N + 1 ) refers t o the presence o f three copies o f one chro-
mosome. Possessio n o f only a single copy of an autosome (2 N - 1 ) is
called monosomy.

Mosaic individuals contain two different cell lines derived fro m one
zygote. Achimaera also contains two different cell lines, but is derived
by fusion of two zygotes (e.g . a 46,XX/46,XY hermaphrodite) .

Possibly as many as 25% of conceptions involve a chromosomal dis-
order, but this is reduced to 0.6% a t birth by natural loss, mainly during
the firs t trimester .

The non-sex chromosome s ar e called autosomes . Trisomies 2 1 , 1 8
and 1 3 are th e onl y autosoma l trisomie s compatibl e wit h surviva l t o
birth and only Trisomy 2 1 with life beyond infancy .

Down syndrome, Trisomy 21
1 Karyotype . Trisom y 2 1 (47,XX,+2 1 or 47,XY,+21) account s fo r
about 96 % o f case s o f Dow n syndrome . Th e remainin g 4 % hav e
translocations between 2 1 an d anothe r chromosome (se e Chapter s 1 5
and 29). Some patients ar e mosaics.
2 Incidence . Abou t 1/700 live births.
3 Features . Typicall y there are epicanthal folds an d a flat, broad face .
Other feature s includ e a  larg e ga p betwee n firs t an d secon d toes ,
webbing o f toe s 2  an d 3 , genera l hypotoni a (poo r muscl e tone) , fla t
occiput (back of skull), short stature, Brushfield spots in irides, single
transverse crease in the palm, single fold o n and clinodactyly o f fifth
digit (se e figure) , ope n mout h wit h protrudin g tongu e tha t lack s a
central fissure , hearin g defici t (60-80%), increase d ris k o f infection,
leukaemia (80%) , congenita l hear t defect s (40-50% ) an d epileps y
(5-10%). I Q i s 25-75 , wit h typicall y a  happ y temperament , bu t
Alzheimer-like dementi a ma y occur i n up to 50% in mid-life and there
is often early-onse t atheromatous (i.e . with fatty deposits) degenera -
tion of the cardiovascular system, Hirschprung disease and hypothy-
roidism( 15-20%).
4 Lif e expectancy. Du e to heart defects, for some i t is less than 50 years.

Edward syndrome, Trisomy 18
1 Karyotype . 47,XX, +18 or 47,XY, + 18.
2 Incidence . About 1/300 0 liv e births.
3 Features . Clenched fists with index and fifth fingers overlapping th e
rest; 'rocke r bottom ' fee t wit h prominent heels ; low-set , malforme d
ears; micrognathi a (smal l lowe r jaw) ; singl e palma r crease ; growt h
deficiency; cardia c an d rena l abnormalities ; prominen t occipu t an d
general hypotonia.
4 Mea n survival time . About 2 months; 30% die within a month; only
10% survive beyond a year.

Patau syndrome, Trisomy 13
1 Karyotype . 47,XX,+13 or 47,XY,+13.
2 Incidence . Abou t 1/500 0 live births.

3 Features . Microcephal y (smal l head ) wit h slopin g forehead ; holo -
prosencephaly (failur e o f formatio n o f paire d cerebra l hemispheres) ;
'rocker-bottom' feet , microphthalmia , anophthalmia , cyclopi a o r
hypotelorism (i.e . small o r absent eyes , a  single centra l ey e or closely
spaced eyes) ; cryptorchidism (undescende d testicles) ; simia n crease ;
heart defects ; clef t li p an d palate ; micrognathi a an d postaxia l poly -
dactyly (sixt h finger present).
4 Surviva l rate . Simila r to Edward syndrome, with rather more (50% )
dying within the first month.

Klinefelter syndrome
1 Karyotype . 47,XX Y (o r 48,XXXY; 49,XXXXY, etc) .
2 Incidence . About 1/50 0 male births.
3 Features . Phenotyp e i s basicall y male , bu t wit h gynaecomasti a
(breasts) an d feminin e bod y hai r distributio n (bu t masculin e facia l
hair); small genitalia and infertility. They are tall, with elongated lower
legs and forearms. There ma y be learning difficulties, scoliosi s (spina l
curvature), emphysem a (gaseou s distensio n o f lun g tissues) , osteo -
porosis (skeleta l breakdown ) an d varicose veins ; 8 % have diabete s
mellitus.

Turner syndrome
1 Karyotype . 45,X .
2 Incidence . 1/500 0 femal e births . (The fetus aborts i n over 95 % of
cases.)
3 Features . Phenotype i s basically female, bu t patients fai l t o mature
sexually. There is often als o lymphoedema (excess fluid) in the hands
and fee t o f newborns ; exces s ski n formin g a  we b betwee n nec k an d
shoulders an d low posterior hairline ; heart-shaped face wit h microg -
nathia, epicantha l fold s an d strabismu s (squint) ; short stature ; shor t
fourth metacarpals ; man y naev i (moles) , shield-shape d ches t wit h
widely space d nipples ; increase d 'carryin g angle ' a t elbo w (cubitu s
valgus). Intelligenc e i s normal . Ther e i s congenita l hear t diseas e i n
20%, unexplaine d hypertension (high blood pressure) in 30%, kidney
malformations an d thyroiditis. The y ma y develop X-linked recessive
disease as in males. Some Turner syndrome patients are mosaics (45,X ;
46,XY).

XYY syndrome
1 Karyotype . 47,XYY .
2 Incidence . 1/100 0 male births.
3 Features . Ver y tall stature , large teeth , learnin g disabilities, some -
times problems in motor coordination. Early claims of predisposition t o
aggressive behaviour are not generally upheld. Fertility is normal.

Triple X syndrome
1 Karyotype . 47,XXX .
2 Incidence . 1/100 0 female births
3 Features . Generally tal l with some learnin g problems an d difficult y
in interpersona l relationships . Claim s o f reduce d fertilit y ar e no w
sometimes ascribed to 45,X oocytes i n 45,X/47,XXX mosaics .

Causation
Aneuploidy i s usually ascribed t o failure o f conjugation of chromo -
somes i n meiosi s I ; o r non-disjunction , prematur e disjunctio n or
anaphase la g (delaye d separation ) i n meiosi s II . Th e frequenc y o f
chromosomal error s i n oocyte s increase s dramaticall y wit h maternal
age (see figure). Mosaics can be caused by chromosomal non-disjunc-
tion during mitosis.

Chromosomal aneuploidies  3 5
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Overview
Structural aberration s includ e translocations , deletions , rin g chro -
mosomes, duplications , inversions , isochromosome s an d centri c
fragments. Mos t o f thes e resul t fro m unequa l exchang e betwee n
homologous repeate d sequence s o n th e sam e o r differen t chromo -
somes, o r whe n tw o chromosom e break s occu r clos e togethe r an d
enzymic repair mechanisms link the wrong ends.

Translocations
A translocatio n involve s exchang e o f chromosoma l materia l be -
tween chromosomes . Thre e type s ar e recognized : centri c fusio n o r
'Robertsonian', reciprocal an d insertional.

Centric fusion or 'Robertsonian' translocations
Centric fusio n arise s fro m break s a t o r nea r th e centromere s o f tw o
chromosomes, followe d b y thei r fusion . Th e lon g arm s o f chromo -
somes 13,14,15,2 1 and 22 are most commonly involved, especially 13
with 14 , and 1 4 with 21. These ar e all acrocentric chromosome s wit h
very smal l shor t arm s (se e Chapte r 38) , th e latte r carryin g multipl e
copies of the ribosomal RNA genes (see Chapter 6).

Although centri c fusio n involve s loss o f rRN A genes , sufficien t
intact copies remain for no serious consequence to result. The carrier of
a pai r o f centrically fuse d chromosome s may therefor e hav e onl y 45
chromosomes, bu t be quite healthy as the overall loss i s insignificant.
This is a balanced translocation.

When centrically fused chromosomes pair during meiosis a trivalent
structure i s forme d allowin g contac t betwee n homologou s chromo -
some segments . At anaphas e si x possible gametic combination s ca n
then be formed: one normal, one abnormal but balanced and four unbal-
anced (se e figure) . However , selection o f gametes and pregnancy loss
result in a lower than expected frequency of unbalanced offspring.

Reciprocal translocations
Reciprocal translocatio n involve s interchromosoma l exchange .
Either ar m o f an y chromosom e ca n b e involve d and th e carrier s ar e
usually healthy. The medical significance is therefore usually for future
generations, a s carrier s ca n produc e chromosomall y unbalance d
fetuses.

Insertional translocations
Insertional translocation involves insertion of a deleted segmen t inter-
stitial^ at another location . I t is extremely rar e and balanced carrier s
are usually healthy, but ma y produce chromosomall y unbalance d off-
spring with either a duplication or a deletion.

Deletions
Deletion o f part of a chromosome can be interstitial or terminal. Dele-
tions can arise from two breaks, followed by faulty repair, from unequal
crossing-over in a previous meiosis, or as a consequence of a transloca-
tion in a parent.

The smallest deletion s detectabl e by high-resolution banding (se e
Chapter 43)  are  of  abou t 3000K b (i.e . 3  million base pairs) and  are
generally characterize d b y menta l handica p an d multipl e congenital
malformations.

Several syndrome s ar e ascribe d t o microscopicall y invisibl e
microdeletions (se e Chapte r 35) . Whe n severa l gene s ar e delete d
together th e term contiguous gene syndrome is applied.

Ring chromosome s
If two breaks occur in the same chromosome the broken ends can fus e
as a ring. Acentric rings are lost, but if the ring contains a centromere it
can surviv e subsequen t cel l division . Clinically a  ring represents two
deletions. The y ca n doubl e b y siste r chromatid exchange , leadin g t o
effective trisomy, or be lost, resulting in monosomy.

Duplications
Duplication i s the presence of two adjacent copie s of a chromosoma l
segment an d ca n b e eithe r 'direct' , o r 'inverted' . Duplication s may
originate by unequal crossing-over in a previous meiosis, or as a conse-
quence o f translocation , inversion or presence o f an iso-chromosome
(see below) i n a parent. Duplication s ar e more common , bu t generally
less harmful than deletions.

Inversions
Inversions arise from two chromosomal breaks with end-to-end switch-
ing of the intervening segment. I f this includes the centromere it is peri-
centric; i f not, the inversion is paracentric. Th e medica l significance
of inversions lies in their capacity to lead to chromosomally unbalanced
gametes following crossing-over.

Isochromosomes
An isochromosome has a deletion of one chromosome arm, with dupli-
cation of the other. In live births the commonest involves the long arm
of th e X , resultin g i n Turner syndrom e due t o shor t ar m monosom y
(despite lon g arm trisomy). Most isochromosome s caus e spontaneou s
abortion.

Examples o f deletion s
Prader-Willi and Angelman syndromes
The combined incidence of Prader-Willi and Angelman syndromes
is 1/2500 0 live births. Around 70% o f patients have a  deletion i n the
long arm of chromosome 15 ; in Prader-Willi thi s is in the paternal copy,
in Angelman the maternal (see Chapte r 19) .

Cri-du-chat syndrome
Cri-du-chat syndrome is so called because the malformed larynxes of
these babies caus e them to cry with a sound like a cat. They have pro-
found learning disability, hypertelorism (widely spaced eyes) , epican -
thal folds , strabismus , low-se t ears , lo w birt h weigh t and failur e to
thrive. The cause i s terminal deletion of the short arm of Chromosome
5 and i t occurs in about 1/50000 births.

Wolf-Hirschhorn syndrome
Wolf-Hirschhorn syndrome als o occurs in about 1/50000 births, also
with profoun d cognitive impairment, hypertelorism, epicanthal fold s
and low-se t ears . Patients typicall y have a  broad an d prominent nose ,
cleft li p an d palate,  microcephaly , hear t defects , convulsion s an d
hypospadias (non-closure of the penile urethra). It is caused by termi-
nal deletion of the short arm of Chromosome 4.

Examples o f translocation s
Down syndrome
About 4% of cases of Down syndrome are due to Robertsonian translo-
cation between th e long arms of Chromosome 2 1 and any other acro -
centric, usually 14 . In some cases one parent has a balanced versio n of
the same translocation (see figure).

Chromosome structural abnormalities 3 7



16 Mendel' s laws

Overview
Gregor Mendel's law s of inheritance were derived fro m experiment s
with plants, but they form the cornerstone of the whole science of genet-
ics. Previously heredity was considered in terms of the transmission and
mixing o f 'essences' , a s suggeste d b y Hippocrate s ove r 200 0 year s
before. But , unlike fluid essences tha t should blend in the offspring i n
all proportions , Mende l showe d tha t th e instruction s for contrastin g
characters segregat e an d recombin e i n simpl e mathematica l propor -
tions. He therefore suggested that the hereditary factors are particulate.

Mendel postulated fou r new principles concerning uni t inheritance,
dominance, segregation and independent assortment that apply t o
most genes of all diploid organisms .

The principle o f unit inheritance
Hereditary characters  are determined by indivisible units of informa-
tion (which we now call genes). An allele is one version of a gene.

The principle of dominance
Alleles occur  in pairs in  each individual, but  the effects  of  one allele
may be masked by those of a dominant partner allele.

The principle o f segregation
During formation of  the gametes the members of each pair ofalleles
separate, so  that  each  gamete  carries  only  one  allele  of  each  pair.
Allele pairs are restored at fertilization.

Example
The earlobes of some people have an elongated attachmen t t o the neck
while others are free, a distinction determined by two alleles of the same
gene,/for attached, F for free.

Consider a man carrying two copies of F (i.e. FF), with free earlobes,
married to a woman with attached earlobes and two copies of/(i.e. ff) .
Both ca n produce onl y one kind o f gamete , F  fo r the man,/fo r th e

woman. All their children wil l have one copy of each allele , i.e. are Ff ,
and i t is found tha t al l such childre n hav e fre e earlobes because F  i s
dominant tof.  Th e children constitute th e first filial generation or Fl
generation (irrespective o f the symbol fo r the gene unde r considera-
tion). Individual s wit h identica l allele s ar e homozygotes; thos e wit h
different allele s are heterozygotes .

The secon d filial , o r F2 , generatio n i s compose d o f th e grand -
children of the original couple, resulting from mating of their offspring
with partner s of simila r genotype. In eac h cas e bot h parents ar e het-
erozygotes, s o both produce F and / gamete s i n equal numbers . This
creates three genotypes in the F2: FF, //(identical lofF) andff,  in  the
ratio: 1:2:1.

Due to the dominance of F over/, dominant homozygotes arepheno-
typically the sam e as heterozygotes, s o there ar e three offsprin g with
free earlobe s to each on e with attached. Thephenotypic  ratio  3:1 is
characteristic of  the offspring  of  two heterozygotes.

The principle o f independent assortmen t
Different genes  control  different  phenotypic  characters  and  the
alleles of  different  genes  reassort independently of  one another.

Example
Auburn an d 'red ' hai r occu r naturall y onl y i n individual s wh o ar e
homozygous fo r a  recessive allel e r . Non-re d i s dominant , wit h th e
symbol R . Al l red-haired peopl e ar e therefore rr , while non-re d ar e
either RR or Rr.

Consider the mating between an individual with red hair and attached
earlobes (rrff ) and a  partner who i s heterozygous a t both genetic loc i
(RrFf). Th e recessiv e homozygot e ca n produc e onl y on e kin d o f
gamete, o f genotyp e rf,  bu t th e doubl e heterozygot e ca n produc e
gametes of fou r genotypes : RF, Rf, r F an d rf . Offspring o f fou r geno -
types are produced: RrFf,  Rrff,  rrFfand  rrff  an d these are i n the ratio
1:1:1:1.
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These offspring also have phenotype s tha t are all different: non-re d
with fre e earlobes , non-red wit h attached, red wit h free, an d red with
attached, respectively.

The test-mating
The mating described above , in which one partner is a double recessive
homozygote (rrff),  constitute s a  test-mating, a s hi s o r he r recessiv e
alleles allow expression o f all the alleles of the partner .

The valu e of such a  test i s revealed by comparison with mating s i n
which the recessive partner i s replaced by a double dominan t homozy -
gote (RRFF).  Th e new partner can produce only one kind of gamete, of
genotype RF, and four genotypically different offsprin g ar e produced,
again in equal proportions: RRFF, RRFf, RrFF  an d RrFf. H  owever, due
to dominance al l have non-red hair and free earlobes, so the genotype of
the heterozygous parent remains obscure.

Matings between double heterozygotes
The triumphant mathematica l proo f o f Mendel law s wa s provided b y
matings between pairs of double heterozygotes. Each can produce four
kinds of gametes: RF , Rf, r F and rf,  whic h combined a t random produce
nine differen t genotypi c combinations . Due t o dominance  there  ar e
four phenotypes,  i n the ratio 9:3:3:1 (total  =  16). This allows us to
predict the odds of producing:

1 a  child with non-red hai r and free earlobes (R-F-), a s 9/16;
2 a  child with non-red hai r and attached earlobes (R-ff), a s 3/16;
3 a  child with red hair and free earlobes (rrF-),  a s 3/16; and
4 a  child with red hair and attached earlobes (rrff),  a s 1/16.

Biological support for Mendel's laws
The behaviour of Mendel's factors (alleles) coincides with the observed
properties and behaviour of the chromosomes: (i ) both occur in homol-
ogous pairs; (ii) at meiosis both separate, but reunite at fertilization; and
(iii) the homologues o f both segregate and recombine independently o f
one another . This coincidence is because th e genes ar e components of
the chromosomes .

Exceptions to Mendel's laws
1 Sex-relate d effects (see Chapter 20) .
2 Mitochondria l inheritance (see Chapter 20).
3 Geneti c linkag e (see Chapter 27) .
4 Polygeni c condition s (se e Chapters 22, 23).
5 Incomplet e penetranc e (see Chapter 19) .
6 Genomi c imprinting (see Chapter 19).
7 Dynami c mutations (see Chapter 19) .

Mendel's laws  3 9

Mating of a double heterozygote with a double
recessive homozygote

Mating of a double hetero^g ote wth a
double dominant homozygote

Matings between double heterozygotes



17 Autosoma l dominant inheritanc e

Overview
The best way to represent the distribution of affected individuals within
a family is with a  pedigree diagra m (se e Chapter 35). From thi s the
mode of inheritance can often be easily deduced.

The pedigree diagram
Females are symbolized by circles (O), males by squares (D), persons
of unknown sex by diamonds (O). Individuals affected b y the disorder
are represented b y solid symbol s (•, •) , thos e unaffected , b y open
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symbols (O , D). Marriages or matings are indicated b y horizontal line s
linking mal e an d femal e symbols . Offsprin g ar e show n beneat h th e
parental symbols, in order of birth from left to right, linked to the mating
line by a vertical, and numbered (1,2, 3, etc.) from left to right in Arabic
numerals. Th e generation s ar e indicate d i n Roma n numeral s (I , II ,
III, etc. ) fro m to p t o botto m o n th e left , wit h th e earlies t generatio n
labelled I.

The patien t wh o stimulate d th e investigation , th e propositu s
(female: proposita), proband , o r index case, i s shown by an arrow (71)
with the letter P. The individual who sought genetic advice (the consult-
and) i s show n b y a n arro w withou t th e P . (N.B . i n olde r text s
the proband is indicated by an arrow alone). A diagonal line through the
symbol indicates death.

Rules for autosomal dominant inheritanc e
The followin g ar e th e rule s fo r simpl e autosoma l dominan t
inheritance.
1 Both  males  and  females  express  the  allele  and  can  transmit  it
equally to  sons and daughters.
2 Excludin g ne w mutation s an d non-penetranc e (se e Chapte r 19) ,
every affected  person  ha s a n affected  parent  ('vertical ' patter n o f
expression i n the pedigree). Direct transmission  through  three  gen-
erations is  practically diagnostic  of  a dominant.
3 In  offected  families,  the  ratio  of  affected  to  unaffected  children  is
almost always 1:1.
4 If  both  parents are unaffected,  all  the children are  unaffected.

Example
The firs t conditio n i n humans fo r which th e mode of inheritance wa s
elucidated was brachydactyly, characterize d by abnormally short pha-
langes (distal joints of fingers and toes).

In Mendelian symbols , the dominant allele B cause s brachydactyly
and ever y affecte d individua l i s eithe r a  homozygot e (BB),  o r a
heterozygote (Bb).  In practice most are heterozygotes, becaus e brachy-
dactyly i s a rare trait  (i.e . < 1/5000 births), as are almost al l dominant
disease alleles. Unrelate d marriage partners are therefore usually reces-
sive homozygotes (bb}  and the mating can be represented :

Bbxbb
I

Bb,bb
1: 1

Dominant disease allele s ar e kept at low frequency sinc e their carriers
are less fit than normal homozygotes.

Matings between heterozygote s ar e the onl y kind that can produce
homozygous offspring:

BbxBb
I

BB, Bb, bb
1:2:1, i.e. 3 affected: 1  unaffected .

Dominant disease  allele  homozygotes  are  rare  and  with  many
disease alleles  homozygosity  i s lethal. Mating s between heterozygote s
may involve inbreeding (see Chapter 18) , or occur when patients have
met as a consequence of their disability (e.g . at a clinic for the disorder).

All offspring  of  affected  homozygotes  are  affected:

BBxbb
I
Bb

Unaffected member s of affecte d familie s ar e normal homozygote s
and so do not transmit the condition: bbxbb — > bb

Estimation of risk
In simply inherited autosomal dominant conditions where the diagnosis
is secure, estimation of risk for the offspring of a family member can be
based simpl y on the predictions o f Mendel's laws . For example :
1 Fo r the offspring o f a heterozygote an d a normal homozygot e (B b x
bb^lBb; \bb};
risk of B- =1/2, or 50% .
2 Fo r the offspring of two heterozygotes (BbxBb - > IBB;  2Bb; \bb}\
risk of £- = 3/4, or 75%.
3 Fo r the offspring of a dominant homozygote wit h a normal partner
(BBxbb^(Bb);
risk of B- =1, or 100% .
Calculations involving dominant conditions can, however, be problem-
atical a s w e usuall y d o no t kno w whethe r a n affecte d offsprin g i s
homozygous or heterozygous (see Chapter 36).

Clinical examples
Over 4000 autosomal dominan t diseases ar e known, although few are
common (> 1/5000; see also Chapter 35) .

Achondroplasia (achondroplastic dwarfism)
Achondroplasia cause s sever e shortenin g o f th e lon g bone s o f th e
limbs, depression o f the bridge of the nose and lumbar lordosis (exag-
gerated forwar d curvature of the spine). It is due to mutations in fibro-
blast growt h facto r receptor , FGF R 3 , an d i s letha l prenatall y i n
homozygotes. Livebor n offspring of two persons wit h achondroplasi a
(Ac ac ) therefor e hav e a  two-thirds risk o f bein g affected , not three -
quarters (see figure).

Acute intermittent porphyria
The porphyria s ar e characterized b y occasional excretio n o f red por -
phyrin in the urine. Much of the time they are asymptomatic, but severe
neurological symptoms can occur during starvation, or following con -
sumption of certain chemicals. It is therefore an example of a pharma-
cogenetic trai t (see Chapter 19) .

Marfan syndrome
Patients ar e tall , with long, thin limb s an d fingers and dislocated ey e
lenses, pectus excavatum (funnel chest ) and a high-arched palate. The
aorta is susceptible to aneurysm (swelling) which if left untreated may
lead to rupture. The underlying defect is in the protein fibrillin-1, in the
periosteum, an d connectiv e tissue . Expressio n i s variabl e an d onl y
some features may occur in any patient (see figure) .

Estimation of mutation rate
The frequenc y o f dominan t diseases i n familie s with n o prio r case s
can b e used to estimate the natura l frequenc y of new poin t mutations
(see Chapter 29) . This varies widely between genes , but averages abou t
one even t in an y specifi c gen e pe r 500000 zygotes . Almost al l point
mutations aris e i n sperm , eac h containin g aroun d 40000 gene s (se e
Chapter 4) . Ther e ar e therefor e abou t 40000 mutation s pe r 50000 0
sperm an d w e ca n expec t aroun d 8% of viabl e sperm (and babies) t o
carry a new genetic mutation. However, only a minority of these occurs
within genes that produce clinically significan t effects, or would behave
as dominant traits.
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18 Autosoma l recessive inheritanc e

First-cousin marriage between heterozygotes

Overview
The pedigree diagram for a family in which autosomal recessive diseas e
is present differs markedly fro m those with other forms of inheritance .
Recessive diseases ca n be relatively common, as heterozygous carriers
can preserve and transmit disease alleles without adverse selection .

Rules o f autosomal recessiv e inheritanc e
The followin g ar e th e rule s fo r simpl e autosoma l recessiv e
inheritance:
1 Both  males and females are  affected.
2 There  are breaks in the pedigree an d typically the pattern of expres-
sion is 'horizontal'  (i.e . sibs are affected, bu t parents are not).
3 Affected  children  can be born to normal parents, usually in the ratio
of one affected to three unaffected.

4 When  both parents are  affected all  the children are affected.
5 Affected  individuals  with  normal  partners  usually  have  only
normal children.

Example
Homozygotes for oculocutaneous albinism (albinos) represen t around
1 in 10 000 births. They have very pale hair and skin, blue or pink irides
and red pupils. They suffer fro m photophobia (avoidanc e of light) and
involuntary eye movements called nystagmus, relate d t o faults in the
neural connections between eye and brain. Their biochemica l defec t is
in the enzyme tyrosinase, which normally convert s tyrosine , throug h
dihydroxy-phenylalanine (DOPA), into DOPA quinone, a precursor of
the dark pigment, melanin (se e Chapter 39).

Every albin o is a  recessive homozygot e (aa) and most ar e born t o
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phenotypically norma l parents, who can also produce norma l homozy-
gotes an d heterozygote s i n th e rati o o f on e dominan t homozygot e t o
two pigmented heterozygotes t o one albino:

AaxAa — » \A A :  2Aa: laa; three pigmented :  one albin o

Matings between albino s produce onl y albino babies :

aa x aa — > aa

Albinos wit h normall y pigmente d partner s usuall y produc e onl y
pigmented offsprin g as the albinism allele i s relatively rare:

aaxAA -^ Aa

Occasionally, however , a normally pigmented partner is a heterozygot e
and a half of the children of such matings are recessive homozygotes :

aaxAa —>Aa,aa;  1  pigmented: 1 albino

Superficially th e latte r patter n resemble s tha t du e t o dominan t
heterozygotes with normal partner s (se e Chapter 17 ) and so is referre d
to as 'pseudodominance'.

Recessive diseases can be common i n reproductively close d popula -
tions and molecula r test s ar e used t o identify unaffected carriers . Th e
frequency of heterozygotes can be calculated from that of homozygotes
by the Hardy-Weinberg law (see Chapter 26).

Estimation o f risk
Recessive homozygote s ar e produce d b y thre e kind s o f mating ,
although the firs t of these is by far the most common .
1 Tw o heterozygotes: AaxAa — > \AA:2Aa: laa;risk = 1/4,0.25 or 25%.
2 Recessiv e homozygot e an d heterozygote : a a x  A a —>  lAa:  laa;
risk= 1/2 , 0.5 or 50% .
3 Tw o recessive homozygotes: aa x aa — > aa; ris k = 1  or 100% .

Clinical example s (see also Chapter 35)
Cystic fibrosis
Cystic fibrosi s i s th e mos t commo n recessiv e diseas e i n Europeans ,
affecting on e i n 1800-250 0 live births . It affects many system s o f th e
body, but especiall y th e lung s and pancrea s an d i s letha l i f untreated.
The basic defect i s in chloride ion transport.

Tay-Sachs disease
The incidenc e o f Tay-Sachs diseas e i n American non-Jew s i s on e i n
360000, but i t is a hundred times as common ( 1 i n 3600) in American
Ashkenazi Jews . I t affect s th e entir e nervou s syste m an d i s lethal ,
usually b y th e ag e o f 2  years . Th e basi c defec t i s a  deficienc y i n
hexosaminidase A (see Chapter 39).

Spinal muscular atroph y
Spinal muscula r atroph y i s a  progressiv e muscula r weaknes s du e t o
degeneration of the anterior horn cells of the spinal cord. The infantile
form ha s a carrier frequency of 1/3 0 and is lethal by the age of 3 years.
Juvenile forms are less common an d progress more slowly . The collec-
tive incidence i s 1/1000 0 births.

Phenylketonuria
In phenylketonuria, levels of phenylalanine and its breakdown product s
are elevated i n th e urin e and blood , causin g sever e menta l handicap ,
muscular hypertonicit y an d reduce d pigmentation . Th e mos t usua l
defect i s i n phenylalanin e hydroxylase , whic h normall y convert s
dietary phenylalanine into tyrosine. Screening i s routinely carried ou t at
birth and homozygotes ar e given phenylalanine-free diet s (see Chapter
42).

Congenital deafnes s
There ar e man y (>30 ) non-syndromic, autosoma l recessiv e form s o f
congenital deafnes s tha t mimi c on e anothe r a t th e gros s phenotypi c
level in that all homozygotes ar e deaf. The frequency of heterozygote s
is abou t 10% . The children  o f tw o deaf  parents  ma y have  perfect
hearing if  the  parents are  homozygous  for  mutant  recessive  alleles  at
different loci.

If allele s d  an d e  bot h caus e deafnes s i n th e homozygou s state , a
mating between two deaf homozygotes coul d be represented:

dd£E x  DDe e
deaf dea f

4
DdEe

all offspring have normal hearing.

Consanguineous mating s
Consanguinity mean s tha t partner s shar e a t leas t on e ancestor .
Inbreeding between consanguineous partners is potentially harmful as
it bring s recessive allele s 'identica l b y descent ' int o th e homozygou s
state i n th e offspring . Incestuou s matings , e.g.  between paren t an d
child, o r sib s (brothe r an d sister ) involve the greates t risk . Th e prob -
ability that a particular allele present in one individual is present also in
an incestuou s partne r i s 0.5 . I f eac h o f u s i s heterozygou s fo r on e
harmful (bu t non-lethal) recessive allele , the probability of a  homozy-
gous recessive offspring resulting from incestuou s mating is:

0.5x0.25 = 0.125, or 1/8.

For marriage s betwee n firs t cousins , the equivalen t figures are 1/ 8
that a n allele i s shared and 1/3 2 (3%) that a  homozygous bab y wil l b e
produced. Thi s accord s wit h th e observe d frequenc y o f recessiv e
disease among offsprin g of first-cousin marriages, althoug h tha t figure
excludes early miscarriages.

Recessive diseas e occurs in outbred marriage s at one-quarter o f the
square o f th e heterozygot e frequenc y (see Chapter 26 ) an d average s
about 2% ' overall . I n general, th e rarer the disease and the greater the
frequency o f consanguineou s marriages, th e highe r the proportio n o f
recessive homozygotes produce d b y them.

The offsprin g o f first-cousin marriage s have 2.5 times as many con-
genital malformations and 70% higher postnatal mortality than those of
outbred matings, both features of decreased vigour , known as inbreed -
ing depression.
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19 Intermediat e inheritance
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Overview
Incomplete dominance refers to the situation when gene expression in
heterozygotes is intermediate between that in the two homozygotes. In
some case s neithe r o f two alternativ e alleles i s dominant , a  situation
called codominance. Alleles that are sometimes expressed and some -
times not, have incomplete penetrance , many alleles sho w variabl e
expressivity an d expressio n o f som e show s delaye d onset . Som e
genes receive 'programming ' during gametogenesi s or development ,
called genomic imprinting .

Dominance an d codominance, the ABO blood groups
Dominance i s define d i n term s o f whic h of tw o alternativ e alleles i s
expressed i n the heterozygote .

In the ABO blood grou p syste m groups A, B, AB and O are distin-
guished b y whethe r th e re d bloo d cell s are agglutinated by anti- A or
anti-B antibod y (se e Chapte r 25) . Grou p O  cell s hav e a  precurso r
glycosphingolipid embedde d i n thei r surface s whic h i s elaborate d
differentially i n A , B  an d A B b y th e product s o f allele s I A an d I B

(see Chapter 33) .
The erythrocytes of both IB homozygotes and IB/I° heterozygotes are

agglutinated by anti-B antibody, so both are Group B. Similarly Group
A includes both IA homozygotes an d IA/I° heterozygotes. Allele s IA and
IB are both dominant to 1°.

The red cells o f 1° homozygotes ar e not agglutinated by antibodie s
directed against A or B. They belong to Group O.

The red cells of Group AB individuals carry both A and B antigens.
They ar e agglutinate d b y both  anti- A and anti-B , an d ar e therefor e
Group AB . Sinc e bot h ar e expresse d together , allele s I A an d I B ar e
codominant.

The alleles of several othe r bloo d groups , the tissue antigens of the
HLA system , th e electrophoreti c variant s o f man y protein s an d th e
DNA markers (see Part III) can also be considered codominant, as their
properties are assessed directly, irrespectiv e o f expression .

Incomplete dominance , sickl e cel l disease
Alpha- an d beta-globin , togethe r wit h hae m an d iron , mak e u p th e
haemoglobin o f our red blood cells . The norma l allele for (3-globi n is
called Hb A and the sickle cel l allele, HbS, differs fro m i t by one base
(see Chapte r 30) . I n Hb S homozygote s th e abnorma l haemoglobi n
aggregates, causing the red cells to collapse int o the shap e of a  sickle
and clo g smal l bloo d vessels . Sickle cel l diseas e i s characterized b y
anaemia, intens e pain, and vulnerability to infection.

Heterozygotes have both normal (A) and abnormal (S) haemoglobin
molecules i n thei r erythrocytes , which sta y undistorte d mos t o f th e
time, allowing them to live a normal life. At this level HbA is dominant
to HbS. However , under conditions of severe oxygen stress, a  propor-
tion do undergo sicklin g an d this causes transient symptom s simila r to
those of homozygotes. On this basis HbS i s classified a s incompletel y
dominant.

Heterozygotes wit h the so-called sickle cell trait have a remarkabl e
ability to tolerate falciparum malari a (see Chapter 25).

Pleiotropy, expressivity an d penetranc e
Pleiotropy describe s th e expressio n o f severa l differen t phenotypi c
features by a single allele. Most genes have pleiotropic alleles.

Patients wit h Marfan syndrom e frequently do not show al l its fea-
tures and those tha t ar e show n can var y in severit y (se e Chapte r 17) .
This is called variabl e expressivity .

Some apparentl y dominan t allele s ar e no t alway s expressed .
Ectrodactyly, in which formation of the middle elements o f hands and
feet i s variabl y disrupted , i s cause d b y suc h a  dominan t allel e o f
reduced penetrance (see figure).

Degree of penetrance is the percentage of carriers of a specific allele
that show the relevant phenotype. For example, about 75% of women
with certain mutation s in the BRCA1 gene develo p breas t o r ovarian
cancer. The penetrance of those mutations therefore is 75%.

Pharmacogenetic traits are a special case of penetrance and expres-
sivity in which the environmental agen t that reveals the deficient allele
is a drug (see Chapter 25) .

Genomic imprintin g
Imprinting i s a mechanism that ensures expression in an individual of
either the maternal, or the paternal copy of a chromosomal region , but
not both. It probably applie s t o only a small number of genes.

Prader-Willi and Angelman syndromes
A microdeletion o f Chromosome 15 causes Prader-Willi syndrome if in
the paterna l copy, but a  distinctly different condition , Angelman syn-
drome, whe n tha t deletion i s in the maternal copy. Prader-Willi syn -
drome patient s sho w compulsive eating , obesity an d mild to moderate
neurodevelopmental delay; in Angelman syndrome, patients' neurode -
velopmental delay i s severe, they have uncoordinated movements and
compulsive laughter.

This effec t probabl y involve s tw o adjacen t gene s tha t normally
are differentiall y inactivate d (b y methylation ) durin g the productio n
of sper m an d oocytes , respectively . I n sper m th e Angelma n
syndrome sit e (th e gene fo r ubiquiti n protei n ligase ) i s inactivated ,
but th e Prader-Will i syndrom e sit e i s not . I n oocyte s th e Prader -
Willi syndrom e sit e i s inactivate d whil e th e Angelma n syndrom e
remains active . Norma l developmen t require s on e activ e cop y o f
each.

Occasionally embryo s aris e wit h uniparenta l isodisom y (se e
Chapter 14) . If both copies o f Chromosome 1 5 are paternal in origin,
Angelman syndrom e results . Similarly , Prader-Willi results whe n the
Isodisomic 1 5 is maternal.

Molar pregnancies
Hydatidiform mole s ar e grossl y abnormal embryonal tissue masse s
that can develop followin g simultaneous fertilization of one oocyte by
two sperm. They can invade uterine muscle to cause choriocarcinoma.
A 'complete mole' has two sets of paternal chromosomes only. 'Partial
moles' are triploid.

Mosaicism
Mosaicism refer s t o th e existenc e i n th e bod y o f mor e tha n on e
genetically distinc t cel l lin e followin g a  singl e fertilizatio n even t
(cf. chimaerism , i n whic h differen t cel l line s resul t fro m multipl e
fertilizations). Bot h mosaicism an d chimaerism ca n produce incidenc e
patterns that depart from th e general rules.

Delayed onse t
Huntington disease ca n remain unexpressed unti l 30-50 years and is
an example of a disease of late onset . Patient s then undergo progres-
sive degeneration o f the nervous system, with uncontrolled movement s
and mental deterioration (see Chapter 30).
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20 Sex-relate d inheritance

Diagram of the X and Y chromosomes
showing regions of homology and the
map locations of some significant genes

X chromosome fnactlvation and somatic mosaicism

X-iinked recessive
inheritance

Overview
Men an d wome n diffe r i n se x chromosom e constitution , physiolog y
and th e gamete s the y produce . Al l thre e factor s creat e feature s of
inheritance that relate to sex, but most so-called 'sex-linke d disorders'
are caused by X-linked recessives in males.

X-linked recessive inheritanc e
Rules
1 The  incidence of disease is very much higher in males than females.
2 The  mutant  attele  is  passed from  an  affected  man  to  all  of  his
daughters, but they do not express it.
3 A  heterozygous  'carrier'  woman  passes the  allele  to  half  of  her
sons, who express it,  and half  of  her daughters who do not.
4 The  mutant allele is never passed from father to  son.

Example: Haemophili a A  (classi c haemophilia ) cause s failur e of
blood clotting due to deficiency in antihaemophilic globuli n or blood
clotting Factor VIII .

A single copy o f the normal allel e i s adequate fo r function , so the
mutation i s recessiv e an d heterozygou s females ar e normal . Male s
being hemizygou s ar e affected , th e incidenc e being abou t 1/1000 0
male births.

Female homozygotes occur in the general population a t a frequency
equal t o th e squar e o f tha t o f affecte d males , i.e . 1/10 0 million . I n
inbreeding situation s or when partners meet a s a  consequence o f th e
mutant allele, they are found at higher frequency.

A man receives his Y chromosome from his father and passes a copy
to every son. He receives his X from hi s mother and passes a copy to
every daughter . Bot h mothe r an d daughte r ar e therefor e obligat e
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carriers of any X-linked recessive expressed b y the man. This pattern
is sometimes referre d to as criss-cross inheritance .

Estimation of risk for offspring
1 Haemophilia c man and normal woma n

Xh Y x XH XH -» normal sons (X H Y) and carrier daughters (X H X h),
ratio 1 : 1 .

There i s no risk of haemophilia in the children.

2 Carrie r woman and normal man

XH Xh xXH Y -> normal daughters (XH XH), carrier daughters (XH Xh),
normal sons (XH Y) and affected sons (Xh Y), in the ratio 1 : 1 : 1 : 1 .

The risk of haemophilia in the offspring is 1/4 .

3 Haemophilia c man and carrier woman

Xh Y x XH Xh -> carrier daughters (X H Xh), affected daughters (Xh Xh),
normal son s (X H Y) and affected son s (X h Y), in the ratio 1 : 1 : 1 : 1 .

The overall risk is 2/4 or 1/2.

4 Haemophilia c woman and normal man

Xh Xh x XH Y -> Carrier daughters (XH Xh) and affected sons (X h Y), in
the ratio 1 : 1 .

All th e son s ar e affected, and al l the daughters are carriers; th e ris k is
1/2.

Other examples (see als o Chapter 35)
Red blindness and green blindness
These condition s ar e cause d b y highl y homologou s gene s i n tande m
array o n th e X  chromosome . About 8 % o f Britis h me n an d 0.6 % o f
British women are affected.

Becker and Duchenne muscular dystrophies
These involve differen t mutation s of the dystrophin gene. Duchenne
is the more severe and is usually lethal in adolescence. I t is indicated by
the Gower sign when a child climbs up his or her own body when stand-
ing from the prone position, becaus e strengt h is retained longe r i n the
upper tha n the lower limbs .

Fragile X syndrome
This is one of most importan t cause s of severe learning difficultie s in
boys. I n cell cultures the X  chromosom e tend s to break a t the mutan t
site.

G6PD deficiency
The frequenc y o f thi s deficienc y varie s enormousl y betwee n
populations due to past selection for resistance to malaria (see Chapte r
25).

X-linked dominant disorders
X-linked dominant disorders ar e all rare.

Rules
1 The  condition is  expressed and  transmitted by  both sexes.
2 The  condition occurs  twice  as frequently in  females as  in males.
3 An  affected  man  passes the condition to  every daughter,  but  never
to a son.
4 An  affected  woman  passes the condition to  every son  and half  her
daughters.

Example: Hypophosphataemia or vitamin o-resistan t rickets (se e
also Chapter 35) .

Y-linked or Holandric inheritance
DNA sequencin g indicate s a t leas t 2 0 gene s o n th e Y  chromosome ,
several concerne d wit h male sexua l function. There are no known Y-
linked diseases.

Rule: Genes o n th e Y  chromosome ar e expressed  i n and transmitted
only by  males, to  all their sons.

Example: The testis determining factor or SRY gene (see Chapte r
2); the H-Y tissue antigen .

Pseudoautosomal inheritance
Rule: Genes  o n th e homologous  segments  o f th e X  an d Y  ar e
transmitted by  women  equally  to  both  sexes,  but  by  a  man
predominantly to  offspring of  one sex.

Example: Steroi d sulphatas e deficien t X-linke d ichthyosi s (scal y
skin).

Sex limitation and sex influence
Some alleles are carried on the autosomes, but are limited or influenced
by sex physiologically or for anatomical reasons (Table 20.3).

Mitochondria! inheritanc e
Mitochondrial inheritance reflects the fact tha t a zygote receives al l its
functional mitochondri a from th e oocyte.

Rules
1 Typically  the  condition is  passed from a  mother to  all her children.
2 The  condition is  never transmitted by  men.
Symptoms can vary between mothe r and offspring , an d between sibs ,
due t o heteroplasmy , i.e . variabl e representatio n o f differen t mito -
chondrial populations .

Example
A form o f progressive blindnes s calle d Leber hereditary optic neu -
ropathy (LHON) ; MELAS : mitochondria l myopathy, encephalopa -
thy, lacti c acidosi s an d stroke-lik e episodes; MERRF : myocloni c
epilepsy with ragged red fibres; KSS: Kearns-Sayr e syndrome.

X chromosome inactivation
X chromosom e inactivatio n (see Chapte r 12 ) ca n sometime s caus e
expression o f X-linked recessive alleles in heterozygous women. Het -
erozygosity i s revealed i f she produces both normal and affected sons or
displays patches of tissue expressing alternative alleles (see figure) .
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21 Congenita l abnormalities

Relative! frequency of birth
Defects In girls and boys

Organ-specific critical periods

Overview
The word 'congenital ' means 'existing at birth' and includes all 'birth
defects' regardless of  causation. Congenital abnormalities account for
approximately 21% of all infant death s and are a major contributor to
later disability . The frequenc y of abnormalitie s i s initiall y high, bu t
most are lost by natural abortion. At birth 0.7% of babies have multiple
major abnormalities , 2-3 % a  single  major  defec t an d 14 % a  single
minor defect . Incidenc e o f som e abnormalitie s differ s considerabl y
between the sexes (see figure). Probably 15-25 % of congenital abnor -
malities have a recognized genetic and 10% a recognized environmen -
tal basis , whil e i n 20-25 % th e basi s i s multifactorial . Twinnin g
accounts for 0.5-1.0% (see Chapter 24) and 40-60% are idiopathic, i.e.

of unknow n causation. Extrinsi c agent s tha t caus e birt h defect s ar e
called teratogens .

Principles of teratogenesis
1 Susceptibilit y to a teratogen depends on the genotype of the zygote.
2 Materna l genotype and health status affect th e metabolism of drugs,
resistance to infection and other metabolic processes .
3 Susceptibilit y depend s on developmental stag e at time of exposure .
4 Severit y depends on dose and duration of exposure to teratogen.
5 Individua l teratogens have specific modes of action.
6 Abnormalit y is expressed as malformation, growth retardation, func -
tional disorder or death.
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Classification o f defects
1 Malformation s are due to errors occurring in the initial formation of
structures.
2 Disruption s are due to destructive processes operating after an organ
has formed.
3 Deformation s ar e distortions due to abnormal mechanical forces.
4 Dysplasia s ar e abnormalities in the organization of cells into tissues.
5 Sequence s ar e cascade s o f effect s originatin g fro m a n earlie r
abnormality.
6 Syndrome s ar e groups of anomalies that consistently occur together.

Genotype o f the zygote
Duplication o r deficienc y o f eve n part o f a  chromosom e may caus e
embryonic or fetal death, postnatal neurodevelopmental delay, pre- or
postnatal growth delay and/or dysmorphology (se e Chapter 37).

Health status of the mothe r
The most important maternal predisposing conditions are alcoholism ,
phenylketonuria, insulin dependent diabetes mellitus (IDDM), sys-
temic lupus erythematosis (SLE ) an d Graves disease .

Timing and aetiology
Pre-embryo
Damage to the pre-embryo generally results in spontaneous abortion or
regulative repair , s o few error s i n newborns are ascribabl e to preim -
plantation damage. The following are exceptions:
1 Monozygoti c twinning.
2 Ger m laye r defects , e.g . ectoderma l dysplasia s affectin g skin ,
nails, hair, teeth and stature.

Embryo
The first trimester (i.e . the first 3 months) is the critical period, as it is
characterized by many delicate and complex tissue interactions.

The following are particularly important:
1 Failur e o f cel l migration , e.g.  neura l crest cells : Waardenbur g
syndrome.
2 Failur e o f embryoni c induction , e.g . anophthalmia (absenc e of
eyes).
3 Failur e of tube closure , e.g . the neural tube remaining open in the
lumbar region in spina bifida and anteriorly in anencephaly.
4 Developmenta l arrest , e.g. cleft lip (see Chapters 22 and 23).
5 Failur e of tissue fusion, e.g. cleft palate (see Chapters 22 and 23).
6 Defectiv e morphogeneti c fields , e.g . sirenomelia (mermaid-lik e
fusion o f legs).
The foundations of consequent disturbance s  can be laid at this stage,
e.g. th e Potte r sequenc e du e t o oligohydramnios , o r deficienc y
of amniotic fluid caused by rena l agenesis , polycystic kidney disease,
urethral obstruction , or flui d leakage . A  fetu s growin g i n a  fluid -
deprived spac e ma y suffer compression , immobility , breech presenta -
tion, facia l an d lim b deformities , growth deficiency an d pulmonar y
hypoplasia.

Fetus
During the fetal perio d the organ systems grow and mature towards a
functional stat e an d ther e i s extensiv e programme d cel l death , o r
apoptosis. Abnormalitie s ar e largel y i n growth , ossification o f th e
skeleton an d the ordering o f neural connections . Th e latte r i s of par-
ticular importance as errors can cause mental dysfunction .

Causes include:
1 Absenc e of normal apoptosis , e.g . finger webbing.
2 Disturbance s i n tissue resorption , e.g . anal atresi a (imperforate
anus).
3 Failur e o f orga n movement , e.g . cryptorchis m (o r cryp -
torchidism: failure of descent of the testes).
4 Destructio n o f forme d structures , e.g . phocomeli a (seal-lik e
arms), due to interference in blood supply.
5 Hypoplasi a (reduced proliferation), e.g. achondroplasia .
6 Hyperplasi a (enhance d proliferation) , e.g . macrosomi a (larg e
body size) due to maternal diabetes mellitus.
7 Constrictio n b y amniotic band s (strand s of broken amnion) , e.g.
limb amputation.
8 Restrictio n o f movement, e.g. talipes (club foot).

Medicines
Teratogenic medicines include:
1 Abortifacient s (agent s intende d t o induce abortion) , e.g . th e foli c
acid antagonist aminopterin.
2 Antiabortifacients , e.g . diethylstibestrol : malformation s o f
reproductive systems.
3 Androgen s (mal e se x hormones) : masculinizatio n o f externa l
genitalia of girls.
4 Anticonvulsant s  used b y epileptics : trimethadone , diphenylhy -
dantoin, valproate, phenytoin, carbamazepine.
5 Sedative s and tranquillizers: thalidomide, lithium .
6 Anticance r drugs: methotrexate, aminopterin.
7 Antibiotics : streptomyci n can cause inne r ear deafness ; tetracy -
cline inhibits skeletal calcification.
8 Anticoagulants : warfarin, dicumarol.
9 Antihypertensiv e agents: ACE inhibitors.
10 Antithyroi d drugs.
11 Vitami n A analogues, e.g. retinoids used to treat acne.

Non-prescription drugs
Alcohol ca n caus e 'feta l alcoho l syndrome ' wit h poo r postnata l
growth, mental retardation, heart defects and facial midline hypoplasia.
LSD (lysergic acid diethylamide) , 'Ange l dust' or PCP (phenylcy-
clidine), quinine and birth contro l pills are all teratogenic. Tobacco
smoking causes growth retardation and premature delivery.

Environmental chemical s
Lead, methylmercury and hypoxia are the best recognized hazards.

Infection
Some infections during pregnancy lead to fetal abnormality :
1 Viruses : Rubella  (Germa n measles) , Cytomegalovirus,  Herpes
simplex, Parvovirus,  Varicella (chicke n pox).
2 Protozoa : Toxoplasma  gondii.
3 Bacteria : Treponema pallidum  (syphilis) .

Physical agent s
These include : hyperthermia due to infection or hot baths. Ionizin g
radiation an d X-ray s ca n caus e developmenta l errors secondar y t o
genetic damage (see Chapter 29).

Congenital abnormalities 4 9
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Polygenic baste of stature

Normal distribution of stature in men

The multifactorial threshold model

Recurrence risks in relatives

formation o f the uppe r lip and palate

The threshold model applied to creation  of cleft palate
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Overview
Mendelian traits show discontinuous variation i n that alternative phe-
notypes are distinctly different . With some characters variatio n is con-
tinuous, wit h n o natura l boundaries . Thi s chapte r explain s ho w
discontinuous and continuous variation can b e see n a s two aspect s of
the same genetic system.

Continuous variation
Quantitative character s suc h a s height , ski n colou r an d intelligenc e
quotient (IQ) typically show continuous variation, their frequency dis-
tributions approximating a normal curve. Suc h patterns are generate d
by th e combine d actio n o f man y genes , i.e . the y ar e polygeni c (se e
figure), or together wit h environmental factors , multifactorial .

Genetic experiments with other species sho w that quantitative varia-
tion a t just a few loc i can produce a  normal distribution definabl e in
terms of its mean and standard deviation. Individual s that exceed tw o
standard deviation s above o r below th e population mean (i.e . 2.5% a t
either extreme) are regarded clinicall y as 'abnormal' . The concept of a
normal rang e i s fundamenta l i n paediatrics , wher e height , weight,
head circumference, etc. are routinely measured in monitoring a child's
development (see Chapter 37) .

Discontinuous variation: threshold traits
Sometimes to o few individual s are affected for familial patterns to be
interpreted. One explanation conceives an underlying normal distribu-
tion of liability to disease, du e to an assemblage of harmful genetic and
environmental factors and truncated by a threshold of disease manifes-
tation. We all lie somewhere within each liability range, affected people
to the righ t of the threshold, and al l those nea r th e threshold having a
greater than average probability of producing diseased offspring . Suc h
conditions ar e known as multifactorial threshold traits .

Rules for identification of a multifactorial threshold trai t
1 Disorders  can  be common (>1/5000  births;  although  they  can also
be rare!).  B y comparison , seriousl y disabling, fully penetrant , domi-
nant condition s are usuall y selected ou t b y disease , reduce d fertility ,
early death or failure to mate.
2 The  disorder runs  in  families, but  there is  no distinctive pattern  of
inheritance.
3 The  concordance rate  in  monozygotic  (MZ)  twins  is  significantly
greater than in dizygotic (DZ)  (see Chapter 24) .
4 The  frequency of  disease in  second degree  relatives  is  much lower
than in first degree, but declines less  rapidly for more  distant relatives .
(See CL±P below).
5 Recurrence  risk is  proportional to  the number  of  family members
already affected.  This i s becaus e th e occurrenc e o f severa l affecte d
family member s indicates a particularly high concentration of harmfu l
alleles.
6 Recurrence  risk  is  proportional to  the  severity  of  the condition  in
theproband. Thi s is because severity of expression and recurrence risk
both depend on the concentration of adverse alleles (see CL± P below).
7 Recurrence  risk is  higher for relatives  of  the  less  susceptible  sex.
This i s because diseas e expressio n in the les s susceptible sex requires
the higher concentration of harmful alleles .

Malformations
Examples (see also Chapter 24)
Cleft lip  with or without cleft palate
Cleft lip with or without clef t palate (CL± P) is causally distinct from
cleft palat e (CP ) alone. I t i s caused b y failure of fusion o f the fronta l
and maxillar y processe s an d include s chromosomal , teratogenic ,
monogenic and multifactorial forms.

A critical featur e i s the maturit y of th e cell s o n th e surface s o f th e
lateral an d media l processe s i n relation t o their relative physica l loca-
tions. Fusion of lateral and medial elements requires unimpeded move -
ment of the palatal shelve s pas t the tongue.

CL ± P affects about 1  /1000 Europeans (0.1%), twice as many Japan-
ese and half as many Afro-Americans. Recurrenc e risk s in relatives of
different degre e (se e Chapter 18 ) are:

first degree = 4%;
second degree = 0.6%;
third degree = 0.3% (Rul e 4; see figure).
Severity of expression varies from unilateral cleft lip alone (UCL) to

bilateral clef t lip with cleft palat e (BCL+P) . The incidence o f CL± P
(of al l types ) i n firs t degree relative s is directly relate d t o severit y o f
expression in  the proband (Rule 6):

proband has UCL, incidence is 4%;
proband has UCL + P, incidence is 5%;
proband has BCL, incidenc e i s 7%;
proband has BCL + P, incidence is  8%;
60-80% o f patient s ar e mal e an d th e incidenc e i n sib s o f mal e

probands i s 5.5%;
20-40% of patients are female and the incidence i n their sib s is 7%

(Rule 7).

Pyloric stenosis
Pyloric stenosis involves abnormal musculatur e in the pyloric sphinc-
ter, leadin g to feeding problems, with projectile vomiting.

It occurs in 5/1000 male, bu t onl y 1/100 0 female infants . Affecte d
females ar e thre e time s a s likel y as male s t o hav e affecte d offsprin g
(Rule 7) . The son s o f affecte d wome n hav e th e highes t risk, at about
20% (see figure).

Spina bifida  and  anencephaly
These occu r du e t o failur e of closure o f the neura l tube (se e Chapte r
11), whic h i n geneticall y susceptibl e familie s relate s t o foli c aci d
deficiency. I n Norther n Englan d th e natura l incidenc e wa s abou t
1/200; it is now reduced to less than 1/1000 afte r vitamin supplementa-
tion an d termination of affected pregnancies (se e Chapter s 40 , 47 and
48).

Cleft palate  (CP)
Cleft palat e alon e affect s rathe r more girls than boys and account s for
1/2000 malformed births.

Congenital heart disease
Ninety pe r cent o f cases are multifactorial , affectin g eigh t babie s per
1000.
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23 Th e common disorders of adult lif e

Overview
Pedigree analysi s i s unhelpfu l wit h the commones t seriou s disease s
because simpl e inheritanc e pattern s ar e rarely found . The traditional
explanation ha s bee n polygeni c causation , i.e . tha t ther e ar e many
causative genes , eac h o f minor  effect , al l actin g together.  The y ar e
sometimes classed a s multifactorial threshol d trait s (see Chapte r 22) ,
but with new knowledge such explanations are becoming progressively
less convincing.

Some commo n disease s ar e oligogenic , i.e . ther e ar e a  few major
genes acting  together.  I n mos t case s thi s i s probabl y jus t tw o auto -
somal dominant s (Tabl e 23.1) . I n man y other s a  dominant  allele  o f
incomplete penetrance i s acting alone.  The y ar e also usuall y geneti -
cally heterogeneous, i.e. different geneti c loci are important in differ -
ent families.

Methodolgy
Twin studies
If a disease has a major genetic component, identical, or MZ, twin pairs
tend t o have a  high degre e o f concordance for disease (i.e . bot h ar e
usually affected) , wherea s in non-identical, DZ , twin s concordance i s
much lower. The degree of MZ concordance indicates the penetrance of
the genotype, while DZ concordance reveal s the number of causative
loci simultaneously involved (see Chapter 24) . If MZ and DZ concor-
dances are similar, genotype is unimportant.

Family studies
If ther e i s geneti c causatio n th e relativ e ris k fo r famil y member s i s
higher tha n in the general populatio n an d increases wit h closeness o f
relationship (Table 23.2; see Chapter 18) .

Adoption studies
Incidence o f diseas e i n childre n o f affecte d parent s adopte d int o
unaffected familie s can show t o what exten t geneti c predisposition is
causative, as compared to home environment.

Population studies
Study of migrant groups, or variant ethnic groups in the same environ-
ment can reveal genetic involvement.

Polymorphism association analysis
This approac h seek s associatio n o f diseas e wit h specifi c allele s o f a
candidate gene (see Chapter 28) .

Linkage studies
Linkage studie s loo k fo r co-transmissio n o f diseas e wit h poly -
morphisms of possible linke d genetic marker s (se e Chapter s 2 7 and
28).

Biochemical studies
Biochemical studies investigate abnormal activity of enzymes involved
in implicated biochemical pathway s (Chapter 39) .

Animal models
Animal models provide biochemical insigh t and help in gene mapping
by providing homologous chromosome segment s as comparators .

Examples
Essential hypertension
High blood pressure wit h no obvious cause is called essentia l hyper -

Table 23.1 Significan t properties of some common diseases. *

Coronary artery disease
Atopic diathesis
Unipolar affective disorder
Essential hypertension
NIDDM
Rheumatoid arthritis
Epilepsy
Schizophrenia
Psoriasis
Bipolar affective disorder
IDDM
Multiple sclerosis
Leprosy
Tuberculosis
Measles

Frequency/ 1000

Up to 500
250
20-250

100
30-70
20
10
10
10
4
2
1

Varies
Varies
Varies

MZ cone. (%)

46
50
54
30

100
30
37
45
61
79
30-40
20-30
60
87
97

DZ cone. (%)

12
4

19
10
10
5

10
13.0
13.0
24
6
6

20
26
94

n

lor 2
3
1
1
2
2
lor 2
1
lor 2
1
2
2
1
1
0.0

P

0.6
0.7
0.7
0.5
1.0
0.5
0.5
0.6
0.75
0.9
0.5
0.4
0.75
0.9
—

Cone., concordance; NIDDM, non-insulin dependent diabetes mellitus; IDDM, insulin dependent diabetes mellitus; n, number of major genes acting in a
monogenic or together in an oligogenic system, estimated from comparison of twin concordances (see Chapter 24). These data give no indication of
genetic heterogeneity. P, approximate penetrance, estimated from MZ concordance (see Chapter 24).
*This table is intended to present only a general picture; actual frequencies and concordances vary in different published reports.

Medical genetics52



tension. Thi s ca n lea d t o strok e (cerebra l haemorrhage) , rena l an d
coronary arter y disease. U p to 40% of 70-year-olds ar e hypertensive.

Twin concordance rate s and increased ris k in relatives suggest mono-
genie autosoma l dominan t inheritanc e i n a  few families . I t frequentl y
shows familia l clusters , bu t othe r inheritanc e pattern s ar e mor e
complex. Biochemical studie s implicate the sodium-potassium trans-
membrane pump, th e angiotensin I converting enzyme (ACE ) an d
the angiotensi n I I typ e I  receptor . Mappin g studie s indicat e thre e
major susceptibility loci .

High sodiu m intake , obesity , alcoho l an d lac k of exercis e al l con -
tribute to the condition.

Coronary artery disease
Coronary arter y diseas e (CAD ) account s fo r u p t o 50 % o f death s i n
economically develope d countries . Lipi d depositio n i n th e coronar y
arteries cause s fibrou s conversio n (atherosclerosis) , failur e o f
blood suppl y (ischaemia ) an d deat h o f hear t muscl e (myocardia l
infarction).

Genetic involvement , wit h incomplet e penetrance , i s indicate d b y
twin concordanc e rate s an d famil y studies . Fiftee n pe r cen t o f case s
show autosoma l dominan t inheritanc e and a t leas t four loci ar e inde-
pendently involved.

Predisposing condition s includ e familia l combine d hyperlipi -
daemia (FCH) , familia l hypercholesterolaemi a (FH ) an d poin t
mutations i n apoB-10 0 (al l inherite d a s autosoma l dominants) ,
diabetes mellitus and hypertension (see above).

Causative environmental factors include smoking, cholesterol intake
and lack of exercise.

Diabetes mellitus
Diabetes mellitus is characterized b y hyperglycaemia (exces s glucose
in the blood) that can cause many health problems includin g coma and
death.
1 Insuli n dependent diabetes mellitus  (IDDM) , Type 1 , or juvenile
onset diabetes affect s 3-7 % o f Western adults , the peak ag e of onset
being 1 2 years. Twin concordance rate s and familial patterns indicate a
genetic basis . Two loci are especially important: IDDM-1 and IDDM-
2, tha t together accoun t for 40-50% o f genetic predisposition . Thes e

Table 23.2 Relativ e risk and degree of relationship for some common
diseases.

concern autoimmun e susceptibilit y (se e Chapte r 33 ) an d insuli n
production.
2 Non-insuli n dependen t diabete s mellitu s (NIDDM ) o r Type 2
diabetes i s 1 0 times as common a s IDDM, wit h an older age of onset.
Twin concordance indicates a strong genetic basis and high penetrance.
Linkage studies suggest three susceptibilty loci.
3 Maturit y onse t diabetes o f the young (MODY ) affect s 1-2 % of
diabetics in early adulthood. Som e familie s show autosomal dominant
inheritance and six or more loc i are indicated.

Atopic diathesis
Atopic diathesis constitutes an exuberant IgE response to low levels of
antigen (se e Chapter 33) . One in four o f the population share an auto-
somal dominan t allele tha t i s possibly imprinte d (se e Chapte r 17 ) as
incidence i s highes t i n th e offsprin g o f affecte d mothers . Patient s
develop 'hay fever', eczema and asthma.

Schizophrenia
Schizophrenia i s a seriously disabling psychosis affecting abou t 1  % of
the population . Twin concordance rates , famil y and adoptio n studie s
support a  monogenic autosoma l dominant basis, with low penetrance .
Gene mapping indicates genetic heterogeneity.

Suggested environmenta l triggers includ e prenata l vira l infectio n
and social stress.

Affective disorder
Affective disorders include purely depressive o r unipolar, an d manic
depressive o r bipolar illness . The averag e lifetim e ris k fo r bipola r is
about 1  %, for unipolar 2-25% dependin g on cultural background.

Twin, family an d adoption studie s point to a genetic basis . Mapping
studies indicate genetic heterogeneity and there is evidence of anticipa-
tion, possibly indicative of an unstable triplet repeat (se e Chapter s 2 9
and 30).

Alzheimer disease
Alzheimer diseas e involve s dementia (progressiv e impairmen t o f
intellect, etc.) i n 10 % of those ove r 65 years , increasing to 50% a t 80
years. It is also a feature of Down syndrome (see Chapter 14) .

In familie s wit h earl y onse t diseas e dominan t inheritanc e i s indi -
cated, with at least seven susceptibility loci, including presenilin-1 and
presenilin-2, an d environmenta l ris k factors . Lat e onse t case s fi t a
multifactorial mode l best, with the epsilon 4 (e4) allele of apolipopro -
tein E as the best characterized component .

Others
Multiple sclerosis , rheumatoid arthriti s an d many other conditions
have major genetic and environmental components and notable associ-
ations wit h the human leucocyte antige n (HLA) syste m (see Chapte r
27). Twin concordance rate s fo r tuberculosis and leprosy, a s distinct
from thos e for measles, als o reveal genetic components.

The common  disorders  of  adult  life

Frequency in relatives (%)

Disorder Firs t degree Secon d degree Thir d degree

Epilepsy 5  2. 5 1. 5
Schizophrenia 1 0 4. 0 2. 0
Bipolar affective 1 5 5. 0 3. 5

disorder
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Twin studie s

Table 24.1 Twi n concordance values for some developmental multifactorial threshold traits.

Disorder

Spina bifida
Talipes equinovarus
Pyloric stenosis
Congenital dislocation of the hip
Cleft lip ± palate
Cleft palate

Frequency/ 1000 (I

5.0
5.0
3.0
1.0
1.0
0.5

Europeans) M Z concordan

6
32
15
41
30
26

ce (%) D Z concordance (%)

3
3
2
3
5
5

Overview
The main value of twins in genetic analysis is that they can reveal the
relative importance of genotype ('nature') and environment ('nurture')
in multifactorial disease.

There are two major categories of twins, monozygotic (MZ) or iden-
tical, an d dizygotic (DZ ) o r fraternal. D Z twins originate fro m tw o
eggs an d tw o sperm ; lik e ordinar y sibling s the y shar e 50 % o f thei r
alleles. MZ twins originate from a  single zygote that divided into two
embryos during the first 2 weeks of development. MZ twins are always
of the same sex and their genomes are 100% identical.

Sixty-five per cent of MZ twins share a placenta and chorion, around
25% hav e separat e chorion s an d almos t al l hav e separat e amnions .
They have non-identical, but very similar, fingerprints. Their 'DNA fin-
gerprints' are identical (see Chapter 46) .

Frequency of multiple births
Around 1/80 British pregnancies yield twins, about 1/260 of MZ, 1/12 5
of DZ. Up to 1/20 births are of DZ in some African populations, but less

than 1/50 0 i n Chinese an d Japanese . Multipl e births involve various
combinations o f DZ- an d MZ-like twinning events. Triplets occu r i n
1/7500 and quadruplets in 1/658000 European births.

DZ twinning is increased at late births and greater maternal age, the
peak being at age 35-40, possibly related to levels of follicle stimulat -
ing hormone (FSH) . Women treated with ovulation-inducing agents
like clomiphene  citrate  an d gonadotrophins  ar e a t increase d ris k o f
multiple pregnancy. There is probably no familial tendency toward MZ
twinning, but there is for DZ, with up to three times the normal rate in
some families.

Analysis of discontinuous multifactoria l traits

Concordance ratio
If both twins are affected b y a condition they are said to be concordant
for that condition. If only one is affected they are discordant. The pair-
wise concordance rate is given by

C/(C + D)
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Development of
a singleton

Development of dizygotic
twin© of two kind ©

Dizygotic Dizygoti c
2 amnions 2  amnions
2 chorions Fuse d chorions

2 placentas Fuse d placenta s
60% 40 %

Development of monozygotic twins of five kinds

Monozygotic Monozygoti c Monozygoti c Monozygoti c Conjoine d
2 amnions 2  amnions 2  amnions 1  arnnion 1  amnion
2 chorion s 2  chorions 1  chorion 1  chorion 1  chorion
1 placenta 2  placenta s 1  placenta 1  placenta 1  placenta

25% 10 % 65 % Rar e 1 %



From correlation coefficients (r)

from whic h penetrance ca n be calculated.
When P  i s know n th e numbe r o f majo r causativ e allele s ca n b e

derived from DZ concordance:

Analysis of continuously variable multifactorial traits
The mos t widel y use d estimat e o f genetic involvemen t is heritabilit y
(h2), define d as the fraction o f variation  i n a  quantitative  character
that can be ascribed to genotypic variation.  It can furnish information
on, for example, th e effectiveness of a  nutritional regime . I t applies to
populations, not individuals and varies between populations.

Heritability i s derivabl e from severa l kind s of data , includin g th e
standard deviations o f the differences betwee n cotwins , o r the coeffi -
cients of correlation between them.
From standard deviations
'Variation' is equated with Variance' , the square of the standard devia -
tion of the differences between members of twin pairs:

Health risk s in twins
Twin pregnancie s hav e a  5-10-fold increase d incidenc e o f perinata l
mortality an d a tendency towar d prematur e birth . Due to crowding, in
utero deformations occu r i n both kind s of twins , but M Z pregnancie s
are als o associate d wit h twic e th e norma l ris k o f malformatio n (se e
Chapter 21).

Monochorionic M Z twin s may (-15% ) shar e a  blood supply . Thi s
can lea d t o twin-to-twi n transfusio n syndrom e whe n on e twi n
becomes severel y undernourishe d while the other develops an enlarged
heart an d live r an d polyhydramnio s (excessiv e amnioti c fluid ; se e
Chapter 21) . There ar e marke d difference s i n birth weight s an d bot h
twins are at great risk of morbidity and mortality.

Conjoined twins
Conjoined, or 'Siamese' twin s develo p fro m incompletel y separate d
inner-cell masse s an d occu r i n abou t 1  % o f M Z pairs . The y ma y b e
united at any part of the head o r trunk but at the same position on each
individual.

Parasitic twins
A parasiti c twi n i s a  portio n o f a  body protrudin g fro m a n otherwis e
normal host . Commo n attachmen t sites ar e the ora l region , th e pelvis
and the mediastinum (the wall dividing the thoracic cavity).

Vanishing twins
Early los s and partial or complete resorptio n o f one member o f a twin
pair i s no t unusua l an d ca n caus e discrepanc y betwee n prenata l an d
postnatal cytogenetic findings.

Reversed asymmetry
Asymmetric anatomical features sometimes show reversal in one twin.
This is especially so in conjoined pairs and in those MZ twin pairs that
result from lat e division.

Problems of twin studies
1 Concordan t pair s ca n b e ascertaine d (i.e . recognized ) throug h
both individuals , discordant throug h onl y one , leadin g t o bia s o f
ascertainment.
2 Th e first two division products of an oocyte may be fertilized by sep-
arate sperms .
3 Ther e may be coincident fertilizatio n of separate egg s by differen t
fathers.
4 M Z discordanc e ca n aris e fro m somati c mutatio n o r transfusion
syndrome, rathe r than incomplete penetrance .
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where C = the number of concordant pair s and D = the number of dis-
cordant pairs .

Since M Z twin s ar e geneticall y identical , wherea s D Z shar e onl y
50% o f their genomes , th e ratio of their concordance s fo r a  condition
gives a  rough indicatio n of th e relativ e importance o f genotyp e i n it s
causation:

If CM Z : CDZ = 3-6:1, th e genom e i s the majo r determinant , e.g .
schizophrenia, CL + P.

If CM Z : CDZ = 2-3:1, both geneti c an d environmental factor s ar e
significant, e.g. blood pressure , mental deficiency.

If CMZ:CD Z = 1-2:1, the main determinan t i s environmental, e.g.
measles, tobacco smoking .

The Holzinger statistic
The Holzinge r (// ) statisti c provide s value s fro m clos e t o zero , fo r
minimal geneti c involvement , to clos e t o unit y fo r almos t entirel y
genetic causation:

Estimation of penetrance and gene counting
MZ concordance relate s to penetrance (P ) by the expression :

fr ONE major autosomal dominant;

for TWO dominants, or a pair of recessives;

for THREE dominants, or one dominant and a pair of

recessives.



Normal polymorphis m

Overview
Genetic polymorphism i s the occurrence of multiple alleles at a locus,
where a t least tw o ar e a t frequencies greate r tha n 1% . Ove r 30 % o f
structural genes are polymorphic. Part III deals with their application at
the DNA level.

Environment-related polymorphism
Sunlight
Skin colour relates to the prevailing intensity of sunlight in the region of
origin of a population. Sunburn, skin cancer and toxic accumulation of
vitamin D select for dark skin in sunny climates. Deficiency of vitamin
D select s fo r pale skin in less sunny regions, by causing rickets, for -
merly lethal to women at childbirth.

Food
Worldwide, most human adults cannot tolerate lactose, bu t traditional
consumption of cows' milk has selected lactose tolerance in Europeans
and i n som e Nort h Africans . Australian aborigine s readil y becom e
hypertensive if they consume common salt . Other foods cause health
problems for carriers of specific polymorphic variants (see Chapter 47).

Alcohol
Ethyl alcoho l is  metabolized to  acetaldehyde by alcohol dehydroge -
nase (ADH) , o f whic h ther e ar e severa l types . Ninet y pe r cen t o f
Chinese and Japanese people, and 5% of British people have a deficient
form of ADH2, making them more prone to intoxication.

Acetaldehyde is further degrade d b y cytosolic acetaldehyde dehy -
drogenase 1  (ALDH1 ) an d mitochondria l ALDH2 . U p t o 50 % o f
Asians are deficient in ALDH2 and experience an unpleasant 'flushing'
reaction to alcohol caused by accumulation of acetaldehyde.

Malaria
Sickle cell anaemia (intermediate dominance)
The HbS allele of p-globin causes reduced solubilit y of haemoglobin i n
homozygotes (HbS/HbS), an d their red blood corpuscles collapse, char-
acteristically int o a sickle shape, when oxygen concentrations are low.
The 'sickle d cells ' clo g capillarie s causin g deat h i n childhoo d (see
Chapters 19 and 30).

Heterozygotes (HbS/HbA) hav e 'the sickle cell trait'. In low oxygen
regimes they suffer capillar y blockage , but they have the great advan-
tage of resistance to the malaria parasite, Plasmodium falciparum. B y
eliminating norma l homozygote s (HbA/HbA)  malari a create s hig h
frequencies of the HbS allele in malarial areas (see figure) .

Sickle cel l disease i s the classic exampl e o f a  balanced polymor -
phism.

Thalassaemia (recessive)
Thalassaemia i s a  quantitativ e or functiona l deficienc y o f a- , o r P -
globin (see Chapter 30 and Tables 25.1 an d 25.2 ) . Homozygosity of
some allele s i s lethal , bu t heterozygosit y o f beta-thalassaemi a an d
alpha-thalassaemia trait (or type 2) afford protectio n i n malarial areas
around the Mediterranean Sea, the Middle East and South-East Asia.

Table 25.1 Geneti c bases of alpha-thalassaemia.

Phenotype

Normal
'Silent carrier'
'Alpha-thalassaemia trait'
Haemoglobin H (p4)
Hydrops foetalis

Genotype

ao/aa
a-/aa
a-/a- or — /aa
a-/--
--/ —

Quantity of a-globin
produced (%)

100
75
50
25
0 (lethal)
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Table 25.2 Geneti c bases of beta-thalassaemia.

Affected populatio n

Italian
Sardinian
African

Japanese
Indian

Asian
South-East Asian

Nature of defect

8/P fusion protein
premature termination
RNA splicing
RNA splicing
polyadenylation
promoter
deletion
frameshift +  premature

termination
mRNA capping
substitution

P-globin phenotype

P°
P°
P°
P+
P+
(3+
P°
P°

P+
P+

Glucose-6-phosphate dehydrogenase  deficiency  (X-linked
recessive)
Deficiency of  glucose-6-phosphat e dehydrogenas e (G6PD ) is  ver y
common i n malaria l area s (se e figure ) a s i t prevents growt h o f Plas-
modium parasites. Thi s advantage i s confined to females.

The Duffy  blood  group (codominant)
There are three alleles of the Duffy blood group, fy4, Fy B and Fy°, the
latter reachin g 100 % frequenc y i n some African populations. Fy A an d
FyB provid e a n entry gat e fo r malaria parasite s int o red cells , bu t Fy°
does not, so making homozygotes resistant .

Transfusion and transplantation
The ABO system
The ABO bloo d group s (se e Chapte r 19 ) are a  vita l consideration i n
blood transfusio n and tissue transplantation because w e naturally carry
antibodies directe d agains t those antigen s we do not ourselves posses s
(Table 25.3).

Group O are universal donors . Group AB universal recipients .

Table 25.3 Transfusio n relations between the ABO blood groups.

Blood
group

A
B
AB
0

UK
frequency*

0.42
0.09
0.03
0.46

Antigens
on RBCs

A
B
A+B
None

Antibodies
in serum

Anti-B
Anti-A
None
Anti-A +

anti-B

Can receive
from

AorO
BorO
Everyone
O only

Can
donate to

AorAB
BorAB
AB only
Everyone

RBCs, red blood cells.
*Allele frequencies var y widely between populations.

The Rhesus system
The Rhesu s syste m i s geneticall y complex , bu t ca n be considere d a s
involving two alleles, D  and d. DD and Dd individuals display Rhesu s
antigens on their red cells and are said to be Rhesus positive (Rh+) .
Rh+ individual s ca n b e give n Rh - blood , bu t Rh - (dd)  individual s
develop a n immune response i f transfused with Rh+ blood .

If a  Rh- woma n i s pregnant with a  Rh-l - (Dd)  bab y sh e can becom e
immunized agains t red blood cell s that leak acros s th e placenta. Anti-
Rh antibodies can then invade the baby causing haemolytic diseas e of
the newborn.

The major histocompatibility complex (HLA) syste m
The MHC, o r HLA system contains three classe s o f genes concerne d
with the immun e response (se e Chapte r 33) . Clas s I  includes HLA- A
(23 alleles) , HLA- B (4 7 alleles ) an d HLA-C (eigh t alleles) ; Clas s II ,
HLA-DP (six alleles), -D Q (thre e alleles ) an d -DR (1 4 alleles) . Sinc e
their product s ar e poten t antigen s an d highl y polymorphic , ther e ar e
serious problems o f compatibility in organ transplantation. The chanc e
of a random HLA match is about 1/200000 .

The MHC loci are closely linked and usually transmitted together as
a haplotype. Ther e is a 25% chance that two sibs inherit matching HLA
haplotypes or, if parents shar e a  haplotype, a similar chance o f a match
between paren t and offspring (see figure).

Pharmacogenetics
G6PD deficiency (X-linked recessive)
G6PD deficiency causes sensitivity to some drugs, notably primaquine
(used for treatment of malaria), phenacetin, sulphonamides and fava
beans (broad beans) , hence the name 'favism ' fo r the haemolytic crisis
that occurs when they are eaten (usually by males).

N-acetyl transferase deficiency (recessive)
Fifty pe r cen t of members o f Western population s ar e homozygous for
a recessive allel e that confers a dangerously slow rate of elimination of
certain drugs , notabl y isoniazi d prescribe d agains t tuberculosis . Th e
Japanese are predominantly rapid inactivators .

Pseudocholinesterase deficiency (recessive)
One Europea n i n 300 0 an d 1.5 % o f Inui t (Eskimo ) ar e homozygou s
for a n enzyme deficiency tha t causes lethal paralysis o f the diaphrag m
when given succinylcholine as a muscle relaxant during surgery.

Halothane sensitivity, malignant hyperthermia (genetically
heterogeneous)
One i n 1000 0 patient s dies i n high fever whe n give n th e anaestheti c
halothane, especially in combination with succinylcholine.

Thiopurine methyltransferase deficiency (autosomal
codominant)
Certain drug s prescribed for leukaemia an d suppression of the immune
response cause serious side-effects in about 0.3% of the population with
deficiency o f thiopurine methyltransferase.

Debrisoquine hydroxylase deficiency (autosomal recessive)
This is one of the large P450 group important in deactivation of many
drugs. Five to 10 % of Europeans sho w serious adverse reactions when
given debrisoquine for hypertension.

Porphyria variegata (dominant)
Skin lesions , abdomina l pain , paralysis , dementi a an d psychosi s ar e
brought on by sulphonamides , barbiturates, etc. I t affects abou t one in
500 South Africans .
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26 Allel e frequency

Piallelic autosomal syste m with codominance,
the M N blood groups

Proportions of  genotypes  in
100 zygotes obtained by
'random fertilization'.

AY -carrying cell s ar e
represented wit h black nuclei;
/V-carrying with white.
Frequency of Walleles = p
= 0.6; frequenc y of A 1 allelee
= q = 0.4

Geometric representatio n of the Hardy-Weinber g law applied
to the M V bloo d group system
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Piallelic autosomal system with dominance and
recessivity, albinism

Triallelic autosomal system  with codominanc i
and dominance, the ABO blood groups
(These frequencies are imaginary, see Chapter 25 fo r rea l values)

Relative frequency of recessive homozygotee and
heterozygotes for some important recessive
diseases



Overview
Within a  randomly  mating  populatio n the relative frequencie s of het -
erozygotes an d homozygote s are mathematicall y relate d t o allel e fre -
quencies by what is known as the Hardy-Weinberg law. Extension of
this theory reveal s tha t allele frequencies will  remain  constant  from
generation to generation provided none is  under positive or negative
selection. Thi s is the 'Hardy-Weinberg equilibrium'.

The Hardy-Weinberg law
Diallelic autosomal system with codominance
In th e MN blood group system allele s M  an d N ar e codominant an d
there are three blood groups: M, MN and N, M and N individuals being
homozygotes. We can calculate the frequency (p) o f allele M in a pop-
ulation a s the proportion o f group M individuals plus half the propor -
tion o f grou p MN. Similarly , th e frequenc y (q) o f allel e N  equal s th e
proportion o f grou p N peopl e plu s hal f the proportio n o f grou p MN .
Since there are no other alleles,/? +q=\. If Hardy-Weinberg condition s
apply the frequencies of the genotypes are given by: (p + q)2 =p 2 +2pq
+ q2, i.e. frequency of MM =  p2. frequency o f MTV = 2pq and frequency
ofNN =  q2.

Diallelic autosomal system with dominance and recessivity
(e.g. albinism )
If the frequency of a dominant allele A is p and that of a recessive allele
a a t the same locus is q and there are no other alleles, then the frequen-
cies of the genotypes areAA,/? 2; Aa, 2pq\aa, q2. The frequencies of the
phenotypes are pigmented: p 2 + 2pq; albino : q2.

Triallelic autosomal system with codominance and dominance
(e.g. th e ABO blood groups)
If the population frequencies of alleles A, B and O are p, q and r, respec-
tively, then p + q + r = 1  and the frequencies o f the genotypes, fro m ( p
+ q + r)2, are AA, p2; BB, q2; OO, r2; AB, 2pq; AO, 2pr;  BO, 2qr. The
frequencies o f the blood groups are A: p2 +  2pr\ B: q2 + 2qr; O: r2; and
AB: 2pq.

Diallelic X-linked system with dominance and recessivity (e.g .
G6PD deficiency)
If th e frequency of allel e G  i s p an d tha t of allel e g i s q, the n the fre-
quency of G phenotype males is p and that of g phenotype males is q. In
females the frequencies of the genotypes are : GG,  p2; Gg,  2pq\  gg, q2,
and the frequencies o f the phenotypes ar e G, p2 + 2pq; g, q2.

Necessary condition s
1 Rando m mating. Tw o conditions can lead to over-representation of
homozygotes: (i ) assortative mating : usually selection of a mate on the
basis of similarit y with self, e.g . fo r deafness , stature , religio n o r eth -
nicity; an d (ii ) consanguinity , e.g . cousi n marriage . Homozygosit y
exposes disadvantageou s recessives t o selection, which may alter their
frequency i n subsequent generations .
2 Absenc e o f selection , i.e . no genotypi c clas s ma y b e les s o r mor e
viable than the others . Allowance mus t therefore b e mad e for diseas e
alleles.
3 Lac k of relevant mutation .
4 Larg e population size. I n small populations rando m fluctuations in
gene frequency (geneti c drift ) can result in extinction o f some alleles ,
fixation o f others.
5 Absenc e o f gene flow. Migration of people slowl y spreads varian t
alleles. An example i s indicated by the cline in blood group B from 0. 3
in East Asia to 0.06 i n Western Europe .

Applications of the Hardy-Weinberg law
These include :
1 Recognitio n o f reduced viabilit y of certain genotypes .
2 Estimatio n o f th e probabilit y o f findin g a  specifi c tissu e antige n
match in the general population .
3 Estimatio n of the number of potential donors of a rare blood group .
4 Estimatio n o f th e frequenc y o f carrier s o f autosoma l recessiv e
disease. The frequency o f unaffected  heterozygotes  i s invariably very
much higher than  that of affected  recessive  homozygotes  (se e figure) .

Examples
Autosomal recessive conditions
Phenylketonuria
Phenylketonuria occurs in US whites at a frequency of -1/15 000. Wha t
is the frequency of heterozygous carriers ?
Homozygote frequency, q2 = 1/1 5 000;
disease allele frequency, q  = Vl/15000 = 0.008;
normal allele frequency , p = 1 - q  = 1 - 0.008 = 0.992.
Heterozygote frequency , 2p q = 2 x 0.99 2 x 0.008 = 0.016 =  1.6 %
or-1/60.

Cystic fibrosis
Cystic fibrosi s occur s i n US white s at a  frequency o f -1/2500. Wha t
is th e frequenc y o f marriage s (a t random ) betwee n cysti c fibrosi s
heterozygotes?
q2-1/2500;
q = VV2500= 1/5 0 = 0.02 ;
p= i- q=i -0.0 2 =  0.98;
carrier frequency = 2pq = 2 x 0.98 x  0.02 =  0.04 .
Frequency of marriages between heterozygotes = (2pq)2 = (0.04)2 =
0.0016 or 0.16%.

X-linked recessive conditions
Haemophilia A
Haemophilia A occurs in 1/500 0 mal e births. What i s the frequency o f
female carriers?
q = frequency of disease in males = 1/500 0 =  0.0002;
p = l - q = 1-0.0002 = 0.9998.
Frequency of female carrier s = 2pq = 2 x 0.999 8 x 0.0002 = 0.0004
= 0.04%, or 1/2500.

Colour blindness
Colour blindnes s i s presen t i n 8 % o f Britis h males . Wha t i s th e fre -
quency of affected females?
Colour blindness allele frequency = q = 0.08 .
Frequency o f affected female s =  q2 = (0.08)2 = 0.0064 = 0.64% o r
1/156.

Consequences of medical interventio n
When medica l interventio n introduce s majo r improvement s i n th e
biological fitness of carriers o f lethal or seriously disabling alleles, this
has seriou s effect s o n allel e frequency . For example , one-thir d o f al l
copies o f X-linked disease allele s ar e in males. A major increase in the
survival or fertility o f male hemizygotes can therefore increase diseas e
frequency b y u p t o 33 % pe r generation.  Medica l interventio n ca n
double th e frequenc y o f seriou s autosoma l dominan t disease a t each
successive generation.  Recessive disease frequency could theoretically
quadruple i n 1/ q generations ; e.g. i f q  =  1/25 , in 2 5 generation s (se e
Chapter 34) .
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27 Geneti c linkage an d disease association

Rsdigree showing linkage of the nail-patella
gene locus with the AB O blood group locus

Characteristic posture of a  patient with
anl^loeing spondylltls (very  strongl y
associated wit h HLA-B27)

Crossing over between homologous chromosomes
In melosls

Overview
Genetic linkage i s the tendency for alleles close together on the same
chromosome to be transmitted together to offspring. I t is of very grea t
value in genetic prognosis (Chapter 42).

Disease association is the appearance i n many patients of a second
genetically determine d characte r a t a frequency higher than would be
predicted on the basis of their independent frequencies. In a few case s
this involves linkage disequilibrium , bu t in most i t does not.

A group of disease features that regularly occur together, usually due
to pleiotropic expressio n o f one allele, i s called a  syndrome. Distinc -
tion between a  syndrome and the effect s of linked genes involves : (i)
deducing a  logical causal relationship between the features; o r (ii) dis-
covering instances  where  the frequently associated  characters  d o not
occur together.

Genetic linkag e
Assume two loci, A and B, are close together on the same chromosome
and we observe 'tes t matings ' of type (i ) AB//abxab//ab, o r typ e (ii)
Ab//aBxab//ab, wher e / represents a chromosome. In type (i) matings,
dominant alleles A and B ar e on the same chromosome an d recessive
alleles a and b on its homologue. The dominants and recessives are said
to b e 'i n coupling', o r cis t o one another . In mating s of type (ii ) the
dominant and recessive alleles on opposite chromosomes are 'in repul-
sion', or trans t o one another.

Since loci A  and B are close, chiasmata rarely occur between them
and the parental combinations AB an d ab, or Ab an d aB, will be more
frequently represented among offspring than the recombinant combina-
tions Aft andflB , orAB,ab, respectively.

Gregor Mendel was unaware of linkage and according to his princi-
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in most individual s the dominant  disease  allel e N p is in coupling
with th e &  allele



The unit of map distance is the centiMorgan (cM ) an d map distances
derived in  this way never exceed 50 cM, as this corresponds to indepen-
dent assortment, i.e. non-linkage.

Longer distance s ca n b e mappe d b y addin g togethe r th e ma p dis -
tances between intermediate loci.

A gene ma p constructe d fro m crossover s i n male s give s the sam e
gene order a s one constructed fro m crossovers in females, bu t the cal-
culated 'distances ' betwee n the m are ofte n different . Thi s i s becaus e
chiasmata occu r a t differen t frequencie s i n the formatio n o f ov a an d
sperm. There ar e also 'ho t spots ' o f high recombination frequency o n
some chromosomes.

The tota l map lengt h of th e genome , estimate d fro m visibl e chias-

Table 27.1 Importan t HLA associations of some common diseases.

mata i n primar y ger m cells , i s ~3000c M i n male s an d ~4200c M in
females. Since the haploid/?/z_ys/c<3/ length of the genome is about 3000
millionbp, 1  CM corresponds to about a million base pairs in males, and
700000 in females.

Additional technique s of gene mappin g and it s diagnostic applica -
tions are discussed in Chapters 28 and 42.

LOD score analysis
The reliability of a suspected linkage can be confirmed by 'LOD score
analysis' o f family pedigrees . Th e wor d LOD i s derived fro m 'lo g of
the odds' , the logarithm (Iog10) o f the ratio of the probability tha t the
observed rati o of offspring aros e as a result of genetic linkage (of spec-
ified degree) t o the probability that it arose merely by chance .

The maximum LOD score is the total value of the combined LODs ,
usually for a group of families, calculated a t the most probable degree
of linkage. A  value that  exceeds + 3 is accepted a s evidence favouring
autosomal linkage (or of+2 for linkage  on the X); one of less than -2, o f
non-linkage.

Disease associatio n
Many o f th e mos t importan t diseas e association s involv e the HL A
system. For example, more than 90% of individuals with the connective
tissue diseas e ankylosin g spondyliti s (AS , o r 'poke r spine' ) carr y a
specific HL A allele , namely HLA-B27. AS is a chronic inflammator y
condition o f the spin e an d sacro-iliac joints tha t leads to their fusion .
Five per cent of Europeans have HLA-B27 and , although only 1 % of
these actually has AS, their 'risk ' is considered to be 90 times as high as
those who are B27-negative. This association o f HLA-B27 wit h AS is
believed t o involv e interferenc e i n th e generatio n o f a n immun e
response specifically to infection by the bacterium Klebsiella.

There are many other HLA-associated diseases, most of which do not
involve linkage to the MHC (se e Chapte r 23). Primary haemochro -
matosis an d congenital adrena l hyperplasi a ar e exception s which
show linkage disequilibriu m with specific HLA haplotypes: Linkage
disequilibrium exist s becaus e th e diseas e allele s aros e o n ver y fe w
occasions and have not yet segregated fro m their original haplotypes .

Most other cases, including AS, involve auto-immunity, i.e . there is
an immun e respons e directe d apparentl y agains t self-antigen s (se e
Chapters 23 and 33).

HLA

A3
B17
B27

B47
Cw6
DR2

DR3

DR4
DR3//DR4
DR5

Disease

Haemochromatosis
Psoriasis
Ankylosing spondylitis
Reiter syndrome
Congenital adrenal hyperplasia
Psoriasis
Narcolepsy
Goodpasture syndrome
Multiple sclerosis
Systemic lupus erythematosus
Systemic lupus erythematosus
Coeliac disease
IDDM
IDDM
IDDM
Juvenile rheumatoid arthritis
Pernicious anaemia

Frequency in patients (%)

75
38

>90
75
17

>50
-100

88
57

>70
50
60
50
38

50
25

Frequency in genera l pop. (%)

13
8
8
8
0.4
9

16
32
21
16
25
12
12
13

16
6

Relative risk *

20
7

>100
35
51

>10
>100

16
5

>12
3

1 1
7
4

33
5
5

HLA, huma n leucocyte antigen; IDDM, insulin dependent diabetes mellitus.
*Relative risk = ad/bc, where a = number of patients with the antigen, b = number of controls with the antigen, c = number of patients without the antigen
and d - numbe r of controls without the antigen.

Genetic linkage and disease association

pie of Independent Assortment (see Chapter 16) , all fou r type s of off-
spring: AaBb, Aabb, aaBb an d aabb shoul d be equall y represented.
When they are not, this is evidence of linkage.

If an allele o f gene A cause s disease , bu t is otherwise undetectable,
whereas the alleles of gene B can be easily detected an d distinguished,
gene B  ca n be used a s a  marker fo r the inherited disease. Thi s i s not
completely reliable , a s crossover occasionall y occur s betwee n them .
For accurate prediction we need to know the crossover frequency, i.e .
we nee d t o 'map ' thei r relativ e positions. A  marker locu s fiv e ma p
units fro m a  disease gen e segregates from i t in 5% of meioses, s o pre-
dictions based on that marker are accurate in 95% of cases .

Historically importan t linkage s ar e o f AB O t o nail-patell a syn -
drome an d o f secreto r t o myotoni c dystrophy . Currentl y th e mos t
useful marker s are microsatellite DNA variants (see Part III) .

Gene mapping
The genetic map distance betwee n loci A an d B can be deduced fro m
the frequency of recombination between them, by the formula:

Number of recombinant offspring x  100
Total number of offsprin g
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(Aabb +  aaBb) x  100
i.e. in type i) matings :

Aabb + aaBb + AaBb +  aabb

(AaBb +  aabb) x  100
Or, i n type ii) :

Aabb + aaBb + AaBb + aabb



28 Gen e mapping
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the positional clonin g approach to
gene mapping and defect
characterization

Chromosome flow sorting Crossover analysis with
flanking markers

Multipoint mapping

Location scores  are plotted b y mapping th e gen e of
interest simultaneously against several markers  a t
known ma p positions. The peak score indicates th e
most probable  location  of the gen e

The region responsible for Dow n
syndrome is at 21^21.2-̂ 22.3 .

APF = amyloid precursor protein

SOPI ~ superoxide dismutase-1
(3ART = a purine synthetic enzym e
ETS-2 = an oncogens

CKYA1 = alpha crystalli n

Phenotypic map of Trisomy
21, based on individuals with
partial trlsomies

Table 28.1 Approache s for
physical gene mapping

An average gene occupies about  1OO O b p (1 kb)
(1 c M i s about 106 b p [1 Mb]). An average
chromosome is about 150 cM or 150 Mb

B?si& of method Goal  Resctutto n
(base pairs)

Somatic cel l hybrids Chro-nosom e assignment 50-25Ox10 s

Flow cyto^ietry

Chromosome Regiona ' mapping 5-2 0 x '0®
rearrange; rien-;3
(3sne dosags analysis
Cross-over analysis

In situ l-ybridija-ion Fins-stal e mapping 10 5-10S

L rkags analysis
Restriction mapping
Chromosome ivaking

Cloning in YACs Large-scal e cloning 1O 5-106

Cloning i n BACs Gen e cloning 10 3"5x104

PNA sequencing Nuclectid e sequence 1

BACs, bacterial artificia ! chromosomes
YACs, yeast artificial chromosomes



Overview
There ar e two fundamentall y differen t approache s t o mapping human
genes: geneti c mappin g involve s measuremen t o f th e tendenc y o f
genes t o cosegregat e throug h meiosis ; physica l mappin g deal s wit h
the assignmen t o f gene s t o specifi c physical locations . Th e Huma n
Genome Project aims to produce a  complete gen e map and record of
the entire nucleotide sequenc e of the human genome by the year 2003.

Gene mapping exercise s generally progres s through fou r stages:
1 chromosom e assignment ;
2 regiona l mapping;
3 high-resolutio n mapping;
4 DN A sequencing (see Chapter 43).

Chromosome assignment
Patterns of transmission
Five locations are indicated b y characteristic pattern s o f transmission .
These ar e autosomal , X  an d Y , pseudo-autosomal an d mitochondria l
(see Chapters 17-20) .

Chromosome flow-sorting or flow cytometry
A culture o f dividin g cell s i s arrested a t metaphase an d th e chromo -
somes released an d stained with a fluorescent DNA stain. The prepara -
tion is then squirted through a fine jet, vertically downwards through a
UV laser beam. As each chromosome fluoresces it acquires an electrical
charge and is deflected by an electrical potential across it s path. Deflec-
tion is proportional to intensity of fluorescence and this allows prepara -
tions of individual chomosomes to be amassed .

Such chromosome preparations can be used for making chromosome
paints (se e Chapte r 3 8 and book cover ) or chromosome-specific 'dot -
blots' on nitrocellulose membranes. Sequences can then be assigned to
chromosomes merel y by testing their capacity to hybridize with the dot-
blots (see Chapter 44).

Somatic cell hybrids
A somatic cell hybrid i s produced by fusing together two somatic cells
or by incorporating a foreign genome int o a cell. By careful selection,
cloning and long-ter m maintenance it is possible to create culture s of
mouse-human cell s containing a single human chromosome along with
most o f the mouse genome . Chromosom e assignmen t o f the genes fo r
human proteins synthesized in such cultures is then a matter of recog -
nizing the human chromosome present.

Regional mappin g
Family linkage studies
The frequenc y o f cross-ove r betwee n loc i relate s inversel y t o th e
physical distanc e betwee n the m b y a  mathematica l expression calle d
the mapping function .

Autosomal traits have been assigned to chromosomes o n the basis of
cotransmission with cytogenetic features such as translocation break-
points, or linkage to already assigned markers, an early objective being
the identificatio n of DN A marker s a t lOc M interval s throughout the
genome (see Chapter 27) .

When man y loc i ar e involved , advanced compute r program s ca n
integrate linkag e data i n 'multipoin t maps' , t o produc e 'location s
scores' (c.f. LOD scores for single genes; see Chapter 27).

Restriction mapping
DNA i s digeste d wit h a  restrictio n enzym e an d subjecte d t o elec -
trophoresis, etc. , a s described for Southern blottin g (se e Chapte r 44) .
By us e o f severa l enzyme s tha t cleav e DN A a t differen t sites , an d
recognizing region s o f overla p betwee n differen t fragments , w e ca n
map the enzyme-susceptible sites, and order the fragments.

Cross-over analysis
This approach aims to map a gene by defining its haplotype with respect
to adjacent markers before and after cross-over (see figure).

Gene dosage
Normally ever y individua l ha s tw o copie s o f ever y autosoma l gene .
Exceptions include heterozygotes for a deletion and trisomics. Among
these, th e amoun t of primar y gen e produc t ca n var y three-fold . Th e
location o f a gene can sometimes b e determined b y relating quantity of
enzyme to the chromosomal breakpoints .

In-situ hybridization
The technique of FISH provide s a  spectacular approach t o gene map -
ping (se e Chapte r 38) . I f a probe recognizes a  specific gen e sequence ,
both chromosomal and regional assignment is straightforward.

High-resolution mappin g
Cloning
A range o f advance d techniques , such a s chromosome microdissec-
tion, jumping an d walking, involv e mass productio n o f DN A frag -
ments of a variety of lengths. Before PCR was developed (se e Chapte r
45) the only way to amplify a chosen gen e sequence was by cloning in
a microorganism . The basi c ide a i s to inser t the gen e int o a  bacterial
plasmid o r bacteriophage an d allo w this to proliferate in a  bacterial
culture (see Chapter 44). Larger DNA fragments are cloned in artificia l
bacterial vectors called cosmids and bacterial artificia l chromosomes
(BACs), ver y large ones (50-1000 kb) in yeast artificial chromosomes
(YACs).

Fibre-FISH
Chromosomes ar e extended a t interphase and thi s can be exploited t o
map genes by a n adaptation o f FISH calle d fibre-FIS H o r DIRVIS H
(Direct Visualizatio n Hybridization) . A liqui d preparation o f inter -
phase DNA is applied to a microscope slide, which is tilted, causing the
liquid to run down the slide and the chromosomes t o become stretche d
along their lengths. Fluorescent probes directed agains t genes known to
map to the same region are added to the slide and allowed t o hybridize,
when th e orde r o f th e fluorescen t signal s indicates tha t of th e gene s
along the chromosome.

Two basic strategie s fo r mapping gene s
The positional clonin g approach involves mapping the disease gene by
conventional linkage analysis with respect to the nearest reliable marker .

An alternative is the candidate gene approach. I n this, one identifies
genes known to map to the indicated region or to have a role in relevant
physiology. Patient s are then screened fo r variant s of thes e candidate
genes. I n both cases th e gene i s eventually isolated and the molecula r
defect(s) associated wit h disease deduce d b y sequencing (Chapte r 43) .
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Overview
Apart fro m th e effect s o f ultraviole t (UV) light , mutagenesis of th e
DNA in somatic cells is no different fro m tha t in the germline. Some is
spontaneous, caused b y a  base adoptin g a variant molecular for m or
tautomer during DNA replication; mos t is initiated by chemicals and
10-15% by radiation. For the natural mutation rate, see Chapter 17.

Chemical mutagenesi s
Environmental mutagen s include constituents of smoke, paints, petro-
chemicals, pesticides , dyes , foodstuffs , drugs , etc . Example s o f th e
major categories are given below. The principal means of exposure are
inhalation, ski n absorptio n an d ingestion . Promutagens , suc h a s
nitrates and nitrites are converted into mutagens by body chemistry.
1 Bas e analogues. 2-amino-purine  i s incorporated into DNA in place
of adenine, but pairs as cytosine, causing a substitution of thymine by
guanine in the partner strand. 5-bromouracil (5-BU) is incorporated a s
thymine, bu t ca n underg o a  tautomeri c shif t t o resembl e cytosine ,
resulting in a transition from T-A to C-G.
2 Chemica l modifiers . Nitrous  acid  convert s cytosine to uracil , and
adenine t o hypoxanthine , a  precursor o f guanine . Alkylating agents
modify bases by donating alkyl groups.
3 Intercalatin g agents. The antisepticproflavine an d the acridine dyes
become inserted between adjacen t base pairs, producing distortion s i n
the DNA that lead to deletions and additions.
4 Other . A wide range of other chemicals cause DNA strand break-
age and cross-linking.

Electromagnetic radiation
Paniculate discharge fro m radioactiv e deca y include s alpha-particle s
(helium nuclei), beta-particles (electrons ) and gamma-rays. The muta-
genicity of subatomic particles depends on their speed, mass and elec-
tric charge.

The mutagenicit y o f electromagneti c radiatio n increases wit h de -
creasing wavelength . All radiatio n beyond U V cause s ionizatio n by
knocking electrons out of their orbits.

UV light
UV ligh t is th e non-visible , short wavelength fraction of sunlight . It
exerts a mutagenic effect by causing dimerization (linking ) of adjacent
pyrimidine residues , mainl y T-T (but also T-C and C-C) . I t does no t
cause germlin e mutations, but i s a  major cause o f ski n cancer, espe -
cially in homozygotes for the red hair allele (see Chapter 16), who have
white, freckled skin.

Most UV radiation from the sun is blocked by a 4-mm layer of ozone
in th e uppe r atmosphere , bu t thi s i s currentl y under destructio n by
industrial fluorocarbons.

Atomic radiation
1 Natura l background radiation . This varies with local geology. The
most abundan t radioisotopes ar e Potassium-4 0 an d Radon-22 2 gas .
Radon contributes 55% of all natural background radiation and may be
responsible for 2500 deaths per annum in the UK.
2 Cosmi c rays . These presen t a major theoretical hazard for aircrews,
as their intensity increases with altitude. Exposure during a return fligh t
between England and Spain may equal five chest X-rays.
3 Man-mad e radiation . Thi s include s fallout fro m nuclea r testing
and powe r stations . Radiatio n worker s ar e a t particula r ris k an d
bone-surface-seeking isotope s present a major risk of leukaemia.

4 X-rays . X-ray s accoun t fo r 60 % o f man-mad e an d 11 % o f tota l
radiation exposure. They mutageniz e DNA either directly by ionizing
impact, o r indirectl y b y creatin g highl y reactiv e fre e radical s tha t
impinge on the DNA. These can be carried in the bloodstream and harm
cells not directly exposed.

Biological effects of radiation
Electomagnetic radiatio n damage s protein s and abov e lOOrad s kill s
cells. (One rad is the amount of radiation tha t causes one gram of tis-
sue to absorb 10 0 ergs of energy.) At the chromosomal level i t causes
major deletions , translocation s and aneuploidy (se e Table 47.1) . It
causes single - an d double-stran d break s i n DN A an d bas e pai r
destruction. X-ray s damage chromosomes most readily when they are
condensed, whic h i s wh y the y ar e mos t harmfu l t o dividin g cells ,
including the progenitors o f sperm. The offspring of older me n have a
many-fold risk of genetic disease, a s the DNA in their sperm has been
copied many times (see figure). The high testicular temperature caused
by clothing (6°C above unclothed) has been estimated to be responsible
for half the present mutation rate in human sperm.

For the firs t 7  days of life the embryo is ultra-sensitive to the muta-
genic and lethal effects o f X-rays; over weeks 2- 7 teratogeni c effect s
come to the fore. Childhood leukaemia can be induced by exposure at
gestational weeks 8^4-0.

At lOOrad s X-rays cause a 50% reduction in white blood cell count,
while whole-body irradiation of 450rads kills 50% o f people. Thera -
peutic doses of up to lOOOrad s are used against cancer cells. Radiatio n
damage is cumulative and there is no lower baseline of effect .

Safety measures when usin g X-ray s
1 Patients'  previous X-ray  exposure  should  be  reviewed  before  re-
questing further X-rays.
2 The  '28-day  Rule':  a  woman  of  child-bearing  age  should  be
X-rayed only  if  she has had a period within the last 28 days.
3 Patients  with DNA repair deficiencies should  NEVER be  X-rayed.

DNA repair
Apart fro m direc t repair , al l th e DN A repai r system s in huma n cells
require exonucleases , endonuclease s (defectiv e i n Cocayn e syn -
drome), polymerases and ligases. Ataxia telangiectasia an d Fanconi
anaemia patient s hav e defect s i n DN A damag e detectio n an d ar e
extremely sensitive to X-rays.
1 Direc t repair . A  specifi c enzym e reverse s th e damage , e.g . b y
de-alkylation of alkylated guanine .
2 Base-excisio n repair . The damaged base, plus a few others on either
side, are removed by cutting the sugar-phosphate backbone and the gap
filled by re-synthesis directed by the intact strand.
3 Nucleotid e excisio n repair . Thi s remove s thymin e dimer s an d
chemically modifie d base s ove r a longer stretch of DNA. Defects can
cause xeroderma pigmentosum .
4 Mismatc h repair . Thi s corrects bas e mismatche s due t o error s a t
DNA replication and involves nicking the fault y stran d at the neares t
GATC bas e sequence . Defect s occu r i n hereditar y non-polyposi s
colon cancer.
5 Postreplicatio n repair . Thi s correct s double-stran d break s eithe r
unguided, o r b y usin g th e homologou s chromosom e a s a  template .
Defects occu r i n Bloom syndrom e ( a 'chromosom e breakage syn -
drome') and breast cancer.
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Causation of red  and green colour vision anomalies (in males
due to unequal  crossing-over (in females') between  the
X-linked red and green photosensitive pigment genes

Table 3O.1
Piseases caused b y triplet repeats

Normal sequenc e Silent mutation Substitution
(missense mutation)

Premature termination
(non-sense mutation )

Single base pair deletion,
causing frameshift



Overview
Mutations ar e permanent modification s of DNA. They includ e aneu-
ploidies (se e Chapte r 14) , chromosome rearrangement s (se e Chapte r
15), point mutations, involving substitution, deletion or insertion of
a bas e pair , DN A duplication s an d inversions an d RNA processing
mutations.

Large deletions and insertions ca n be created by unequal crossing
over betwee n misaligne d segment s o f repetitiou s DN A causing , fo r
example, anomalous colour vision (see figure) .

Dynamic mutation s ar e progressiv e an d involv e expansio n o f
triplet repea t sequences .

Substitutions, deletions, insertion s and frameshifts
Substitution involve s replacemen t o f a  bas e pair . I f th e amin o aci d
coded by the new codon is the same, i t is a silent mutation, o r if differ-
ent, a  missense mutation. Mos t missense mutations are harmful, but a
notable exception is the substitution of the sixth codon i n the p-globin
chain responsibl e fo r sickl e cel l anaemi a (se e Chapte r 25) , whic h in
heterozygotes confer s resistance tofalciparum malaria .

Substitution can create a  STOP codon, causing translation to come to
a premature halt. This is called a premature termination o r non-sense
mutation.

If a  deleted o r inserted segmen t i s of other tha n a  multiple o f thre e
bases, apar t fro m los s o r gai n of codin g information , the translation
reading frame is disrupted i n a  frameshift mutation . Thi s causes the
protein produced to be entirely erroneous 'downstream ' (3') of the dele-
tion. Th e mos t commo n mutatio n causin g Tay-Sach s diseas e (se e
Chapter 18 ) i s a  four-base insertio n causing a frameshif t an d leading
to premature termination, so tha t no functiona l hexosaminidase A i s
synthesized.

Transcriptional control
Mutations in the flanking regions of genes can have quantitative effects
by inhibiting binding of transcription factors, as in the Factor IX gene
5' region, causing haemophilia B.

RNA processing
Splicing mutants either directl y affec t hnRNA donor o r acceptor site s
(see Chapter 7), or activate cryptic competitive splice sites in introns or
exons. The acceptor sequence at the end of the first intron of p-globin is
UUAGGCU, whil e within that intron i s a sequence that differs by two
bases: UUGGUCU . I n som e beta-thalassaemi a patient s th e latte r is
modified t o UUAGUCU. Sinc e this differs b y only one base fro m th e
normal accepto r it gets misidentified a s the acceptor, the hnRNA is cut
in th e wrong place and the resultan t mRN A erroneously retains some
intron bases. This in turn introduces a frameshift, causin g 'CUU AGG'
to be read a s '-C U UA G G-' . Translation ceases prematurel y because
UAG i s a STOP signal , resulting in f}+-thalassaemia (see below).

In on e RN A processin g mutatio n an A-to- C transitio n of th e firs t
nucleotide of the p-globin messenger inhibits capping, while in another,
substitution o f U  b y C  i n th e traile r sequenc e AAUAA A inhibit s
polyadenylation (se e Chapte r 7) . Bot h fai l t o suppres s rapid degrada -
tion of the messenger .

Thalassaemia
The thalassaemias are collectively the most common single gene disor-
der, in all of which there is reduced level of synthesis of either the a-, or
P-globin chai n (se e Chapte r 25) . I n th e absenc e o f a  complementary

chain wit h which t o form the haemoglobin tetrame r (a2(32) , the chai n
produced a t the norma l rat e i s in relative exces s an d precipitate s out ,
damaging th e re d cel l membrane s an d leadin g t o thei r prematur e
destruction.

Beta-thalassaemia
There are at least 80 beta-thalassaemia alleles in addition t o the RNA
splicing error above (see Table 25.2) . Most of these are point mutations
and mos t patient s ar e 'compoun d homozygotes' , wit h tw o different
deficient alleles . Carriers o f on e beta-thalassaemi a allel e hav e sligh t
anaemia and are said to have |3+-thalassaemia, or thalassaemia minor.
If n o p-globi n i s present, the condition i s P°-thalassaemia, or thalas -
saemia major .

In hereditary persistenc e of fetal haemoglobin, the P-globin gene
has bee n delete d an d th e neighbourin g y-globin gen e responsibl e fo r
fetal haemoglobi n (oc2y2) , remains transcriptionall y activ e a t a  high
level after birth.

Alpha-thalassaemia
Alpha-globin is coded by two pairs of genes per diploid genome. I n the
'heterozygous' state , calle d alpha-thalassaemi a trait , ther e ar e tw o
mutant and two normal genes, eithe r -o/-a, or -/aa (see Table 25.1) .
The latte r i s relatively common i n South-Eas t Asia an d give s ris e t o
completely a-globi n deficien t homozygote s (—/-- ) wit h hydrop s
foetalis. The (-a) haplotype is unusually common (aa ) amon g Melane-
sians, having been selected b y malaria (see Chapter 25) .

In Haemoglobin Constant Spring the UAA a-globin STOP codon
is mutated to CAA, coding for glutamine, and translation continues for
a furthe r 31 frame s to anothe r STOP . Th e mutan t mRNA is unstable,
causing mild alpha-thalassaemia.

Dynamic mutation : triple t repea t disorder s
Modification of the genetic material can occur by expansion or contrac-
tion of trinucleotide, o r triplet repeats. There ar e close to 20 disease s
in this category an d most show dominant inheritance (Table 30.1) .
1 Myotoni c dystroph y involve s repeats o f CT G i n th e 3 ' (down -
stream) regulatory region.
2 Huntingto n disease has extra repeats of CAG in an exon, that create
a run of glutamines in the protein. The normal range is 6 to -35 repeats,
patients have 37-121.
3 Fragil e X  diseas e (Frax-A ) involve s repeat s o f CG G i n th e 5 '
(upstream) region, two to 60 copies being the norm. Sixty to 200 copies
represent a premutation which can expand further in offspring. At over
200 repeat s th e gen e become s methylate d an d fail s t o produc e
the protei n FMR-1 , causin g menta l retardatio n an d othe r diseas e
symptoms.

As triplet  repeat  series  expand  from  one  generation  to  the  next,
disease symptoms  become  more  severe  and  appear  at  progressively
younger ages. Thi s is called anticipation. I n myotonic dystrophy and
Fragile X  disease , expansio n occur s i n th e mother ; i n Huntington
disease expansion occurs in the father.

Nomenclature o f mutations
Mutations are named by conventional abbreviations. For example, th e
most commo n mutatio n responsible fo r cysti c fibrosi s i s AF508. The
symbol 'A ' denotes a deletion, F stands for phenylalanine and 508 indi-
cates the location of the mutation in the coding sequence of the gene for
the 'cysti c fibrosis trans-membrane regulator' (CFTR).
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The signal  transduction cascade Hereditary and sporadic retinoblastoma; the
basis of the two-hit hypothesis

Molecular events during development of familial adenomatous polyposis (RAP);
the basis of the multi-hit hypothesis



Overview
Normal progres s throug h th e cel l cycl e i s promote d b y polypeptid e
growth factors that bind to specific receptors on the cell surface. Thei r
presence i s conveyed to the nucleus by a series of phosphorylations of
kinases (phosphate-attachin g enzymes ) tha t constitut e th e signa l
transduction cascade (STC). Phosphorylated DNA binding proteins
then bind to specific sites in the DNA and promote transition to the next
phase o f th e cycle . Th e gene s tha t cod e fo r th e (normal ) protein s
involved in the STC are proto-oncogenes. Cancer-causing derivative s
are called oncogenes.

Progress throug h the cycle is moderated b y the protein products of
the mitosis suppressor (or 'tumour suppressor') genes (see Chapter
9) and cancers are frequently initiated by their failure. The properties of
tumour suppressor genes and oncogenes are compared i n Table 32.1 .

Cancer cells can invade neighbouring tissues or undergo metastasis ,
i.e. break up and move in the blood to establish secondary tumour s i n
distant parts of the body.

If a  tumour shows sustained proliferation and spread i t is said to be
'malignant', being capabl e o f causing death , most ofte n by pressure
or occlusion . Malignan t cell s typicall y lac k contac t inhibitio n o f
movement, densit y dependen t inhibitio n o f growth an d the normal
requirement of a rigid substratum for mitosis, allowing them to invade
and proliferate t o abnorma l extent . 'Benign ' tumours usuall y d o not
spread, either by local invasion or metastasis.

Environmental trigger s
Most mutagen s (se e Chapter 29 ) ca n trigge r carcinogenesis . Non-
mutagenic cancer-promotin g chemical s operat e b y activatio n o f
kinases.

Viruses
Viruses can 'transform ' normal cells into cancer cell s by insertion of
a vira l promote r besid e a  hos t proto-oncogen e (a s wit h Epstein -
Barr virus in some cases of Burkitt lymphoma), or by introduction of a
viral genom e tha t already carrie s a n oncogene. Som e o f the latte r are
replication-competent  transforming viruses , bu t i n mos t case s a n
additional 'helper virus' is needed for replication.

DNA viruse s implicate d i n huma n cance r includ e papilloma .
Epstein-Barr an d hepatitis B . Oncogenic RN A retroviruses includ e
T cell leukaemia viru s and Kaposi sarcom a associated herpe s virus.

The signal transductio n cascade
1 Growt h factors. Growt h factors promote transition of cells from GO
to Gl (see Chapter 9). The best-known i s c-sis, identical to the B subunit
of platele t derive d growt h factor . Tw o others , hs t an d int-2,  have
been foun d amplifie d i n stomac h cancer s an d malignan t melanomas,
respectively.
2 Growt h facto r receptors . Growt h facto r receptor s spa n th e cel l
membrane an d hav e tyrosin e kinas e propertie s a t thei r cytoplasmi c
ends. An example i s c-erb-B, which encodes epidermal growth factor
receptor. Activation oferb-B2 independentl y of growth factor stimula-
tion is associated with cancer of the stomach, pancreas and ovary.
3 Postrecepto r tyrosine kinases. The target o f kinase activity of the
growth facto r recepto r i s characteristicall y a  postrecepto r tyrosin e
kinase, which in turn phosphorylates anothe r cytoplasmic kinase that
phosphorylates a  third, and so on.
4 Serin e threonine kinases. Som e steps in the STC involve phospho-
rylation of serine or threonine residues by, for example, the raf protein .
Mutant versions of raf maintai n continuous transmission of the growth-
promoting signal.

5 GTPases . Phosphat e fo r kinase activity is largely supplied by ATP,
but the intracellular membranes carry GTPases also, including three ras
proteins. Mutation s resulting in increased or  sustained GTPase activity
lead to continuous growth.
6 DN A binding proteins and cell cycle factors . DNA-bindin g onco -
proteins contro l expressio n o f gene s concerne d wit h th e cel l cycle .
Over-production of myc and myb, which stimulate transition from Gl to
S-phase, prevents cells from entering GO.

Loss o f factor s tha t normall y caus e apoptosi s (cel l death ) result s
in tumou r buil d u p an d activatio n o f bcl-2,  throug h chromosom e
rearrangement, inhibiting apoptosis i n some lymphomas .

Conversion of proto-oncogenes to oncogenes
1 Poin t mutation. Thirt y per cent of tumours contain mutated versions
of one or other of the ras proteins that are unable to adopt the inactive
form.
2 Translocation . Example s ar e th e Philadelphi a chromosom e (se e
Chapter 32 ) and translocations of myc on Chromosome 8 , to alongsid e
the promoters of the Ig heavy chain on Chromosome 14 , the kappa light
chain on Chromosome 2 , or the lambda ligh t chain on 22 (see Chapter
33). These ar e found in at least 90% of cases of Burkitt lymphoma.
3 Insertiona l mutagenesis . Se e 'Viruses' above.
4 Amplification . I n 10% of tumours are tiny, supernumerary pieces of
DNA calle d double-minut e chromosome s compose d of  amplifie d
copies of a proto-oncogene, e.g. o f N-myc  i n some neuroblastomas and
erb-B2 in breast cancers. Amplified proto-oncogenes inserted int o chro-
mosomes are detectable as homogeneously staining regions , or HSRs.

P53: 'th e guardian o f the genome'
Point mutations and deletions of P53 occur in 70% o f al l tumours. Its
protein acts as a tumour suppressor, contributing to the Gl block and so
allowing tim e for DNA defects t o be detected and repaired. P5 3 also
mediates commitment to apoptosis.

Li-Fraumeni syndrome , due to a germline defect in P53, is notable
for its assortment of tumours (see Chapter 32).

The two-hit hypothesi s
Retinoblastoma, ca n be: (a ) sporadic , unilateral , wit h averag e ag e of
onset 30 months, or (b) familial, bilateral, with average age of onset 1 4
months and accompanied by other cancers.

The normal allele for retinoblastoma (RB1 1+) is a tumour suppressor
that block s mitosi s of retina l cell s a t the Gl/ S transition . Knudson's
two-hit hypothesi s propose d tha t cance r develop s onl y i f both  R B
alleles are inactive. In familial case s one lesion is inherited. Only on e
further mutatio n in an y retinal  cell  i s necessary , s o i t occur s muc h
earlier tha n in normal homozygotes (se e figure) .

The multi-hit hypothesi s
Cancer of the colon
In familial adenomatou s polyposis (coli ) (FAP(C) ) inheritanc e of a
single mutan t tumou r suppresso r allel e i s associate d wit h multipl e
benign polyps (adenomas) of the colon lining . Progression towar d an
adenocarcinoma begins with deletion of the normal allele. Subsequen t
steps involv e activatio n o f th e K-ras  oncogen e an d deletio n o f P53.
Deletion of the 'Deleted in Colorectal Carcinoma' (DCC) gene initi -
ates cell surface changes and further mutation promotes metastasis and
early death. The specific mutations described are characteristic, but can
occur in any order (see figure).
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A pedigree for Li-Fraumeni syndrome showing breast
cancer, sarcomas and other malignancies, with general
susceptibility to cancer inherited in a dominant fashion.
(From Li , F. R (1996) Cancer Research 4S; 53S1-6)

Derivation of th e Philadelphi a chromosome by reciprocal
exchange between chromosomes 9 and 22

Table 32.1 Comparison  o f th e
properties of  oncogenes and
tumour suppressor genes

Oncogenes

(Over-) active  i n tumour
(Over-) activity associated
with translocation or
substitution

Abnormality rarely inherite d
Dominant at  cellular  level
Broad tissue specificity
Frequently causative o f
leukaemia and lymphoma

Tumour suppressor
genes

Normal aifel e inactive i n tumour
Abnormality due to deletion
or specific  mutatio n of norma l

Abnormality can b e Inherited
Recessive at cellula r leve l
Considerable tumour specificity
Causative o f solid tumour s

Typical &:14 translocation causing
Burkitt lymphoma

Close proximity of c-myc
to a n enhancer for the
immunoglobulin C\i chai n
causes its over-expressio n
in lymphoid cells

Overview
All cance r i s genetic a t the leve l o f the cell . Oncogenesis , i.e. cance r
development, i s a  multistag e proces s durin g whic h a  cel l accumu -
lates damage i n severa l critica l genes related to mitosis , suc h a s the
proto-oncogenes (Chapte r 31) . A small proportion develo p as a conse-
quence of genetic predisposition that includes pale (e.g. Northern Euro-
pean) ski n pigmentation, red hai r wit h associate d frecklin g (Chapte r
16) an d defectiv e DN A repair gene s (Chapte r 29) . Dominan t inheri-

tance patterns are generally due to a defective tumour suppressor gen e
(coding for a mitosis suppressor protein ; Chapter 9 and Table 32.1).

Indicators of inherited cancer
Familial clusters can be caused by shared environments ; the following
are pointers to genetic causation.
1 Severa l clos e relative s wit h th e same , o r geneticall y associate d
cancers.
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2 Tw o family members with the same rare cancer.
3 Unusuall y early age of onset.
4 Bilatera l tumours in paired organs .
5 Non-clona l multifocal or successive tumours in the same tissue, or in
different orga n systems of the same individual.

Recessive DM A repair defects
Damage detection errors
1 Ataxi a telangiectasia— autosomal recessiv e (AR) ; frequency :
1/50000. Ther e i s hypersensitivity t o X-rays, rearrangement of Chro-
mosomes 7 and 14 , cerebellar degeneration and enlargement of capil-
laries (telangiectasis ) i n th e cornea . A  35 % ris k o f lymphoreticula r
malignancy leads to early death in 30% of cases.
2 Fancon i anaemia—AR ; frequency : 1/350000 . Ther e i s undu e
sensitivity to DNA cross-linking agents , wit h chromosome breakage ,
and a 5-10% ris k of leukaemia and carcinomas.

Nucleotide excision repair defects
Xeroderma pigmentosu m (XP)—AR , a t leas t 7  types ; frequenc y
1/250000. Errors i n pyrimidine dime r excisio n lea d t o multipl e ski n
cancers, wit h corneal scarring and early death .

Post-replication repair error s
Bloom syndrome—AR . Ther e i s a  10-fol d rat e o f siste r chromatid
exchange, typicall y causin g shor t statur e an d increase d ris k o f
leukaemia, lymphoma and carcinoma.

Tumour suppressor genes
Dominant DNA repair defects
DNA mismatch  repair
Hereditary non-polyposi s colon cancer—autosomal dominant (AD).
Several know n defects in GATC endonuclease (Chapte r 29) cause early
onset colon and endometrial cancer .

Post-replication repair
Familial breast cancer, BRCA1, BRCA2-(AD); frequency: -1/200.
One in eight British women develop breast and/or ovarian cancer, about
5% o f thes e havin g inherite d susceptibility . BRCA 1 an d BRCA 2
account fo r wel l ove r hal f o f these . Th e age-relate d penetranc e fo r
ovarian cancer is 40-60% for BRCA1, 10-20% for BRCA2 .

Cell cycle block defects
1 Familia l retinoblastom a —  AD wit h 90 % penetrance ; frequency :
1/18 000 (see Chapter 31).
2 Li-Fraumen i syndrome —AD. This is due to an inherited defect in
P53; see figure and Chapter 31.

Intracellular signal defects
1 Neurofibromatosi s Type 1  (NF1; von Recklinghausen disease ) —
AD; frequency: 1/3000. Loss o f the NF1 norma l protein allows accu-

mulation o f ras-GTP, wit h increased cel l turnove r (se e Chapte r 31) .
There are numerous prominent benign fibromas and malignant tumours
of the central nervous system.
2 Neurofibromatosi s Type 2 (NF2)- AD; frequency: 1/3 5 000. There
are bilateral Schwann cell fibroma s o f auditory and spina l nerves and
intracranial meningiomas.
3 Familia l adenomatou s polyposi s (FAP ) Type s 1  an d 3—AD ;
combined frequency: 1/10000 . There are multiple benign polyps of the
colon, with 90% risk of malignancy and retinal hypertrophy in 80% of
families (see Chapter 31).

Transcriptional control defects
1 Vo n Hippel-Lindau syndrome—AD; frequency : 1/36000 . Ther e
are haemangioblastoma s o f th e retin a an d cerebellum , earl y onse t
renal carcinomas and phaeochromocytomas, especially of the adrenal
gland.
2 Wilms ' tumou r (nephroblastoma)— AD; frequency : 1/10000 .
This i s a  highly malignan t kidne y tumour; 1 % o f case s i s familial . I t
forms part of the contiguous gene syndrome WAG R (Wilms tumour,
Aniridia, Genitourinary anomalies and mental Retardation) caused by
a major deletion.

Cytodifferentiative error s
Basal cel l naevu s (Gorlin ) syndrome—AD ; frequency : 1/57000 .
There are skin naevi from puberty and a predisposition to basal cell car-
cinoma, medulloblastoma and ovarian fibromas. There ar e also dental
malformations, clef t palate and bifid ribs. Patients are unduly sensitive
to radiation.

Oncogenes
Growth factor reception
Multiple endocrin e neoplasia , Typ e 2  (ME N 2) . Thi s i s a n auto -
somal dominant syndrome of multiple endocrine neoplasms, including
medullary thyroi d carcinoma , phaeochromocytom a an d parathyroi d
adenomas. There i s gain of function of c-ret.

Signal transduction
Chronic myeloi d (o r myelogenous) leukaemi a (CML) . Transloca -
tion o f c-ahl,  normall y on 9q , t o a  positio n besid e th e 'breakpoin t
cluster region' (BCR) o n 22q initiates synthesis of a chimaeric 'fusio n
protein' with increased tyrosin e kinase activity. Reciprocal exchang e
of th e 2 2 telomere leave s a  characteristic modified versio n of 22 , th e
'Philadelphia chromosome', in the affected cell line.

DNA binding
Burkitt lymphoma . Thi s i s a  B-lymphocyt e tumou r o f th e jaw ,
the mos t commo n childhoo d cance r o f equatoria l Africa . The proto -
oncogene c-myc at 8q24 becomes activated by translocation adjacent to
an immunoglobulin enhancer at 14q32 , 2pl 1 or 22ql 1 .

Familial cancers  1 1



33 Immunogenetic s

Overview
Immunogenetics concern s th e genetic s o f th e immun e system , th e
exceptionally sensitive system that defends the body against invading
pathogens and rejects malignant cells or incompatible tissue grafts. The
relevance of the ABO and Rhesus blood group systems to transplanta-
tion is discussed i n Chapter 25.

In a  simplifie d description, three classe s o f cell s ar e involved , al l
derived from bone-marro w ste m cells. One population migrate s to the
spleen an d lymph nodes and becomes B-lymphocytes , which secret e
an infinite variety of soluble immunoglobulins, or antibodies.

The secon d populatio n migrate s t o th e thymu s an d develop s int o
T-lymphocytes. These differentiat e int o T4 cells (helpers an d induc-
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The majo r histocompatibilit y complex A secreted immunoglobuli n molecule

Genetic events leading to synthesis of an
immurioglobulm kappa light chain

Class I MHC molecule
(HIA-A, -B, -C)

Class II MHC molecule
(HLA-DP, -DQ, -PR)

T-cell receptor
Antigen presentation
to a  helper T cell



ers), T8 cells (cytotoxic and suppressor cells) and natural killer cells.
T-cells carry an infinite variety of antigen receptors.

Macrophages ar e th e thir d class . The y mov e directl y int o th e
circulation.

The humoral immun e respons e i s initiate d by macrophages . Fo r
example, they engulf virally infected cells and pass viral antigens to the
T4 helpe r cells . Thes e activat e immatur e B-cells an d T 8 suppresso r
cells. The B-cell s the n proliferate and differentiate into plasma cell s
that secrete antibodies which destroy the virus. The T8 suppressors late r
suppress B-cell activity.

The cellular immune response is initiated by T4 inducer cells , upon
contact wit h foreign antigen . They trigge r maturation of immature T-
cells, causin g thei r differentiatio n int o cytotoxi c T8 cell s capabl e o f
destroying invadin g pathogens. Natura l kille r cells attac k pathogens
and destroy antigens without mediation by helper cells.

Specification fo r specifi c response s i s retained by memor y B - and
T-cells.

Three kinds of molecules important in these interactions ar e the MHC
proteins, the immunoglobulins an d the T-cell receptors (TCRs) .

The major histocompatibilty comple x
MHC proteins ar e present on the surfaces of all nucleated cells . They
show wid e polymorphism (se e Chapter 25), but are uniform withi n
an individual. In the context o f transplantation  the y act as antigens.

The Class I MHC proteins consist of a heavy chain encoded by gene
HLA-A, HLA- B o r HLA-C , whic h link s wit h a  molecul e o f p2 -
microglobulin. Class II (HLA-D) protein s ar e heterodimers o f alph a
and beta sub-units and are present only on B lymphocytes. Both Class I
and Class II antigens pla y critical role s in the 'presentation ' of foreign
antigens to T lymphocytes.

The Class III genes encode components of the complement system ,
concerned wit h cell lysis.

The immunoglobulin s
Within eac h perso n a  differen t specie s o f immunoglobuli n is pro -
duced fo r ever y potentia l foreig n antigen . This  enormous  diversity  i s
created by unique kinds of  genetic rearrangement  within  individual  B-
lymphocytes (se e figure) .

An immunoglobulin (Ig) molecule has two heavy (H ) chains and a
pair of kappa (K ) or lambda (K)  ligh t (L ) chains. The latte r consist of
constant (C) , variable (V) and joining (J ) regions .

There ar e of five classes of heavy chain defined by their C-regions:
IgG, IgM, IgA, IgD and IgE, with heavy chains gamma (y) ; mu (|i);
alpha (a); delta (§) and epsilon (e) , respectively. There is also a 'hinge'
and V, J and diversity (D ) regions .

There are around 40 alternative sequences within the kappa L-chain
V region, five in the J, and one C gene, on Chromosome 2 . The lambda
genes o n Chromosom e 2 2 sho w simila r complexity . For th e heav y
chains, ther e ar e nine C  genes (y , |i, etc. , o n Chromosome 14) , plus
about 20 D between the arrays of V and J genes. The different B-cells  of
one individual  synthesize  billions  of  different  specificities  of  antibody
by differential  splicing  of  these alternative sequences,  their  transcripts

being edited further a t the RNA stage. Different pairs of H and L chains
then link as symmetrical tetramers .

Within one  B-cell  antigen-binding  specificity  can  be  transferred
between different  heavy  chains.  When a  B-cell produces both IgG and
IgM, o f th e sam e specificit y i t acquire s competenc e t o respon d t o
antigen and , o n contac t wit h tha t antigen , proliferate s an d produce s
antibody in profusion.

The T-cell recepto r
The TCRs play key roles in antigen recognition and helper activity, but
a T-cell responds to a foreign antige n onl y if it is complexed with an
MHC molecule.

The TCRs ar e dimers composed usually of a TCR a an d P chain (or
else aTCRyand 8 chain). Their genes also have separate segments that
are alternatively spliced  to  create extensive diversity.

Genetic disorders of the immune system
Absence of B-cell (humoral) immunity
X-linked agammaglobulinaemia. This is rare and usually affects only
boys, when, at 5-6 months , they become highl y susceptible to bacterial
infection. I t is characterized by a  defect in a protein kinase , affectin g
maturation of B-cells.

Absence of T-cell (cellular) immunity
1 T-cel l immunodeficiency, o r nucleoside phosphorylase deficiency
—AR. Thi s cause s a  gradua l declin e i n T  lymphocytes , leadin g t o
recurring viral and fungal infections from 3  months after birth.
2 DiGeorg e syndrome . Thi s is due to deletion of several contiguous
genes a t 22ql 1, causing absence of the thymus.
3 Chediak-Higash i syndrome—AR. Only the natural killer cells are
affected. On e of its features i s malignant lymphoma.

Total absence of both B-cell and T-cell immunity
Severe combined immunodeficienc y syndrom e (SCID) . There are X-
linked and autosomal recessive forms. About half of the latter involve
deficiency of adenosine deaminas e (ADA ; see also Chapter 48) .

Autoimmune disease
Soon after birth the immune system develops tolerance to all the body's
accessible antigens . I n autoimmun e disease , toleranc e breaks down ,
triggered usually by injury or infection. Cytotoxic T-cells then prolifer-
ate and attack the patient's own tissues.

Autoimmune disease s ma y b e organ-specific , e.g . Hashimot o
thyroiditis; or systemic, e.g . systemi c lupu s erythematosus . Auto -
immune diseases are most common in women and typically show asso-
ciation with specific HLA alleles (see Chapter 27). Explanations for this
include:
1 clos e genetic linkage of disease susceptibility genes to the HLA com-
plex and survival of the original haplotypes (linkag e disequilibrium) ;
2 cross-reactivit y between specifi c HL A antigen s an d antibodie s t o
specific environmental antigens ;
3 incomplet e or erroneous development of tolerance.

Immunogenetics 7 3



34 Clinica l application s of genetics: an overview

Overview
Genetics underpins and potentially overlaps al l other clinical topics, but
is especially relevan t to reproduction, paediatrics, epidemiology , thera -
peutics and nursing. I t offers unprecedented opportunities for preven-
tion an d avoidance o f disease because genetic disorder s ca n often b e
predicted lon g before th e onset of symptoms. This is known as predic -
tive o r presymptomatic genetics . Currentl y healthy population s can
be screened fo r persons with a particular genotype that might cause later
trouble for them or their children.

Genetic advice to patients and their families should be non-directive ,
non-judgemental an d supportive, an d ca n b e summarize d b y fou r
words: communication, comprehension, care and confidentiality.

Communication
For the genetic counsello r an d the health visito r good communicatio n
skills ar e vital , a s wha t the y conve y t o a  famil y ca n hav e profound
implications no t only for their present happiness , bu t for the health of
that family fo r ever more . Whe n assemblin g informatio n the y should
preserve a  war m an d non-judgementa l attitude , tak e adequat e tim e
and remember t o consider thei r own body language . It is common fo r
people to experience fear, denial, anger or guilt, but reassurance from an
authoritative figure outside the family can help them come to terms with
such feelings .
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Family myths often grow up around genetic disorders an d these must
be explored and disentangled befor e concept s such as X-linked, domi-
nant or recessive inheritance wil l be accepted . Famil y secrets such a s
incestuous o r extra-marita l relationships ma y b e reveale d durin g the
investigation and may be critical to the assessment of  genetic risk. Such
problem areas must be treated with extreme discretion .

Following face-to-fac e consultatio n it is usual to write to the family
to reiterate the main points and re-address difficul t aspects .

Comprehension
An important principle is that where possible, diagnosis should  precede
counselling, but in some cases supportiv e counselling is needed befor e
a definitive diagnosi s has been achieved . Example s includ e unknown
dysmorphic syndromes, children with dysmorphic features who are too
young to have 'grow n into' a recognizable syndrome an d conditions in
which there is marked genetic heterogeneity .

Initial contact with the consultand usually involves construction o f a
'family tree' or pedigree diagram (see Chapter 35). Physical examina-
tion for dysmorphic features can play a significant part in genetic diag-
nosis and guidance on this is given in Chapter 37.

Looking a t chromosomes provide s a  broad overvie w of the genome
(see Chapte r 38) , in contrast to the molecular genetics approac h where
tests are for one or a few specific mutations (see Chapters 42-45). The

An impression of the spectrum of relative genetic and environmental contributions to disease
(based on estimates of heritabiltty; &ee Chapter 24 )



assessment o f risks can be exceedingly complex , but instructive exam-
ples ar e give n i n Chapte r 36 . DN A fingerprinting , as describe d i n
Chapter 46, is of enormous value in paternity testing and other forensic
aspects of medicine.

The genetic counsello r wil l generally have been traine d in psychol-
ogy a s wel l a s general medicine , clinica l genetic s an d possibly othe r
medical disciplines , bu t his or her comprehension i s further informed
by a  tea m o f experts . Thi s generall y include s additiona l medicall y
trained clinica l geneticists , laborator y scientist s includin g cytogeneti -
cists and molecular biologists, and genetic nurses.

Care
After taking family details and constructing a family tree it is necessary

Table 34.1 Geneti c isolates with high frequency o f certain autosomal
disorders.

Population Disease

Old-order Amish (Pennsylvania)

Kuna (San Bias) Indians (Panama)

Hopi Indians (Arizona)

Pima Indians (US South-west)

Finns

Yupik Eskimo

Afrikaaners (South Africa)

Ashkenzi Jews

Karaite Jews

Ryukyan Islands (Japan)

Cypriots, Sardinians

Chondroectodermal dysplasia
Ellis-van Creveld syndrome
Cartilage-hair hypoplasia

Albinism

Albinism

Non-insulin dependent diabetes
mellitus

Congenital chloride diarrhoea
Aspartylglycosaminuria
Congenital nephrotic syndrome
MULIBREY-nanism

Congenital adrenal hyperplasia

Porphyria variegata
Familial hypercholesterolaemia
Lipoid proteinosis
Huntington disease
Sclereosteosis

Tay-Sachs disease
Gaucher disease
Dysautonomia
Canavan disease

Werdnig-Hoffmann diseas e

Spinal muscular atrophy

Beta-thalassaemia

to assess what the consultand actually wants to know: there may be spe-
cific concerns that are not obvious to the counsellor. Individuals should,
when possible, b e offered the choice of more than one alternative; for
example, betwee n presymptomati c testin g an d medica l surveillanc e
alone. Th e concep t o f 'hig h risk ' i s subjective , bu t compariso n o f
genetic risks with statistics on other aspects of health can help put things
in perspective (se e Table 40.2).

Genetically based disease varies between ethnic groups (Table 34.1)
and som e knowledge o f the family's educational , socia l and religiou s
backgrounds is also important a s these affec t thei r reactions an d deci -
sion-making. Consultation can create new uncertainties an d individuals
may adop t a  coping styl e known as 'functiona l pessimism ' to protec t
themselves from future disappointments. Guil t and depression can arise
in those who receive favourable test results when their relatives are less
fortunate. Long-term emotiona l support should therefore be offered a t
the same time as any offer o f predictive testing.

Population screenin g for disease alleles, combined with appropriate
courses of action has yielded dramatic reductions i n disease incidenc e
(see Chapte r 47) . However , 'eugenic ' concepts that conceive genetic
improvement at the population leve l and issues suc h as cost-saving or
contribution t o research should not influence decisions made by indi-
viduals regarding their own lives or those o f their offspring. Potential
ethical problem s ar e minimize d i f the rights  o f individuals  ar e given
priority.

It should be remembered tha t diagnosis of high liability toward genetic
disease i s not necessarily a n irrevocable condemnatio n t o il l health. As
stressed in Chapter 1 , phenotypic characters are the product of interaction
between genotyp e an d environmen t actin g ove r time ; i n som e case s
optimal health can be maintained only by avoidance of genotype-specific
environmental hazards (see Chapters 47 and 48).

Confidentiality
Genetic informatio n about one individua l may hav e implication s fo r
other family member s and agreement should always be sough t before
disclosure of such information. If a patient refuses to allow this, his or
her wish would normally be respected. Exceptionally, the genetic coun-
sellor may decide to breach confidentiality , when the potential harm to
another family member outweighs that to those first considered. Breach
of confidenc e is, however , neve r undertake n lightl y and no t without
considerable negotiation. The World Health Organization consider s the
counsellee to have a moral obligation to inform relatives if this allows
them in turn to choose whether or not to be screened.

Genetic information  should  never  be disclosed to  third parties, such
as insurance  companies  and  employers,  without  the  subject's written
consent.

An overview 7 5



35 Pedigre e drawin g

Overview
The collection of information about a family is the first and most impor-
tant ste p take n b y doctor s an d nurses whe n providin g geneti c coun -
selling. A clear and unambiguous pedigree diagram, or 'family tree',
provides a  permanent record of the mos t pertinen t informatio n and is
the best aid to clear thinking about family relationships .

Information i s usually collecte d initiall y from th e consultand , i.e .
the person requesting genetic advice . I f other family members nee d to
be approached it may be wise to advise them in advance of the informa-
tion required.

The affected individual who caused th e consultand(s) to seek advic e
is called the propositus (male), proposita (female), proband or index
case. Th e latte r i s frequentl y a  chil d o r mor e distan t relative , o r

the consultan d ma y als o b e th e proband . A  standar d medica l
history i s require d fo r th e proban d an d al l othe r affecte d famil y
members.

Rules fo r pedigree diagram s
A sample pedigre e i s shown i n the figure (see als o Chapter s 17-20) .
Females ar e symbolize d b y circles , male s b y square s an d person s
of unknown sex by diamonds. Affected individuals are represented b y
solid symbols, those unaffected by open symbols. Marriages ormating s
are indicated by horizontal lines linking male and female symbols, with
the male partner preferably to the left. Offspring are shown beneath the
parental symbols , in birth order from left t o right, linked to the mating
line b y a  vertical , an d numbere d (1 , 2 , 3 , etc.) , fro m lef t t o righ t i n
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Recommended symbols for u&e  in pedigree diagrams
Individuals

Relationships

Sample pedigree



Arabic numerals. The generations are indicated in Roman numerals (I,
II, III, etc.), from to p to bottom on the left , wit h the earliest generation
labelled I .

The proband is indicated by an arrow with the letter P, the consultand
by an arrow alone. (N.B. earlier practice was to indicate the proband by
an arrow without the P).

Only conventional symbols should be used, but it is admissible (and
recommended) to annotate diagrams with more complex information.
If there are details that could cause embarrassment (e.g. illegitimacy or
extra-marital paternity ) thes e shoul d b e recorde d a s supplementar y
notes.

Include the contact address and telephone number of the consultand
on supplementar y notes . Ad d th e sam e detail s fo r eac h additiona l
individual that needs to be contacted.

The compiler o f the family tre e shoul d record th e date i t was com-
piled and append their name or initials.

Table 35.1 Autosoma l dominant diseases.

*Frequency in Europeans.

Table 35.2 Autosoma l recessive diseases.

Autosomal recessive diseases

1 Cysti c fibrosis (see Chapter 18 )
2 Recessiv e mental retardation
3 Congenita l deafness
4 Phenylketonuri a (see Chapter 1  8)
5 Spina l muscular atrophy (see Chapter 1 8)
6 Recessiv e blindness
7 Congenita l adrenal hyperplasia (causes virilization of

females)
8 Other s
Total

Frequency/
10 000 births*

0.50
0.50
0.20
0.10
0.10
0.10
0.10

-0.30
-2/1000

The practical approac h
1 Star t your drawing in the middle of the page.
2 Ai m to collect detail s on three (or more) generations.
3 As k specifically about:

(a) consanguinit y of partners;
(b) miscarriages ;
(c) terminate d pregnancies;
(d) stillbirths ;
(e) neonata l and infant deaths;
(f) handicappe d o r malformed children ;
(g) multipl e partnerships;
(h) decease d relatives .

4 B e awar e o f potentiall y sensitiv e issue s suc h a s adoptio n an d
wrongly ascribed paternity.
5 T o simplify the diagram unrelated marriage partners may be omitted,
but a  not e shoul d b e mad e whethe r thei r phenotyp e i s norma l o r
unknown.
6 Sib s of similar phenotype may be represented a s one symbol, with a
number to indicate how many are in that category .

The detail s below shoul d be inserted beside eac h symbol , whether
that individual is alive or dead. Persona l detail s of normal individuals
should also be specified. The ethnic background of the family should be
recorded i f it is different fro m that of the main population.
1 Ful l name (including maiden name).
2 Dat e of birth.
3 Dat e and cause of death.
4 An y specific medical diagnosis.

Uses of pedigrees
A good pedigre e ca n revea l th e mod e o f inheritanc e o f a  monogeni c
disease (see Tables 35.1-35.4 and Chapters 17-20 ) and can be used to
predict the genetic risk in several instances. These include:
1 th e current pregnancy;
2 th e risk for future offspring of those parents (recurrence risk);
3 th e risk of disease among offspring of close relatives.
4 th e probability of adult disease, in cases of diseases of late onset.

Table 35.3 X-linke d recessive diseases.

X-linked recessive diseases

G6PD deficiency (geographicall y very variable)
Red and green colour blindness
Fragile X syndrome
Non-specific X-linked mental retardation
Duchenne muscular dystrophy
Haemophilia A
Becker muscular dystrophy
Haemophilia B
Agammaglobulinaemia (X-linked)

Frequency/ 10 000
male births

0-6500
800

5.0
5.0
3.0
2.0
0.5
0.3
0.1

Table 35.4 X-linke d dominant diseases.

Hypophosphataemia (vitamin D resistant rickets)
Incontinentia pigmenti (lethal in males)
Rett syndrome (lethal in males)
Oro-facio-digital syndrome
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Frequency/
Autosomal dominant diseases 100 0 births*

1 Dominan t otosclerosis (progressive deafness due t o 3.0 0
bony overgrowth in inner ear)

2 Familia l hypercholesterolaemia (raised levels of 2.0 0
blood cholesterol)

3 Dentinogenesi s imperfecta (failur e of formation of 1  .20
tooth dentine)

4 Adul t polycystic kidney disease 1  .00
5 Multipl e exostoses (bony growths on bone surfaces) 0.5 0
6 Huntingto n disease (progressive degeneration of 0.5 0

central nervous system)
7 Neurofibromatosi s (tumour-lik e growths in skin and 0.4 0

nervous system)
8 Myotoni c dystrophy (severe atrophy of certain 0.2 0

muscles)
9 Congenita l spherocytosis (haemolytic anaemia with 0.2 0

spheroidal red blood cells)
10 Achondroplasi a (see Chapter 17 ) 0.2 0
11 Marfa n syndrome (see Chapter 17) 0 . 10
12 Familia l adenomatous polyposis coli (precancerous 0 . 1 0

growths in large intestine)
13 Dominan t blindness 0.1 0
14 Dominan t congenital deafness 0.1 0
15 Other s -2.0 0

Total -11.5/100 0



36 Ris k assessment

Overview
A major part of the burden of a genetic disorder i s the risk of recurrence
in the family. A prime goal of assessment therefore is to estimate the risk
of transmission by the same couple to later children and by affected and
unaffected family members to their children. The simple application of
Mendelian theory can often provid e a rough guide, but such estimates
generally need to be refined by inclusion of other considerations such as
penetrance. Thi s i s mos t readil y achieve d b y applicatio n o f Bayes '
theorem.
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Risk assessment
A combination of several factors is used to determine the basic risk of
transmission of a genetic disorder (see Chapter 40) :
1 Diagnosis . A correct diagnosis is critical for the accurate assessment of
genetic risks. Correct diagnosis may indicate not only the mode of inheri-
tance, but also suggest appropriate carrier and/or prenatal diagnostic tests.
2 Famil y history . Eve n in the absence o f a diagnosis, assessment o f
the family history may reveal the pattern of transmission and provide
clues to penetrance (Chapter 35).

Risk assessment in X-linked recessive
disease; Duchenn e muscular dystrophy

Risk assessment In  autoeomal recessive disease',
cystic frbrosie

Risk assessment in auto&omal dominant disease of incomplete penetrance'.
familial retlnoblastoma (f=  0.&;  see Chapter 32)



3 Ethni c background . Certai n ethni c group s ar e know n t o b e a t
increased ris k for specifi c genetic trait s (see Chapter s 23 , 25 and 34) ,
so providin g guidanc e fo r assessmen t o f carrie r statu s an d prenata l
diagnosis.

Application o f Bayes' theore m
X-linked recessive disease
Consider a  woma n wit h bot h a  brothe r an d a n uncl e wit h X-linke d
Duchenne muscula r dystroph y (se e figure) ; since her mother must be a
carrier (i.e . is an 'obligat e carrier'), the woman has a  50% chance of
also bein g a  carrier . Thi s correspond s t o he r 'prio r probability ' of
being a  carrier. However , if , for example , sh e has had five unaffected
sons we can use this fact to recalculate the 'conditional probability' of
her carrier statu s and then the relative likelihood that she is, rather than
is not, a carrier.

Prior probabilitie s are generall y calculated fro m th e pedigree . Th e
prior probability of this woman being a carrier is 1/2 and that she would
have five unaffected sons, given that she is a carrier, is (1/2)5 = 1/32. The
prior probability of her not being a carrier i s also 1/2 , and, if so, the con-
ditional probability of having five normal sons i s 1 . The produc t o f the
prior an d conditiona l probabilities i s th e 'join t probability' ; i n this
case 1/6 4 and 1/2 , respectively.

The relative likelihood o f he r bein g a  carrier , als o know n a s th e
'posterior probability' , i s calculate d a s th e joint probabilit y o f he r
being a carrier divided by the sum of the two joint probabilities .

In mathematica l terms this is:

This calculation is an example o f the application of Bayes' theorem,
commonly use d in this context as it allows incorporation o f such factors
as age-related onset of disease, incomplete penetranc e and the results of
genetic testing.

Autosomal recessive disease
The risk of recessive disease depends on coincidence of three circum-
stances: mother being a  carrier, fathe r bein g a  carrier and child inherit -
ing both disease alleles .

Consider a  phenotypically normal woman whos e brother has cystic
fibrosis (CF) (se e figure) . She is married t o a Northern European ma n
and wishes t o know th e chance their planne d chil d wil l have CF . The
carrier risk for CF among Northern Europeans is around 1/2 0 and there
are laboratory DNA tests for 90% of all CF mutations. The tests on him
yield negativ e results , makin g hi s posterio r probabilit y o f bein g a
carrier 1/19 1 (see figure) .

In mating s betwee n two heterozygotes we expect normal homozy -
gotes, heterozygotes an d mutant homozygotes i n the ratio 1 : 2 : 1 . Since
this woman i s unaffected, sh e is either a normal homozygote (CF/CF ;
initial probabilit y 0.25 ) o r a  heterozygot e (CF/cf ; initia l probabilit y
0.5). He r probability o f being a carrier is therefore 0.57(0. 5 + 0.25) = 2/3.
The fina l posterio r probabilit y o f thei r havin g a  chil d wit h C F i s
therefore 2/3x 1/191 x 1/4= 1/1146 .

This example i s given to illustrate application o f the theory, in a real
situation of course the woman would usually also be tested, so reducin g
the range of possibilities and refining the estimate of risk.

Autosomal dominant of incomplete penetrance
Familial retinoblastoma i s transmitted as a dominant of penetrance (P )
= 0.8 (see Chapte r 32) . A s show n diagrammati c ally i n the figure, the
posterior probabilit y o f th e chil d o f a n unaffecte d suspecte d carrie r
(Rb/rb) being affected is 1/15 .

Application o f empiric risk s
Risks ar e currently no t calculable for some conditions, such a s multi -
factorial disease ; instea d w e refe r t o table s o f empiri c risks , i.e .
observed incidences (Table 40.1).

Isolated case s
Congenital deafnes s frequentl y occurs in families in which there hav e
been no previous cases. I n such instances risk is based o n the observa-
tion tha t 70% of cases o f deafness ar e genetic, of which 2/3 are reces -
sive. On the assumption i t probably i s inherited an d recessive, ris k of
recurrence i s calculated as 7/10x2/3x1/4= 1/9.

Difficulties
Patterns o f inheritanc e may b e obscure d b y smal l siz e o f the sibship ,
by ne w mutation , o r by failure o f some genotypes to survive t o birth .
There ca n als o b e diagnosti c difficultie s du e t o absen t o r variabl e
gene expression , o r lac k o f accurat e informatio n o n absen t famil y
members.

Even i f a genetic disorder occur s in one family membe r only , it may
be possible t o deduce the probable mode of inheritance by comparison
with othe r families tha t show identica l symptoms. However, i t should
be remembered tha t many conditions are genetically heterogeneous ,
i.e. disorder s tha t ar e clinicall y indistinguishabl e ma y b e cause d
by mor e tha n on e geneti c lesion , whic h ma y follo w differen t
patterns of inheritance. In such cases ethni c background can be infor -
mative. Conversely, members o f the same family ma y displa y variant
manifestations o f th e sam e condition , as with Marfan syndrom e (se e
Chapter 17) .
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1/64 1/33=



Dysmorphology

Overview
Anatomical features are considered dysmorphi c i f their measures lie
outside the normal range. Dysmorphology i s the discipline concerned
with their identification, delineation, diagnosis and management.

Quantitative characters var y with age and sex, but measures of dif-
ferent features in a normal subject should all lie within the same part of
their respective ranges . An exceptiona l measur e reflect s abnormality .
Since some dysmorphic features relate to age, re-examination at a later
date can be helpful.

Two to four per cent of newborn babies have a physical anomaly and
currently over 2000 diagnoses ar e listed. Multiple dysmorphic features
enable identification of known syndromes . For example fetal alcoho l
syndrome, presen t in 1/300-1/1000 children, is indicated by the com-
bination of growth deficiency, microcephaly (smal l head), short palpe-
bral fissures (eye slits), a smooth philtrum (channel in upper lip) and a
thin upper lip.

Classification of abnormal developmental features
A variet y o f congenita l anomalie s hav e bee n delineated , th e under -
standing of which is important in providing counselling to families (see
Chapter 21). These are classified as follows:
1 Malformations , e.g . polydactyly (presence of extra fingers or toes).
2 Deformations , e.g . moulding of the fetal head due to uterine fibroids.
3 Disruptions , e.g . amputatio n o f a  lim b du e t o entrapmen t by a n
amniotic band.
4 Dysplasias , e.g . neuronal heterotopia (i.e . presence of normal tissue
at abnormal sites) in the brain.

Malformations ma y als o b e classifie d i n term s o f occurrenc e o f
features.
1 Isolate d malformation, e.g . extra digit on one hand.
2 Sequence , e.g . clef t palate  in infant with under-development of the
jaw (Pierre-Robi n sequence), in which upward displacement o f the
tongue in a very small mouth interferes wit h palatal closure .
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Growth charts Facial features utilized In dysmorphology
Standing height Weight

Head circumference  Interpupillary distance

Table 37.1
Some well-recdgnlzed malformation syndromes

Apert syndrome Edwar d syndrome
(acrocephalosyndactyly) Fragil e X syndrome

EJeckwith-Wiedemann Noona n syndrome
syndrome Pata u syndrom e
CHARGE association Rubinstein-Tayb i syndrom e
Cleidocranial dysostosis Smith-Lemli—Opit z syndrome
Cri-du-chat syndrome Treache r Collin s syndrome
Crouzon disease (mandibulofacia l dysostosis)
(craniofacial dysostosis) Turner  syndrome

De Lange syndrome VATE R association
Pi George syndrome  Williams  syndrome
Down syndrome Wolf-Hirschhor n syndrome

Note: this ear is abnormally low-set



3 Association : tendenc y o f multipl e malformation s t o occu r to -
gether non-randomly , usually for unknown reasons, e.g . VATER asso-
ciation, i n whic h vertebra l an d ana l anomalies , tracheo-esophagea l
fistula, an d radia l anomalie s occu r togethe r i n variou s combination s
and VACTER L association , whic h als o include s cardia c an d lim b
defects.
4 Syndrome : a  se t o f phenotypi c feature s tha t frequentl y occu r
together as a characteristic of a disease, e.g. Down syndrome.

Clinically important growt h parameter s
Human growth charts show mean values and ranges plotted agains t age.
Individuals wh o li e outsid e th e 3r d an d 97t h centile s ar e considere d
abnormal. Assessment of infants requires careful physical examination,
photographic records and history taking.

The following measures ma y be taken i f there are specific concern s
about disproportionate growth.
1 Standin g height :

(a) overal l height;
(b) lowe r segment: floor to upper border of pubis ;
(c) uppe r segment: overall height minus lower segment.

2 Sittin g height .
3 Linea r growth, i.e. change in body length over time.
4 Ar m span.
5 Weight .
6 Hea d circumference: maximu m occipitofrontal circumferenc e i s an

indirect measure of brain size:
(a) microcephal y ca n reflec t poo r brai n growt h o r prematur e
fusion o f skull sutures;
(b) macrocephal y ma y indicat e hig h intracrania l flui d
pressure.

7 Eyes :
(a) hyperteloris m is a feature of nearly 400 syndromes , describ-
ing abnormally widely spaced orbits ;
(b) hypoteloris m refer s t o abnormall y closel y space d orbits ,
found in some 40 syndromes ;
(c) telecanthu s refers to an increase i n the distanc e betwee n th e
inner canth i wit h norma l interorbita l distanc e an d i s a  featur e of
around 90 syndromes;
(d) blepharophimosi s i s reduction i n the lengt h of th e palpebra l
fissures and features in over 10 0 syndromes;

(e) epicanthi c folds are skin folds over the inner canthi;
(f) upward s slant of the eyes means that the inner canthi are lower
than the outer, as in Down syndrome (see Chapter 14) ;
(g) downward s slant describes eye s with the inner canthi higher
than the outer, as in Cri-du-chat syndrome (see Chapter 15) .

8 Ears : maximu m ear length and ear position ar e recorded. Ear s are
described as low-set i f the upper border of their attachment i s below a
line through the outer canthi and the occipital protuberance at the back
of the skull .
9 Hea d shape :

(a) brachycephal y describes shor t anteroposterior skull length;
(b) dolichocephal y refer s to long anteroposterior skul l length.

10 Testicula r volume.
11 Limbs :

(a) syndactyl y indicates digital fusion, osseous (synphalangism),
or cutaneous (webbing);
(b) polydactyl y describe s extr a digit s o n th e preaxia l
(radial/tibial), or postaxial (ulnar/fibular ) side ;
(c) clinodactyl y describes an incurved digit , mos t ofte n th e fifth
finger (see Down syndrome, Chapter 14).

Diagnosis i n dysmorphology
Correct classificatio n o f congenita l anomalie s ha s implication s fo r
diagnosis an d henc e fo r management , prognosi s an d counselling .
Tissue sample s should b e taken from malformed stillbirth s an d fetuses
for laboratory investigation.

A systematic approac h to diagnosis would involve the following :
1 Famil y pedigree construction (see Chapter 35).
2 Pregnanc y history . Recor d dru g exposur e (e.g . treatmen t fo r
maternal epilepsy) , exces s alcoho l intake , materna l physiologica l
disorders such as diabetes and infection (see Chapter 11) .
3 Physica l examination .
4 Laborator y investigations , e.g . chromosom e analysis , skeleta l
survey or brain imaging.
5 Differentia l diagnosis. Illustrate d texts and computerized database s
can be used for reference (se e Appendix).
6 Conclusion . Currentl y in perhaps 50% o f cases a  secure diagnosis
cannot be reached.
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38 Chromosom e analysis

Overview
The microscopic study of chromosomes is called cytogenetics . Tradi-
tionally it is performed on compacted chromosomes at a magnification
of about 1000 , providin g resolution t o around 3 million base pairs, or
one narro w chromosom e ban d (se e Chapte r 3) . B y incorporatio n of
molecular techniques this can be reduced to 10kb.

Conventional cytogenetic s use s mitoti c chromosomes . Th e chorio n
(syncytiotrophoblast) an d bone-marro w normall y contai n sufficien t
dividing cell s fo r examination , bu t mos t tissue s requir e culturin g
in vitro,  with an overal l tim e schedul e o f abou t 1 0 days. Molecula r
cytogenetics utilizin g DN A probe s ca n b e applie d directl y t o
interphase nuclei .

Preparation of a karyotype
A visual karyotype is prepared by arresting dividin g cells at metaphase
with a spindle inhibitor such as colchicine (see Chapter 9), spreading the
cells on a glass slide and staining with Giemsa stain. Traditionally a  pho-
tographic positive is then made and the chromosomes cut out and assem-
bled on a card in pairs in order of size, sometimes in conventional groups

A-E (see Chapter 42). In modern practice, the latter step is replaced by
digital imaging. Chromosomes 1,3,16,1 9 and 20, with the centromere
in the middle, are known as metacentric; 13,14,15,21,22 , and Y, with
the centromere near one end, are acrocentric. Th e rest are submetacen -
tric. The short arm is symbolized 'p' (for petite) and the long arm 'q'.

Karyotype formulae are described in Chapter 14. Positions of genes
along chromosom e arm s ar e define d b y regio n numbe r (fro m th e
centromere outwards) , band, sub-ban d an d sub-sub-band numbers ,
e.g. 12q24.3 2 refers t o Chromosome 12 , long arm , region 2 , band 4 ,
sub-band 3 , sub-sub-ban d 2 . High-resolutio n bandin g involve s
fixation before the chromosomes are fully compacted .

C-banding stain s heterochromatin , NO R stainin g reveal s th e
nucleolar organizer regions o n the satellite stalks of the acrocentrics .

Fluorescence in  situ hybridization (FISH )
FISH enable s the specific localization of genes and the direct visual-
ization o f abnormalitie s a t th e molecula r level . Wit h chromosome -
specific probe s i t allow s rapid diagnosi s o r exclusio n o f trisom y i n
amniotic fluid cells.
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G-band\ng and labelling
of chromosomes

Three chromosome forms
(alternative representation, at
metaphase)

Use of FISH probes

Conventional abbreviations
used in cytogenetics

Chromosome 7 is shown at resolution s
of 450, 55 0 an d -350 bands per
haploid set. Th e indicated ban d is
designated 7q31.32

A-G Chromosom e groups M  Monosom y
1-22 Autosom e number  p  Shor t arm
del Deletion  q  Lon g arm
der Derivativ e chromosome r  Rin g chromosome
dup Duplication  t  Translocatio n
i Isochromosom e T  Trisom y
ins Insertio n te r Termina l
inv Inversio n



In a  typica l application , a  labelle d prob e i s denature d b y heating ,
added t o a  metaphase chromosom e sprea d o n a  microscope slid e an d
incubated overnigh t to permit sequence-specific hybridization. Surplu s
probe is then washed off and the bound probe located by overlaying the
spread wit h a  solution o f fluorescen t 'reporte r molecule' . Unboun d
reporter i s washed of f and a counterstain applied to reveal the chromo -
somes. Bound reporter, and hence the site of the gene of interest, is then
located by its fluorescence under UV light.

The ke y t o thi s metho d i s th e creatio n o f a  prob e an d fluorescen t
reporter molecule with mutual affinity. This is usually done by exploit-
ing the natural affinity o f avidin ( a component o f hen egg albumin) for
the B  vitamin , biotin . Prob e preparatio n involve s incorporatio n o f
biotin-16-dUTP into its DNA, a s an analogue of thymidine, during an
enzyme-based proces s aki n t o DNA repair, calle d nic k translation .
The fluorescent marker is derived by direct conjugation of avidin with a
fluorescent dye.

Amplification o f the fluorescen t signa l can be achieved b y overlay-
ing with further layer s of biotin and fluorescent avidin.

Use of unique sequence probe s
Microdeletions
Submicroscopic deletion s ca n b e detecte d wit h fluorescen t probe s
directed against one or more unique sequences within the deleted inter-
val (see Table 38.1).

Table 38.1 Example s of syndromes associated with microdeletions, in
approximate order of decreasing frequency .

Translocations
FISH probe s directe d a t th e BC R an d abl  sequence s ca n b e use d
to revea l th e Philadelphi a chromosom e (se e Chapte r 31 ) a s tw o
adjacent fluorescen t signal s on the derivative Chromosome 22 . FIS H
probes t o regions nea r the telomeres ca n be usefu l i n identifying sub1

telomeric rearrangement s resultin g i n unbalance d karyotype s tha t
may lead to mental retardation.

Sex chromosome rearrangements
In some  phenotypi c male s lackin g a  Y chromosome , a n SR Y prob e
reveals the site to which the male. Determining SRY locus (see Chapter
12) has been translocated fro m its normal site at Ypl 1, often t o the X.

Subtelomeric, centromeri c an d repeat sequence probes
Probes directe d a t chromosome-specifi c subtelomeri c sequences ,
centromeric alphoi d an d beta-satellit e repeat s an d othe r moderatel y

repetitive sequence s ar e usefu l fo r chromosom e identificatio n an d
detecting aneuploidy and structural rearrangements .

Chromosome paintin g
When uniqu e sequenc e probe s fo r a  singl e chromosom e ar e poole d
and labelle d wit h the same fluorochrome this creates a 'chromosome
paint' tha t identifies that specifi c chromosom e o r it s fragment s afte r
translocation (see book cover) .

In reverse painting, a  battery o f probes i s made from an abnormal
chromosome an d hybridized to normal metaphase spreads , s o allowing
the derivation o f the abnormal chromosome to be deduced. Such probes
are created b y assembling man y copies o f the abnormal chromosom e
using a  fluorescence activated chromosom e sorter (see Chapte r 28 )
or microdissection .

Primed in  situ hybridizatio n
Primed i n situ  hybridizatio n (PRINZ ) techniqu e involve s settin g
up a  PC R reactio n i n situ  o n a  chromosom e spread . Primer s ar e
added tha t defin e a  specifi c geneti c locus , resultin g i n a  buil d u p of
target DNA at the site of interest. If a fluorescent base analogue is incor-
porated durin g th e PC R reactio n th e sequenc e i s rendere d visibl e in
one step.

MendeMan disorders with cytogenetic effect s
Several single-gene disorders are indicated by abnormalities detectabl e
cytogenetically in special preparations (Table 38.2).

Table 38.2 Singl e gene disorders with cytogenetic effects .

Cancer cytogenetic s
Over 15 0 non-rando m chromosom e change s ar e associate d wit h
neoplasia.

Indications for chromosome analysi s
The followin g ar e situation s i n whic h cytogeneti c investigatio n i s
advised.
1 Suspecte d chromosome abnormality .
2 Multipl e congenita l anomalies and/or developmental retardation .
3 Disorder s of sexual function.
4 Undiagnose d mental retardation.
5 Certai n malignancies.
6 Infertilit y or multiple miscarriage.
7 Stillbirt h or neonatal death.
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Disorder Inheritanc e Cytogeneti c effect

Ataxia telangiectasia A R Chromati d damage due to
defective DN A repair

Bloom syndrome A R Hig h frequency o f sister chromatid
exchange

Fanconi anaemia A R Chromosom e breakage and
translocation

Fragile X syndrome X-linke d Chromosom e breakage at Xq27. 3
Roberts syndrome A R Separatio n of centromeres at

metaphase
Xeroderma A R Defectiv e repair of UV damage,
pigmentosum siste r chromatid exchange

Syndrome Sit e of deletion

DiGeorge/velocardiofacial 22ql l
Williams 7qll .2 3
Smith-Magenis 17pll . 2
Prader-Willi 1  5q 1 1 (paternal)
Angelman 15q l 1 (maternal)
Wolf-Hirschhorn 4pl6. 3
Langer-Giedion 8q24 . 1
Rubinstein-Taybi 16 p
Alpha-thalassaemia and menta l retardation 16 p 1 3.3
Miller-Dicker lissencephaly 17p l 3.3
Alagille 20pl l
WAGR (Wilm's tumour, aniridia, genital, retardation) 1  1 p 1 3
Retinoblastoma 13ql4. 1



39 Biochemica l diagnosis
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The basi s for biochemical, chemical, bacteriological and PNA screening for phenylketonuria
Sites of action of the alleles for oculocutaneous albinism and congenital hypothyroidism am also shown

Enzymatic defects in lysosomal storage disorder s
The activities of the Indicated  enzymes are measured in screening for disease

GL-4 glycolipi d with 4-member oligosaccharide side chain
NAN N-acetylneuraminat e
Glc glucos e
Gal galactos e
GalNAc N-acetylgalactosamin e



Overview
Inborn error s o f metabolism ' resul t fro m mutation s i n gene s tha t

encode enzyme s responsibl e fo r catalysin g biochemica l reactions .
Clinical disorder s aris e fro m abnorma l accumulatio n o f substrat e
and/or deficienc y o f product . Diagnosi s ca n b e accomplishe d b y
detection of accumulated metabolites, enzyme assay, or direct detection
of gen e mutations . I n man y instance s treatmen t i s availabl e base d
on dietar y modification , coenzym e supplementation , o r enzym e
replacement (se e Chapte r 48) . Newbor n screening , aime d a t early
diagnosis, is carried ou t in most developed countries , s o that treatment
can be instituted before the onset of irreversible damage.

Inborn error s of metabolis m
Most inbor n error s ar e recessivel y inherited , sinc e a  50 % leve l o f
enzyme activity in heterozygotes i s usually sufficient t o support normal
activity of the biochemical pathway.

The prototypica l inbor n erro r i s phenylketonuri a (PKU ; se e
Chapter 18 ) due to a block i n the conversion o f phenylalanine to tyro-
sine. In most individuals this involves mutation in the gene that encodes
phenylalanine hydroxylase . Rarel y (1-3%) , i t ma y b e du e t o defi -
ciency i n one of the enzymes (e.g. dihydropteridine reductase, DHPR )
required to synthesize tetrahydrobiopterin, which serves as a cofactor
in the reaction . Eithe r way , phenylalanine and it s derivatives (mainly
phenylpyruvic acid) build up to toxic levels , wit h ensuing irreversible
damage to the central nervous system. There i s also a deficiency of tyro-
sine, leading to reduced production of downstream products including
melanin, resulting i n hypopigmentation, an d dihydroxy-phenylalanin e
(DOPA) possibly contributing to hormonal and neurological dysfunc -
tion. Th e disorder requires screenin g postnatally , sinc e phenylalanin e
does no t begin to accumulate until after birth (phenylalanine is cleared
through the placenta in  utero). Fortunately, dietar y restriction of  pheny-
lalanine and supplementation with tyrosine avoids most of the compli-
cations o f the disorder .

As exemplified by PKU, metabolic disorder s ca n result from muta -
tions in genes that encode enzymes, or in pathways that lead to produc -
tion of essential cofactors . Accumulated substrate may be toxic, as for
phenylalanine, methylmaloni c aci d (whic h cause s sever e metaboli c
acidosis) an d ammonia, when there is a block in one of the enzymes of
the urea cycle. Enzyme deficiency can result from gen e mutation s that
lead t o deficien t production, reduced activity , or abnorma l traffickin g
of th e enzym e i n th e cell . I n instance s of cofacto r deficiency , treat -
ment can sometime s b e effected b y cofactor supplementation , such as
with cobalami n (vitami n B12 ) i n som e case s o f methylmaloni c
acidaemia.

The lysosomal storage disorders result fro m deficienc y o f lysoso-
mal aci d hydrolase s that digest variou s substrates, includin g glycosy-
lated membran e phospholipids (see figure). A prototypical example i s
Tay-Sachs disease , i n whic h GM 2 gangliosid e accumulate s i n th e
lysosomes o f neurones , du e t o deficienc y o f hexosominidas e A ,
leading t o progressive degeneratio n o f neurological function. Lysoso -
mal storag e diseases ten d to be progressive, as more and more cells are
rendered dysfunctiona l by accumulated lysosomal material.

Product deficiency is typified by oculocutaneous albinism, i n which
deficiency o f tyrosinase (DOPA decarboxylase ) leads t o inability to
form melanin pigment (see Chapter 18) .

Approaches to diagnosi s
Detection o f metabolite s
Detection o f metabolite s i s the time-honoure d approac h t o diagnosis ,
again typified by phenylketonuria, with measurement of phenylalanine
in the blood plasma. This approach offers an inexpensive, sensitive, and
specific means of diagnosis and is the basis for most newborn screening
methods, where lo w cost and sensitivity are critical.

A limitatio n o f metabolit e detection , however , i s tha t fo r som e
disorders, metabolite s accumulat e onl y episodically . A n exampl e i s
the organi c aci d accumulatio n disorders , du e t o block s i n th e
metabolism o f branche d chai n amin o acids . Mil d enzym e defi -
ciency ca n lea d t o episode s o f metaboli c crisi s i n whic h organi c
acids buil d up , bu t betwee n episodes , bloo d o r urin e studie s ma y b e
unrevealing.

The technolog y fo r metabolit e detectio n ha s undergon e significant
evolution. In the case of PKU, newborn screening was initially based on
the gree n colou r respons e whe n ferri c chlorid e (FeCl 3) i s sprinkle d
into th e baby' s we t napp y (diaper) . Followin g thi s cam e Guthrie' s
bacterial inhibitio n assay . Heelpric k bloo d sample s impregnate d
onto disc s o f filter paper ar e placed o n a  lawn o f mutan t bacteria tha t
cannot gro w i n the absence of supplementa l phenylalanine . A  halo of
bacterial growt h surroundin g a  disc indicate s a high concentration of
phenylalanine i n that sample.

Quantitative analysis of amino acids can be carrie d ou t by column
chromatography, whil e organi c acid s ar e detected usin g ga s chro-
matography followed by mass spectrometry. More recently , sample s
are analysed usin g tandem mass spectrometry, which permits detec-
tion o f a  wide variet y o f metabolites . Thi s approac h i s rapidl y bein g
incorporated int o bot h laborator y diagnosi s an d newbor n screenin g
programs.

Enzyme assay
Enzyme activity can be assayed in vitro using either synthetic o r natural
substrates. Thi s approac h i s commonl y use d t o diagnos e lysosoma l
storage disorders, where metabolites are trapped within lysosomes and
therefore inaccessible to direct assay. Enzyme assay is, for example, the
major approac h use d i n screening fo r hexosaminidas e A  deficiency in
white bloo d cell s o f heterozygou s carrier s o f Tay-Sachs disease (se e
Chapter 18) .

Enzyme assay offers th e advantage over substrate quantification that
heterozygotes ma y als o be identified , althoug h in som e case s ther e is
overlap between their activities and those in normal homozygotes.

DNA diagnosis
Direct detectio n o f gen e mutation s i s increasingl y being use d a s a n
approach t o diagnosi s of inbor n error s o f metabolism . This approac h
has severa l advantages . Thes e includ e th e abilit y t o perfor m testin g
very earl y i n developmen t an d o n an y nucleate d cells , obviatin g th e
need to sample tissues that express the enzyme concerned, or accumu-
late relevant metabolites. It is also highly specific, particularly in detec-
tion of clinically unaffected carriers .

DNA based diagnosi s i s finding increasing use in carrier detection
schemes, suc h a s th e identificatio n o f carrier s o f Canava n an d
Gaucher diseases , bot h foun d a t hig h frequenc y i n th e Ashkenaz i
Jewish population (see Table 34.1) .
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40 Reproductiv e genetic counsellin g

Overview
Genetic counsellin g i s provided by practitioners wit h specialist train-
ing, both in the principles of genetics and in the processes of commu -
nication wit h patient s an d families . I n essenc e i t involve s accurat e
assessment o f th e geneti c ris k associate d wit h reproductio n b y th e
couple concerned (see Chapte r 36 and Table 40.1), communication of
this risk t o the consultand(s) and, if necessary , th e offe r o f advice on
reproductive options .

A major tenet  o f genetic  counselling  i s to be non-directive,  i.e . th e
personal opinions of the counsellor should not bias the information pro-
vided, or create pressure towar d a specific management decision. Th e
non-directive approac h applie s particularl y t o decision s o n prenata l
diagnosis, as there is wide divergence of opinion regarding termination
of pregnancy. I n Britain, lega l grounds fo r termination includ e ' a sub-
stantial risk that if a child were born it would suffer fro m such physical
or mental abnormality as to be seriousl y handicapped ' (UK Abortion

Act, 1967). Prenatal diagnostic tests require informed consent, and con-
sultands should be made fully aware of the limitations of such tests.

The psychological approach
Genetic counselling normally begins with the compilation of a family
pedigree. Th e intervie w a t whic h thi s i s draw n serve s fou r mai n
purposes:
1 Establishmen t of rapport between counsellor and consultand.
2 Elucidatio n of the mod e o f inheritance o f the relevant trai t i n tha t
family.
3 Collectio n of information on family relationships, with identification
of others at risk.
4 Identificatio n o f th e consultand' s concerns an d perception s o f th e
disease.

As a counsellor you should observe several pointers.
1 Introduc e yourself and maintain a warm approach.
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Table 40.1 Empiri c recurrence risks % for common multifactorial disorders (From Emery, 1986) .

Disorder

Asthma
Cleft palate (CP)
CL±P
Club foot
Congenital heart defects
Dislocation of hip
Epilepsy (idiopathic)
Manic depression
Pyloric stenosis

Male index case
Female index case

Schizophrenia
Spinabifida

Unaffected parents havin j
a second affected chil d (9

10
2
4
3
1-4
6
5

10-15

2
10
10
4-5

g Affecte d paren t having
fc) a n affected chil d (%)

26
7
4
3
1-4

12
5

10-15

4
17
14
4

Affected paren t having
a second affected chil d (%)

15
10
10
10
36
10
—

13
38
—
—

2 Whe n dealing with children provide a  toy to occupy the m while you
speak with the parents.
3 Neve r assume a  relationship such as paternity or maternity.
4 B e awar e tha t member s o f th e famil y wh o hav e die d ma y no t b e
mentioned unles s yo u specificall y as k abou t the m an d tha t thei r
memory may cause distress.
5 Tak e informatio n from both side s o f the family . Thi s ma y no t only
reveal additiona l importan t facts, but avoid s the possibl e feelin g that
guilt or blame is directed at one person.
6 Whil e recording th e family history watch for clues, such as agitation
and the tone of interaction betwee n family members .

The counselling process
The counselling process ca n be considered unde r four headings.
1 Geneti c contribution . A n understandin g o f th e geneti c com -
ponent of the disorder requires integratio n o f clinical diagnosis , family
history an d th e result s o f laborator y testing . Th e affecte d indi -
vidual and/o r othe r famil y member s shoul d b e mad e awar e o f th e
significance o f th e diagnosi s and ho w geneti c factor s lea d t o ris k of
recurrence.

Table 40.2 Reproductiv e hazards in the population at large.

Condition

Spontaneous miscarriage
Perinatal death
Neonatal death
Major congenital malformatio n
Minor congenital malformation
Serious mental or physical disability

Risk

1 in 6
1 in 30- 100
1 i n 15 0
1 i n 3 3
1 i n 7
1 i n 5 0

% Risk

17
1-3
0.7
3

14
2

2 Natura l histor y o f the disorder . Th e patien t an d famil y mus t b e
educated i n the disorder and the medical problems t o be expected. I t is
often helpfu l for them to meet with parents and physicians who care for
patients with similar problems .
3 Management . Managemen t o f geneti c disorder s includes : antici -
patory guidance, recognizing possibl e complications an d how these
can b e prevente d o r ameliorated ; surveillanc e fo r treatabl e o r pre -
ventable complications; and management of risk. The latter includes
genetic testing to elucidate carrier risk, and education on reproductive
options.
4 Support . Th e geneti c counsello r shoul d offe r bot h emotiona l and
logistical suppor t i n helpin g the famil y mak e reproductiv e decision s
and cop e wit h genetic risk and it s associated emotiona l burdens . I t is
difficult fo r most people to see these in perspective, but an appreciation
of th e magnitud e of reproductiv e risks i n genera l ma y b e gaine d b y
reference t o dat a o n reproductiv e hazard s i n th e populatio n a t larg e
(Table 40.2).

Reproductive options
An estimate of risk of disease for a child to be born to the couple con-
cerned i s derived from an understanding of the ethnic background o f the
family, the deduced mode of inheritance of the condition and the results
of laboratory tests . Depending o n the magnitude of the perceived ris k
and/or th e outloo k o f th e family , the coupl e ma y decid e t o ignor e o r
accept that risk, or take steps to reduce it.

The latte r cours e coul d involv e modificatio n o f materna l die t o r
lifestyle, or aiming for prenatal diagnosis at a later stage, with the option
of termination . Other option s could include artificia l inseminatio n by
donor, eg g donation , in vitro  fertilizatio n wit h embryo selection , and
contraception o r sterilizatio n combined wit h adoptio n o f a  healthy,
unrelated child.
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41 Prenata l sampling

Overview
The term 'prenatal diagnosis' refers to the diagnosis of genetic disor -
ders in established pregnancies. Such information ca n guide the family
in reproductive decision-making , whic h ma y involv e terminating the
pregnancy, o r facilitat e plannin g o f appropriat e medical , surgica l o r
psychological support. Timing, safety and accuracy are critical.

In North America and Western Europ e most pregnant wome n age d
over 35 are offered a  dating scan at about 12 weeks and a fetal physical
anomaly sca n a t 18-2 0 weeks . If there is to be a termination, thi s i s
preferable i n th e firs t trimeste r (u p t o 1 3 weeks) a s thi s i s safe r fo r
the mother. Ther e is a generally applie d 24-week limit for pregnanc y
termination i n Britain , bu t th e la w permit s terminatio n fo r sever e
abnormalities up to 40 weeks.

Non-invasive procedures
Ultrasound scanning
In ultrasound scanning, echoes reflected fro m orga n boundarie s ar e
converted to images on a monitor. This allows identification of  around
300 different malformations , wit h no known hazard.

Anencephaly can be detected at  10-1 2 weeks , but  for  most abnor -
malities th e optimum is 18-20 weeks, when the NTDs, sever e skeleta l
dysplasias, clef t li p and palate, microphthalmi a and structura l abnor -
malities of the brain, abdominal organs and heart are usually detectable.

By th e thir d trimeste r hydrocephalus , microcephal y an d duodena l
atresia are also detectable .

Obstetric indication s fo r ultrasonograph y includ e confirmatio n o f
viable or multiple pregnancy, assessment of fetal age and growth, loca-
tion o f the placenta and assessment o f amnioti c fluid volume. I t is an
integral aspec t o f invasive techniques suc h as amniocentesis , chori -
onic villus and fetal blood sampling .

X-rays
Because o f th e ris k o f mutageni c injur y X-ray s shoul d b e avoided ,
although they are sometimes used to assess fetal skeletal dysplasia (see
Chapter 29).

Magnetic resonance imaging
New, fast MRI techniques permi t prenata l imaging, usefu l in the diag-
nosis of internal anomalies such as brain malformation.

Screening of maternal blood
Maternal seru m can provide usefu l indicators, e.g. of alpha-fetoprotein
(AFP), huma n chorioni c gonadotrophi n (hCG ) an d unconjugated
oestriol (UE3 ) i n relation t o Down syndrom e (Chapter 47) . Elevate d
levels o f AFP are associated especiall y wit h NTDs. Analysis of AFP,
hCG and UE3 provide a means of screening for trisomies 1 8 and 21.
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Table 41.1 Prenata l sampling and associated risks.

*When culture of embryonic tissue is necessary diagnosis is delayed by 2-4 weeks.

Invasive procedures
The accepted guideline for invasive testing is that the risk of a seriously
abnormal fetu s is at least as great a s that of miscarriage fro m the pro-
cedure. Condition s considere d seriou s includ e thos e tha t lea d
inevitably t o stillbirt h o r earl y death , o r to childre n wit h sever e
multiple o r progressive handicap. Th e chief indications for prenatal
diagnosis are:

Maternal age >35 years at term.
Previous child with de novo chromosome abnormality.
Presence of a recognized chromosome anomaly.
Family history of detectable genetic defect .
Family history of an X-linked disorder .

1
2
3
4
5
6 Elevate d serum AFP or family history of NTD.
7 Parenta l consanguinity in families with recessive disease .
8 Materna l illness, medication, or teratogen exposure.
9 Abnorma l amniotic fluid volume.

10 Parent s known to be carriers of certain disorders.
Induction of rhesus iso-immunization by invasive procedures i n Rh~

mothers is prevented by administration o f anti-D immunoglobulin .

Chorionic villus sampling
In chorioni c villu s samplin g (CVS ) a  syncytiotrophoblast  biopsy i s
aspirated via a catheter through the cervix at 10-12 weeks, or by trans-
abdominal puncture at any time up to term, both guided by ultrasonog-
raphy. The early timing allows diagnosis by about 1 2 weeks, but ther e
is an associated ris k 0.5-2.0% above the spontaneous abortion rate of
7%.

Since syncytiotrophoblas t nucle i divid e rapidly , karyotypin g i s
possible withou t culturing , bu t culture d materia l provide s mor e
reliable results.

Amniocentesis
Amniocentesis i s especiall y valuabl e a t 16-1 8 week s fo r estimatin g
AFP concentration an d acetylcholinesterase activit y in pregnancies a t
risk of NTDs. After prior localization o f the placenta b y ultrasound, a
needle is inserted aseptically through the mother's abdomina l wall and
into the amniotic cavity, and a 10-20ml sample is withdrawn. It carries

a risk of 0.5-1.0% of causing miscarriage, in addition to the natural risk
of 2.5% at 16 weeks, or 7% when AFP levels are high.

Amniotic fluid cells shed from the skin, respiratory an d urinary tract s
usually requir e cultur e prior t o karyotyping , fetal sexin g o r enzym e
assay, although 'interphase FISH' (Chapter 38) is now being offered fo r
screening for trisomies and sex chromosome aneuploidies.

Cordocentesis
From week 1 8 onwards a fetal blood sample can be taken by inserting a
fine needle transabdominally into the umbilical cord. This is carried out
with guidance b y fetoscopy (wit h a  3% extra ris k o f miscarriage) or
ultrasonography (with a 1 % extra risk). Culture of extracted cells for a
few day s provides material suitable for chromosome analysi s or DNA
investigation.

Fetoscopy
Fetoscopy involve s viewing the fetu s throug h an endoscop e (i.e . an
optical fibre). The optimum stage is 18-20 weeks and it carries a risk of
fetal loss of 3%. It is used in fetal biopsy, but its most common applica -
tion is in the investigation of bladder obstruction.

Embryo biopsy
Fetoscopy enable s biopsy collection fo r prenatal diagnosis of serious
skin and liver disorders.

Preimplantation genetic diagnosis
In the context o f in-vitro fertilization, on e or two cells are collected at
the 6-10 cel l stage for direct examination by PCR or FISH (see Chap-
ters 38 and 45), enabling selection of healthy embryos for implantation.
(Culturing of these cells would contravene the UK Human Fertilization
and Embryology Act 1990. )

Problems o f prenatal samplin g
True fetal mosaicism i s found in around 0.25% of fetuses, indicated by
discrepant primar y cultures . Abou t 1 % hav e confine d placenta l
mosaicism. Materna l cel l contamination is a problem most common
in long-term chorionic villus cultures.
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Stage Optima l time Ris k of miscarriage Availabilit y

Preimplantation
Embryo biopsy 6 - 10 cell stage Unknown , presumed safe Limite d

First trimester (0-13 weeks)
Chorionic villus sampling

Transcervical 9- 1 2 weeks* 0.5-2.0 % Specialize d
Transabdominal 9-1 3 weeks * 0.5-2.0 % Specialize d

Second trimester (14-26 weeks)
Placental biopsy

Transabdominal 14-4 0 weeks* 0.5-2.0 % Specialize d
Ultrasonography 16 - 18 weeks Saf e Widel y available
Amniocentesis 16-1 8 weeks * 0.5-1.0 % Widel y available
Cordocentesis 18^4 0 weeks* 1 % Specialize d
Fetoscopy 18-2 0 weeks 3 % Widel y available
Fetal tissue biopsy 18-2 0 weeks* 3 % Ver y specialized



42 Linkag e analysi s
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Linkage analysis in an autoeomal
dominant disorder
The two alleles at th e disease locu s are labelled '+' for wildtype and '-' for disease ;
alleles at marke r locu s 'A 1 are labelled T and '2'. At th e right , the ma p of the regio n
is shown, as wel l as the consequenc e o f recombination. Unborn child  111- 4 has
probably (99% ) no t inherited the '- ' allele , but there remains a 1% chance that
recombination occurre d durin g formation of its paterna l pronucleus.

Linkage analysis in an autosomal
recessive disorde r
Both parents are heterozygous, having alleles T and '2' at a
polymorphic marker  closel y linked to th e diseas e allele . The affected
child ha s inherited allele T from both parents so, barring
recombination, thi s is the allel e in coupling with the diseas e allel e in
both parents. The second child can be offered testing; if she has
genotype '11 ' she is likely to b e affected, '22' unaffected and 12'
heterozygous.

The G-banded human karyotype (Chromosome s are shown at the 550 ban d level of resolution)



Overview
If we know the mode o f transmission of a monogenic disorder, w e can
use Mendelian reasonin g t o predict th e probability certain individuals
will have affected children (see Chapters 16-2 0 an d 36). Suc h predic -
tions are , however , neve r precise. The mapping o f the human genom e
enables a  powerfu l alternativ e approac h base d o n trackin g diseas e
alleles using closely linked polymorphic markers . Us e of linkage analy -
sis is limited by the possibility of genetic recombination and the need to
collect samples fro m man y famil y members , bu t i t offer s tw o majo r
advantages: disease genes need not be identified, and we need no mole-
cular understanding of the genes concerned.

Principle
The linkage approach depend s o n the concept tha t genes ar e organized
in th e sam e linea r orde r i n (virtually ) every person . I f a  polymorphic
locus i s reveale d t o be closel y linke d to a  disease locus , tha t linkage
is tru e fo r (almost ) al l individuals . If a  carrie r o f geneti c diseas e i s
heterozygous fo r the polymorphism an d the coupling phase of marke r
and disease allele s ca n be determined (se e Chapter 27) , then alleles at
the polymorphic locu s can be used as markers for the disease.

Intragenic neutra l polymorphism s can b e use d i n a n adaptatio n of
this approach and in such cases w e can assume zero recombination .

Autosomal dominant traits
In th e dominan t pedigree (se e figure) , the affecte d individual , II-1, i s
heterozygous fo r bot h th e diseas e gen e an d fo r allele s '  1' an d '2 ' at
locus 'A. ' The 'A ' locus i s known fro m studie s i n other families t o be
closely linke d t o th e diseas e gene , wit h a  1 % rate o f recombinatio n
between them. Individual II- 1 has inherited bot h the disease allele and
allele '  1' from his diseased mother , s o in this individual marker allel e
' 1' is located on the same chromosome a s the disease allele . His partner
(II-2) is homozygous for the '2' allele at the marker locus . We can trace
the inheritanc e o f th e diseas e allel e i n thei r children b y determining
whether marker allele '  1' or '2' was inherited from the father. Child III-
1 has inherited allele '  1' and is affected, while III-3 has inherited '2' and
is unaffected. Child III-2 i s an exception a s she inherited the '2 ' allele
from he r father, yet is affected. This is due to recombination, the prob-
ability o f whic h i s known fro m othe r studie s t o be 1%.  I f the unbor n
child III- 4 i s a  '22 ' homozygote ; th e probabilit y h e o r sh e wil l b e
affected i s only 1% , despite th e existence o f a recombinant sib . If nec-
essary, additional polymorphic flanking markers can be used to confirm
such deductions an d increase the accuracy of analysis.

Autosomal recessive traits
Linkage diagnosis can also be performed wit h recessive traits to follow
transmission of alleles from each paren t to affected or unaffected chil-
dren (se e figure) . In such cases on e mus t use an affected child to infe r
coupling phases in the parents.

X-linked traits
The same analysis ca n be done for X-linked traits , following the inher-
itance of the two X  chromosomes fro m a  heterozygous female . I f the

grandparental generatio n i s no t availabl e fo r study , on e ca n infe r
coupling phas e fro m affecte d children , wit h th e cavea t tha t on e o r
more might be recombinants. This caveat intruduces some uncertainty,
and thu s decrease s analytica l power , bu t i t i s stil l bette r tha n th e
estimate of 50% based o n the equal probability of inheriting one or the
other chromosomal homologue .

Linkage analysis was the mainstay of diagnosis at a time when many
disease gene s wer e mapped , bu t few were cloned . I t is less often used
today, but is still helpful in instances where the disease gene is mappe d
but no t identified , or where ther e i s a wide diversit y of mutations and
the gene is large so that molecula r analysis i s impractical. Thi s i s the
case currentl y wit h th e dystrophi n gen e responsibl e fo r Duchenn e
and Becker muscular dystrophies. The gene has 79 exons and 2/3 of
disease alleles have intragenic deletions. The remaining 1/3 have single
base pai r change s whic h ma y b e anywher e within the gene . I n these ,
linkage analysi s usin g polymorphi c marker s remain s a  powerfu l
approach t o carrie r testin g an d prenata l diagnosi s (se e als o Chapter s
44,45).

Pitfalls in interpretation
There ar e a  numbe r o f potentia l pitfall s i n interpretatio n o f linkage -
based tests.
1 Th e clinical diagnosis in the family mus t be firmly established, sinc e
linkage testing alone will not confirm or refute the original diagnosis .
2 Differen t genetic loc i are sometimes responsibl e for clinically indis-
tinguishable disorders . Thi s i s the case fo r tuberous sclerosis , wher e
TSC1 (Chromosom e 9 ) and TSC2 (Chromosome 16 ) produce th e same
condition. Such genetic heterogeneity mus t be taken into account and
in some cases may prohibit th e use of linkage analysis .
3 Ther e must be polymorphic markers near the disease locu s and these
must b e heterozygou s i n a n individua l heterozygou s fo r th e diseas e
allele from who m transmissio n i s being tracked . Th e hig h density of
the gene map makes this likely but, before diagnostic testing is offered,
the famil y must be studie d individuall y to determin e whic h marker s
are informative. Specific alleles in coupling with the disease allel e wil l
differ betwee n families , though where linkag e disequilibrium occurs,
one particular allele may be non-randomly associated wit h disease (se e
Chapter 27) .
4 Linkag e analysis is a family based tes t and multiple family members
must b e availabl e an d willin g t o participate  i n th e study . Thi s ma y
present problem s wit h sever e recessiv e disorder s i f th e proban d i s
deceased and their DNA is not available.
5 Finally , the outcome o f a linkage analysis remains only a statistical
probability, geneti c recombinatio n ca n alway s occu r an d ca n poten -
tially lead to misdiagnosis.

These reservations over the applicability of linkage analysis must be
explained t o a  family requestin g testing an d thi s can be a  formidable
challenge in counselling.
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43 DN A sequencin g

Overview
A complete descriptio n o f most mutations requires knowledg e o f the
base sequenc e o f th e DN A a t the sit e o f error . Currentl y mos t DN A
sequencing i s carried ou t by the enzymi c metho d o f Sange r an d co-
workers as described here; the end result is a ladder of bands from which
the base sequence can be read directly, or a row of peaks on a graph.

The dideoxy-DNA sequencing metho d
For this method the DNA to be sequenced is prepared in multiple copies
of one  'template ' strand.  DNA polymerase is  then used to  synthesize
multiple new complementary strands.

The enzymic reaction requires a primer complementary to the 3' end
of th e sequence , DN A polymerase , cofactors , etc . and base-specifi c
dideoxynucleotides (ddATP, ddTTP, ddCT P and ddGTP), in additio n
to the normal deoxynucleotide precursors (dATP, etc.). The dideoxynu-
cleotides lac k th e hydroxy l group present o n the 3 ' carbon atom s of

deoxynucleotides that in DNA forms the link to the adjacent nucleotide .
They are incorporated int o growing DNA as normal, but chain exten -
sion i s blocked beyon d them by the lack o f the 3' hydroxyl group. A
radioactive o r fluorescent label is incorporated either into these ddNTPs
or into the primer.

Before th e adven t o f fluorescen t technolog y fou r paralle l base -
specific reaction s wer e conducte d usin g a  mix  of  all  fou r norma l
nucleotide precursors, one with a radioactive label, plus a small propor-
tion of one of the four dideoxy- derivatives. If the concentration of the
latter is low compared to that of its normal analogue, chain termination
occurs randomly at each of the many positions containing that specific
base. Each base-specific reaction generates many fragments of differen t
lengths, with variable 3' termini but a common 5' end, corresponding to
the primer.

The DNA fragments were then separated by electrophoresis throug h
polyacrylamide gel, in which they migrate at speeds inversely propor-
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The dideoxyuncleotide DNA sequencing method

Automated sequencing printout from movement of fluorescent markers Structure of the dideoxynucleotide,
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tional to their lengths. Following electrophoresis th e gel was dried out
and an autoradiographic (or X-ray) film placed i n contact with it. After
suitable exposure the film was developed t o produce a  pattern of dark
bands. Th e sequenc e wa s the n rea d of f b y simpl e inspectio n o f th e
autoradiograph, providin g th e 5'-to-3 ' sequenc e o f th e ne w strand ,
complementary to the original template .

This process wa s automate d b y attaching fou r differentl y coloure d
fluorescent marker s t o the four ddNTP s instea d o f a radioactive label .
The DNA synthesis is performed i n one vessel and the products run in a
single lane of the gel. The migrating bands corresponding t o the differ -
ent DNA fragments are then detected by their fluorescence as they pass
through a  spot illuminated by a narrow U V light beam. The coloured
light signal s ar e monitore d electronicall y an d displaye d a s a  ro w o f
peaks on a graph.

Diagnostic application s
DNA sequencing ca n be used in diagnostic testing, when the aim is to
identify specific  pathogeni c mutations . To determine whethe r a  known
mutation, o r th e norma l sequence , i s presen t involve s sequencin g
the region of the gene fo r a  short stretch around the mutan t site. In an
individual heterozygou s fo r a  singl e bas e substitutio n tw o differen t
bases would be found a t that site, one representing each DNA strand.

Heterozygous insertion s or deletions produce a complex pattern o f
two superimposed sequences, one mutant and one normal. To elucidate
this it may be necessary t o clone and sequence the two DNA duplexes
separately.

DNA sequencing can also be used to scan large regions of a gene for
mutations. This offers the advantage that the specific mutation does not
need to be known in advance and can in principle detect a wide variety
of types of mutation. However, several precautions must be observed in
the interpretation of sequence variant s detected i n this way. First, no t
finding a mutation does no t necessarily mea n n o mutation is present :

there may be mutations outside th e structural gene, perhaps in regula-
tory regions. Also, certain type s of structural rearrangements, suc h as
deletion o f a n entir e gene , ca n remai n undetecte d b y sequencing .
It should also be recognized tha t not all sequence variant s disrupt gene
function, a s is necessary for it to constitute a pathogenic mutation.

Evidence that a variant is pathogenic migh t include inference fro m
its likely impact on the gene product; for example, mutations that cause
frameshifts ar e mor e likel y t o disrup t functio n tha n singl e bas e sub -
stitutions (se e Chapte r 30) . Demonstratio n tha t a  mutation i s present
only i n affecte d individual s and segregate s i n familie s togethe r wit h
disease is highly suggestive tha t that is the gene causing th e disorder ,
or else is in close linkage wit h it . Another importan t clue is recapitu-
lation o f the mutan t phenotype i n an animal model base d o n a  known
mutation.

Direct sequencin g i s currentl y no t th e metho d o f choic e fo r mos t
diagnostic laboratories, whe n the goa l i s to identify th e presence o f a
limited repertoire o f mutations. This is the case, for example, with the
(3-globin mutation responsible fo r sickle cell anaemia . Sinc e onl y one
mutation is being sought, it is easier and less expensive to use methods
of direc t mutatio n analysis , suc h a s PC R followe d b y restrictio n
enzyme digestio n o r oligonucleotid e hybridizatio n (se e Chapter s 4 4
and 45).

Even in analysis of the CFTR (cystic fibrosis) gene, where more than
900 mutations have been described, direct sequencing of the entire gene
is usually too expensive. Furthermore, sequencin g increases sensitivity
by onl y abou t 10 % over analysi s o f a  limite d numbe r o f relativel y
common known mutations by techniques like dot-blot oligonucleotide
hybridization (Chapter 46).

Direct sequencin g is, however, used commonly in the identification
of mutation s in the breast cance r BRCA1  an d BRCA2 genes . Her e the
mutant sites are highly diverse an d widely scattered, makin g it neces-
sary to scan the gene sequences in full .

DNA sequencing  9 3
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The Southern blotting procedure Diagnosis of sickle cell status
utilizing an intrinsic /Ws£tf cutting
site that is destroyed by the
HbS mutation

Diagnosis of sickle cell status
using a linked polymorphic #/?^l
cutting site

Use of allele-speciflc oligonucleotide (ASO) probes and dot
blots for distinguishing genotypes



Overview
Laboratory confirmatio n of a  clinica l diagnosis i s ofte n achieve d b y
application of a set of highly specialized molecula r techniques collec-
tively know n a s 'Souther n blotting' , whic h allow s u s t o fin d an d
examine the  one  or  two  DNA  fragment s of  interes t in  a  mixtur e of
millions. Fou r concept s ar e necessar y t o understan d th e procedure :
DNA probes, restriction endonucleases, gel electrophoresis and DNA
polymorphism.

DNA probes
A DNA probe i s a short section (usually 0.3-5.Okb) of double-stranded
DNA corresponding t o part of the locus of interest. It can be prepared ,
for example , fro m the cDNA (cop y DNA ) copy o f a  purified mRNA ,
generated wit h the enzyme revers e transcriptase , then radioactively
labelled and 'denatured ' into single strands. Alternatively, cloned seg -
ments of genomic DNA can be used.

Restriction endonucleases and DNA polymorphism
Restriction endonuclease s ar e bacteria l enzyme s tha t cu t double -
stranded DN A a t specifi c sequences . Suc h site s occur throughou t the
genome an d the section s o f DNA that resul t from enzyme cutting are
called restrictio n fragments . Variatio n i n th e lengt h o f restrictio n
fragments, du e t o polymorphis m a t potentia l cuttin g sites , i s calle d
restriction fragmen t lengt h polymorphis m (RFLP) . Thes e variant
cutting sites provide valuable markers for disease genes that can be used
in linkage studies (see Chapter 42).

Gel electrophoresis
A gel is a three-dimensional mesh with pores of different sizes . They are
cast as slabs of agarose or polyacrylamide, with a row of wells at one
end for insertion of samples. During electrophoresis the gel is subjected
to an electric current, when negatively charged DNA fragments migrate
toward th e positiv e termina l o r anode . Th e smalles t fragment s run
fastest, with the others behind them in order of size.

Southern blotting
The usua l source o f DNA is white blood cells , but for prenatal diagno-
sis samples ma y be taken from cultures of chorionic villus , or amniotic
fluid cells (se e Chapte r 41) . Th e DN A i s digeste d wit h one o r mor e
restriction enzymes , inserte d int o a  wel l o f th e ge l an d th e electri c
current applied.

Since the ge l is too fragile fo r manipulation , the electrophoretically
fractionated DN A i s denature d an d transferre d t o a  mor e durabl e
support, usually a nylon membrane, by the Southern blotting technique
(see figure) . This in effect produce s a  print of the DNA array in the gel.
The DNA is then bound onto the membrane by exposure to U V light and
incubated i n a solution containing the denatured radioactiv e probe. The
probe 'hybridizes ' wit h it s complementar y sequenc e i n th e sample .
Unbound prob e DN A i s washe d of f an d th e positio n o f th e boun d
radioactivity i s located b y autoradiography . This involve s placing the
nylon membrane face down on an X-ray film and storage a t -70°C for
several hours or days. When the film is developed, black bands appear,

indicating the location, and hence the length, of the restriction fragment
containing the gene of interest.

Modern approache s us e digital system s tha t detect the radioactivity
directly, conferrin g th e advantag e o f instantaneou s result s afte r
hybridization. I n some instances, non-radioactiv e label s are used .

Methodological variant s
Northern blotting
This variant is used to identify mRNA species i n a mixture subjected to
electrophoresis and probing in a similar way.

Dot blots and allele-specific oligonucleotides (ASOs)
When bot h norma l an d mutan t sequence s ar e know n ver y shor t
'oligonucleotide' probes ca n b e synthesize d biochemicall y t o matc h
each one . Thes e ar e hybridize d t o 'dot-blots ' o f denature d DN A
applied directly t o the nylon membrane, allowin g rapid identificatio n of
homozygotes and heterozygotes, an d distinction between alleles .

This approac h offer s a n inexpensiv e an d rapi d metho d o f
diagnosis, but i t i s limited by th e need fo r prior knowledge o f mutant
sequences.

Diagnostic applications
One applicatio n involve s selectio n o f a  restrictio n endonucleas e fo r
which the recognition site happens to correspond wit h either the mutant
or 'wild type' (i.e. normal) version of the sequence in question. DNA is
cut wit h th e enzym e an d th e resultin g fragment s ar e analyse d o n a
Southern blot , using as a probe a DNA sequence nea r the site of muta-
tion. If the mutation disrupts a normal cutting site, that segment of DNA
will remai n intact . Presence o r absenc e o f th e mutatio n ca n the n b e
determined b y comparin g fragmen t sizes . A n exampl e i s sickl e cel l
disease (see figure in Chapter 30). In the normal p-globin allele the sixth
codon i s cut by the enzyme Mstll, but the HbS mutation destroys that
site and a  longer DN A fragment is produced. I n most case s polymor -
phic cuttin g site s are , however , identifie d outsid e th e diseas e gen e
(see figure).

In mos t laboratorie s PCR has replaced Souther n analysi s fo r detec-
tion o f specifi c alteration s i n bas e sequenc e (se e Chapte r 45) , bu t i t
still find s applicatio n wher e large r rearrangement s ar e involved . Fo r
example, a  larg e intrageni c deletion o r inversio n may alte r th e siz e
of a restriction fragment detectable with a particular cDNA probe.

Sometimes deletion s ar e identifiabl e throug h Souther n analysi s
by th e reduced  intensity  o f hybridizatio n o f a  prob e t o a  restriction
fragment. However , this can b e difficul t t o demonstrat e as i t requires
careful attentio n to quantitativ e methodolog y whe n th e blo t i s pre -
pared. Detection o f fragments of altered mobility is simpler an d more
reliable.

Very lon g triple t repea t expansions (Chapte r 30 ) cannot b e reliably
amplified by PCR, but Southern analysis can reveal the expanded allele
by its reduced mobility. In Fragile X disease the unexpressed, expanded
allele i s invariably methylated ; differential digestio n ca n therefor e b e
performed wit h a  restrictio n endonucleas e tha t cleave s onl y non-
methylated DNA.

Southern blotting  9 5
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One cycle 0f the PC R 0erie ampIlficatfon
procedure

Use of PCR In testing for Huntin t̂on disease

U@e of the ARMS test to gttstlngulsh sickle cell
and normal p-0teWn ̂ Heks

DMA bands are revealed  b y staining; shadow band s
are caused b y imperfections in PCR amplification.
Affected Individuals  11- 1 and II- 3 bot h hav e the sam e
degree of pathological amplification o f the CN3  repeat,
which is amplified further  i n one daughter, III-3, of th e
affected man.  She is predicted to develo p Huntington
disease i n later life .

The normal primer  enable s amplification of only the norma l [3-globi n allele;
the sickl e cell primer amplifies  only  the mutant  (3-globin DMA

Four alleles are present. Deletion allele 4 Is  recognized
in the mother,  II-2 , and i n her affected son, 111-1 . This
deletion aros e in the sperm that gave rise to II-2 .

Sickle cel l status revealed by dot-blot
hybridization with a labelled P-globin probe

with Puchetttte muscular dystrophy
use of quantitative pcr for testing a family



Overview
The polymeras e chai n reactio n (PCR ) ha s utterl y revolutionized
the diagnosi s an d molecula r analysi s o f geneti c disease . Analyse s
can b e performe d o n sample s a s minut e as a  single nucleus obtained
from a  preimplantatio n embryo , a  mout h wash , hai r root , o r othe r
source. I t i s performed i n a  fe w hour s an d i s cheaper tha n an y othe r
method. PC R ha s therefore  become  th e most  widely  used  method  o f
genetic analysis.

The polymerase chai n reactio n
The reaction use s Ta q DNA polymerase an d operates o n single-strand
DNA, replacing the missing strand in much the sam e wa y as in DNA
replication (se e Chapte r 5) . Ta q polymerase i s isolated fro m Thermus
aquaticus, a hot spring bacterium, and can withstand temperatures up to
95°C. I t require s a  star t poin t o f duple x DNA , whic h i s provided b y
single-strand primers annealed one a t each en d of the sequence t o be
duplicated.

To carry out the reaction th e DNA sample i s firs t heate d t o 94°C t o
'melt' the hydrogen bonds joining the two polynucleotide strands. The
temperature i s reduced t o -60° and the shor t oligonucleotide primers
are added. These are usually 15-3 0 nucleotides lon g and designed to
match an d annea l to complementary conserved stretche s flankin g th e
chosen sequence . I n the third step , carried ou t a t 72°, the polymeras e
moves down the DNA strand, away from th e primers and synthesizes a
complementary strand, so recreating a double-stranded molecule .

This se t o f thre e step s ca n b e considere d a s on e 'cycle' , whic h i s
repeated b y carefu l temperatur e contro l i n th e presenc e o f exces s
primers. Each cycle takes only a few minutes and the amount of DNA
doubles ever y time . Afte r 3 0 cycle s ove r 10000000 0 copie s o f th e
original sequenc e ar e created . Th e proces s i s normall y performed
automatically in a programmed thermocycler.

PCR ca n als o b e use d t o amplif y RN A sequences , i f they ar e firs t
copied int o cDNA replicates by means of reverse transcriptase.

Comparative advantages of PCR
1 Sensitivity : PCR is applicable to single-genome quantities of DNA.
2 Speed : the procedure is very fast (3-48 h) .
3 Safety : no radioactivity is involved.
4 Molecula r product : th e produc t is suitabl e for furthe r analysi s by
established molecular techniques.
5 Resolution : th e proces s ca n b e applie d t o eve n badl y degrade d
DNA.

Disadvantages o f PCR
1 Siz e of template: lon g sequences cannot be amplified .
2 Prio r knowledge: the  base sequence s of  flanking regions mus t be
known.
3 Contamination : absolut e purity of sample is essential.
4 Infidelit y of replication: ther e is no 'proof-reading', or error correc-
tion, s o tha t mutation s that occasionally arise durin g the proces s ar e
also propagated.

Diagnostic application s
The value of PCR in diagnosis lies in its ability to provide large quanti-
ties of specific gene sequences tha t can be subjected to further analysis.
Primers are used that flank one specific region of a gene, or alternatively
multiple region s suc h a s severa l exons . Application s includ e th e
following:
1 Diagnosi s of triple t repea t disorders (e.g . DMD an d Huntington
disease; see figure and Chapters 30 and 44).
2 Direc t sequencing of the gene(s) (see Chapter 43).
3 Restrictio n endonuclease digestion. Thi s approac h can be applie d
when a  specific  mutatio n is being sought . An endonuclease i s chose n
that has a recognition sequenc e spannin g the mutant site (see Chapte r
44). The enzyme will then either cut or not cut the DNA, depending on
whether the mutation is present. Analysis of fragment sizes by agaros e
gel electrophoresis the n indicates the genotype.
4 Singl e stran d conformatio n polymorphis m (SSCP) . I n thi s
method PCR amplified DNA is denatured and electrophoresed withou t
renaturation, whe n mutan t strand s ar e detectabl e b y thei r abnorma l
speeds of migration.
5 Allel e specifi c oligonucleotid e (ASO ) binding . Thi s method ,
described i n Chapter 44, i s commonl y use d wher e analysi s involve s
detection of a single mutation (e.g. sickle cell disease) or a limited range
of common  diseas e alleles (e.g . cystic fibrosis) .
6 Th e amplification refractor y mutatio n system (ARMS) depend s
on specificity of binding of PCR primers to template DNA (see figure) .
A primer is designed with a 3' end corresponding to either a mutant, or
the wild type sequence . The primer will bind onl y with its exact com -
plement, so a wild type primer permits amplification of only wild type
DNA, mutant primer only mutant DNA. Two separate PC R reactions ,
with eithe r mutan t or wil d type primer, together wit h another prime r
elsewhere i n th e gene , ca n b e use d t o determin e heterozygosit y o r
homozygosity of either sequence. This approach als o has been used to
identify CFTR mutations.
7 Quantitativ e PCR . PCR is used routinely for quantitative detection
of deletions in the dystrophin gene responsible for Duchenne muscu -
lar dystrophy. Sinc e this gene is on the X chromosome, affecte d males
entirely lack certain exons. PCR primers that flank these exons yield no
DNA product, making them identifiable by default, but since the gene is
very larg e i t i s necessar y t o chec k man y exons. A  multiplex mix o f
primers, eac h responsibl e for one region, enable s this to be done i n a
single reaction. The various products are then revealed b y agarose ge l
electrophoresis followe d b y DN A staining . Deletio n o f a n exo n i s
indicated by one or more missing bands.

Quantitative detectio n o f heterozygou s deletions , a s wit h female
carriers of muscular dystrophy, is more difficult. Quantificatio n o f PCR
products i s possible bu t require s special equipmen t an d considerabl e
analytical care. It is more practicable to use FISH applied to a chromo-
some spread (see Chapter 38) once the deletion has been established in
the proband and an appropriate DNA probe prepared.
8 DN A profiling. See Chapter 46.
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Use of minisatelltte polymorphism for DM A profiling

The structure of two minisatellit e alleles. Probe 1 is based on the cor e sequence repeat and
Probe 2 on a unique flanking sequence. Cutting sites for restrictio n endonucleases, £c<? /̂
and Sa m W/, are shown

Microsateliite repeat polymorphism s
amplified b y PCR

A rang e of alleles defined b y numbers of repeats of th e
core sequence /TACT /

A paternity  cas e
DMA fingerprints from a  mother , he r child and two men . Every band in
the child is traceable either to the mother or to putativ e father 2

A rape case
One sample is from the victim' s body, one from he r vagina after th e
attack and one from eac h of three suspects.
Suspect 1 was found guilt y

Practical applications of PNA fingerprinting

All three individuals are deemed
to shar e one allele, in Bin 5,
although the observed mobilitie s
of the three fragments in that bin
are slightly different

The concept o f 'binning ' of minisatellite
alleles revealed by single-locus probes

PNA fingerprints using
repeat sequence Probe 1

Patterns produced with single-locus
Probe 2 in two different  enzyme  digests

Mobility patterns of alleles after electrophoresis,
alongside a reference standard



Overview
DNA profiling i s the characterization of an individual genome by DNA
analysis. It includes DNA fingerprinting , us e of single locu s probes ,
microsatellite, Y-chromosome , mitochondria l an d ethni c polymor -
phisms. I t is of enormous valu e for identifyin g th e fathe r i n paternit y
disputes, for confirming famil y membershi p in immigration cases an d
for identifyin g th e perpetrator s an d victim s of crim e fro m trace s o f
biological material .

As explaine d i n Chapte r 4 , ou r genome s contai n a  larg e quantit y
of highl y repetitiv e DN A calle d 'microsatellit e DNA' , whe n th e
sequence i s shor t (1—4bp) , an d 'minisatellit e DNA' , whe n th e
sequence is longer (5-64 bp). Microsatellite DN A is scattered through -
out th e chromosome s an d provide s usefu l marker s fo r disease genes
(see Chapte r 42) . Minisatellit e DN A i s concentrate d nea r th e cen -
tromeres and telomeres and is particularly valuable for DNA profiling ,
but both are exploited i n this respect .

Application of Southern blotting
DNA fingerprinting with minisatellite markers
The Souther n blottin g approac h t o DN A analysi s (se e Chapte r 46 )
depends o n the creation o f RFLPs du e to polymorphism a t restriction
endonuclease cuttin g sites. DNA fingerprintin g als o depends o n frag -
ment length polymorphism, but due to variation instead in the number
of repetitiou s sequence s betwee n cuttin g sites . Thes e ar e know n a s
variable number tandem repeats (VNTRs) .

The firs t prob e use d i n fingerprintin g wa s directe d agains t th e
repeated minisatellit e core sequenc e /GGGCAGGAXG/, wher e X is
any nucleotide. Tande m repeats of two to several hundred copies of this
sequence are present in the human genome at over 100 0 sites, although
only 8-17 ar e of practical value in fingerprinting.

If a sample o f human DNA is digested with a restriction enzyme for
which there are many cutting sites (a 'frequent cutter'), multiple frag-
ments are produced o f many sizes and of great variatio n between indi -
viduals. Those fragment s that contain repeats of the core sequence can
be visualized o n Southern blots by the core sequence probe, a s a ladder
of band s (se e figure) . Th e chance s o f an y tw o unrelate d individual s
having th e sam e patter n ar e estimate d a t les s tha n 1/10" . Th e onl y
exceptions ar e member s o f geneti c clones, suc h as MZ twins . Thes e
patterns ar e known as 'DNA fingerprints' (see figure).

The statistical evaluation of multilocus fingerprint evidence in foren-
sic casework rest s on the proportion (x) of bands which on average are
shared b y unrelate d people, "x"  i s estimated a s 0.14 for bot h th e mos t
commonly use d probes , irrespectiv e o f ethnicity . A conservative esti -
mate o f 0.2 5 i s normall y used t o preven t over-interpretatio n an d t o
allow for possible relationship between suspect and guilty party.

Assuming statistica l independenc e o f (i.e . n o linkag e between )
all band s the n th e chanc e tha t n  band s i n individua l A  ar e matche d
by band s o f precisely similar electrophoreti c mobility in B  i s x t o th e
power n  (x' r).

In paternity disputes germline mutation can lead to invalid exclusion
of a putative father. In fact 27% of offspring show one band not presen t

in eithe r parent , 1.2 % show tw o an d a n estimated <0.3% sho w thre e
new bands.

Repetitious regions containing multiples of other core sequences can
be exploited t o produce differen t fingerprints, using the same enzym e
digest an d appropriate probes. Alternatively, the same DNA sample can
be digested with a different restrictio n enzyme and examined with the
same probe or others.

Use of single-locus probes
If a  fingerprintin g blo t i s examined with a probe complementar y t o a
sequence flanking one hypervariable region a much simplified pattern is
revealed, derived fro m just that one locus (see figure). Each such probe
should reveal a maximum of two bands in any person, representing the
two alleles and on average 70% of people are heterozygous at any such
locus.

Statistical proo f o f identit y require s examinatio n of 4-10 such loc i
and i f the population frequency o f each 'allele ' i s known, it is possible
to make exact calculations of probability . However, exact numbers of
repeats ar e no t alway s know n an d fragmen t ban d position s d o no t
always correspond precisely . S o for statistical purpose s the DNA track
is divided into a number of 'bins' and bands are deemed t o match if they
fall withi n the same bin. Although 'binning' introduces inaccuracies it
is necessary to estimate the population frequencies of fragments of spe-
cific lengths . This i s always done conservatively , s o that the statistica l
weight o f evidenc e i s biased i n favou r o f th e defendant . Appropriate
ethnic database s als o hav e t o b e se t u p an d whe n applyin g Hardy -
Weinberg reasonin g (se e Chapte r 26 ) du e allowanc e mus t b e mad e
for possibl e populatio n stratificatio n based on , for example , ethnicity ,
religion or class.

Application of PCR
PCR amplification (see Chapter 45) dramatically increases the potential
range of forensic analysis to minute samples and degraded material . It
can be applied to minisatellite polymorphisms by use of primers base d
on uniqu e sequence s flankin g th e tande m repea t arrays . However ,
the introductio n o f PC R als o bring s formidabl e problem s o f sampl e
contamination (see Chapter 45).

The most common microsatellites are runs of A, AC or AG. In PCR
applications they have the advantage over minisatellites in that discrete
alleles can be defined unambiguously by the precise number of repeats ,
calibrated b y th e mobilit y of standards . This avoid s th e requiremen t
for som e aspect s o f statistica l proo f an d make s i t easie r t o relat e
experimental findings to allele frequencies .

Y-chromosome an d mitochondria l DNA polymorphism s ar e espe-
cially useful i n some circumstances because of their sex-specific modes
of transmission (Chapter 20).

Human DN A i s distinguishabl e fro m non-huma n b y testin g fo r
hybridization wit h a  probe directe d a t the human-specifi c Alu repeat .
In theor y a t least , probe s coul d als o b e designe d t o detec t population-
specific polymorphism s tha t migh t indicat e th e ethni c origi n o f a n
individual.

DNA profiling 9 9
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The course of Disease development in
a genetically susceptible Individual

AFP concentrations in maternal serum in normal
pregnancies and pregnancies affected with open NTDs
and autosomal trlsomles

Overview
The genes each of us inherits contribute some degree of liability toward
many disorders. I n the case of fully penetrant monogeni c diseases , one
or a pair o f defective allele s alone confers sufficien t liabilit y to caus e
disease. In other instances genetic liability is expressed merely as a sus-
ceptibility, an d manifestation o f disease requires th e passage of tim e
and/or accumulation o f specific environmental exposure s (se e figure) .
Preventive genetics is based o n testing fo r factors that contribute to
genetic liability. This identifies persons at risk, enabling them to be edu-
cated about individually hazardous environmental factors and provid-
ing opportunities for modification of lifestyles. In some cases proactive
treatment can be offered t o reduce risks, or surveillance to ensure early
diagnosis and the prompt institution of therapy.

There are three classes of heterozygous carrier for which population
screening migh t be appropriate:
1 autosoma l recessive diseases of high incidence;
2 relativel y common X-linked disorders;
3 autosoma l dominant disorders of late onset.

A genetic disease i s suitable for population screening if it is clearly
defined, of appreciable frequenc y and early diagnosis i s advantageous .
The tes t shoul d b e easil y performed , b e non-invasiv e an d yield fe w
false positives or false negatives. Screening should be widely available,
morally acceptabl e an d preferably show a net cost benefit. Appropriate
information and counselling shoul d also be available .

Prenatal screening
Neural tube defect s
Pregnancies with open neural tube defects (NTD) are detectable a t 16
weeks by assay of alpha-fetoprotein (AFP ) concentration in amniotic
fluid and in many cases also in maternal serum. However, in maternal
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serum there is overlap between unaffected and NTD pregnancies, so an
arbitrary concentratio n i s observe d belo w whic h n o furthe r actio n
is taken . A  cut-off a t 2. 5 multiple s o f th e norma l media n identifie s
>90% of fetuses with anencephaly and -80% of those with open NTD s
(see figure).

Over 20 years maternal serum screening, with dietary improvements
and preconceptional folic acid supplementation have yielded a 25-fold
decrease in NTDs in England and Wales.

Down syndrome
The combination of maternal age and abnormal concentrations of fou r
biochemicals in a mother's serum can identify mos t pregnancies with
Down syndrome (see Chapter 41). At 16 weeks, concentrations of AFP
and unconjugated oestrio l ten d to be reduced in the blood of women
pregnant wit h babies wit h Down syndrome , whereas tha t o f huma n
chorionic gonadotrophin (hCG) is raised. The 'triple test' combining
the three identifies 60% of pregnancies with Down syndrome. Inclusion
of inhibin A, increased in pregnancies wit h Down syndrome, raises this
to 75%. Incorporation o f the ultrasonographic observation o f increased
fetal nuchal transparency (abnormal accumulation of fluid behind the
baby's neck ) a t 1 2 weeks, wit h confirmatio n b y cytogeneti c testing ,
detects 80% of babies with Down syndrome .

Neonatal screening
If neonata l screenin g i s t o be undertaken th e consultative follow-u p
should be prompt and involve definitive diagnosis, prompt initiatio n of
management and appropriate geneti c counselling .

Phenylketonuria, galactosaemia and congenital hypothyroidis m
all cause mental disability, but can be screened for in newborns and pro-
phylactic regimes imposed. Screening for phenylketonuria is routine in



most develope d countries , galactosaemi a screenin g i s less common .
Congenital hypothyroidis m i s no t usuall y genetic , bu t screenin g i s
routine in many countries.

The tes t fo r galactosaemi a i s simila r t o th e Guthri e tes t fo r PK U
(see Chapte r 39) , wit h confirmation by enzym e assay . Screening fo r
hypothyroidism involve s assa y o f thyroxin e and thyroi d stimulating
hormone.

Cystic fibrosis
Currently neonatal diagnosis of cystic fibrosis is based on immunolog-
ical quantification of trypsin in the blood, supplemented by DNA analy-
sis (see Chapter 45). Up to 80% of heterozygotes are detected b y tests
for th e AF508 allel e an d a  further 10 % by multiple x tests for severa l
rarer alleles, depending on ethnicity.

Sickle cell disease
Several techniques have been used for diagnosis of sickle cell anaemia,
including electrophoresi s o f haemoglobin , demonstratio n o f re d cel l
sickling at low oxygen tensions and a range of DNA tests (see Chapters
44 and 45).

Thalassaemia
Populations fo r whic h thalassaemi a carrie r screenin g programme s
might prove, or have proved, advantageous include China and East Asia
(for alpha-thalassaemia) , th e India n subcontinen t and Mediterranea n
countries (for beta-thalassaemia). In Cyprus, screening has led to a 95%
decline in babies with beta-thalassaemia in 1 0 years.

Table 47.1 Estimate d new genetic abnormalities in 1  million live births in
a population exposed to low-dose radiation equivalent to 1  rad of X-rays.*

Tay-Sachs disease
Carrier screenin g followed by prenatal diagnosi s an d termination has
reduced Tay-Sachs disease by 95% among American Ashkenazi Jews.

Screening for adult-onset disease
Late-onset diseases for which screening may be advised include Hunt-
ington disease, myotonic dystrophy, retiniti s pigmentosa and spinal
cerebellar ataxia . Earl y diagnosi s o f these can allo w psychological ,
emotional an d financia l preparation . Predictiv e testin g fo r inherite d
cancer predisposition , suc h a s familia l adenomatou s polyposis and
breast/ovarian cance r ca n ensur e inclusio n i n clinica l surveillanc e
programmes and the possibility of prophylactic surgery.

Occupational screenin g
In the workplace geneti c screenin g is done to monitor genetic damag e
due to exposure to ionizing radiation (see Chapter 29 and Table 47.1) or
for susceptibilit y t o specifi c environmenta l chemicals . Aroun d 5 0
genetic traits are related to specific environmental agents (Table 47.2).
These include G6PD deficiency, for which oxidants such as ozone and
nitrogen dioxide are contra-indicated and the sickle cel l trait , carriers
of which are highly susceptible to carbon monoxide and cyanide.

Genetic registers
Genetic register s ar e register s o f loca l familie s with genetic disease .
Their primar y purpos e i s t o maintai n two-way contac t betwee n th e
clinical genetic s uni t an d relevan t famil y members . Thi s ensure s
families d o no t fee l exclude d fro m a  sourc e o f suppor t an d allow s
investigation to be offered a s appropriate.

They ar e mos t valuabl e fo r relativel y common condition s o f lat e
onset, with potentially serious effects that are amenable to prevention or
treatment.

Negative implication s o f screening programs
Negative implications can include:
1 inaccurac y of test results;
2 invasio n of privacy;
3 stigmatization ;
4 implie d compulsion;
5 th e 'right to not know' about one's genetic deficiencies;
6 leakag e of confidential data.

Table 47.2 Geneti c conditions that create health risks with specific environmental agents.

Genetic susceptibility

G6PD deficiency

Sickle cell trait
Hypercholesterolaemia
Gluten sensitivity
Defective Na/K pump
Lactose intolerance
Deficient ADH
Deficient ALDH
Hyperoxaluria
Haemochromatosis
al-antitrypsin deficiency
Atopic diathesis

Environmental agent

Fava beans, mothballs,
ozone, nitrogen dioxide

Cyanide, carbon monoxide
Saturated fats
Wheat protein
Common sal t
Milk sugar
Alcohol
Alcohol
Oxalates (e.g. in spinach)
Iron food supplement
Tobacco smoke
Pollen

Resultant condition

Haemolytic crisis

Haemolytic crisis
Atherosclerosis
Coeliac disease
Hypertension
Colic and diarrhoea
Alcoholism
Flushing response
Kidney stones
Iron overload
Emphysema
Hay feve r
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Category Numbe r of cases

Aberrant chromosomes 3 8
Autosomal dominant and X-linked 2 0
Recessive lesions 3 0
Multifactorial diseases 5

*Numbers based on atomic bomb survival statistics and animal
experiments.



48 Th e management o f genetic disease

Overview
Genetic disease can potentially b e avoided altogether or ameliorated at
several points during a generation, or during expression of the gene (see
Chapter 47) . Fo r example , i n some orthodox Jewis h group s partner -
ships are arranged by matchmakers who consider, among other things,
carrier status for Tay-Sachs disease. Correction o f overt genetic defects
can involv e surgery, physiological adjustmen t or the switchin g on of
genes that are not normally expressed.

With th e nea r completio n o f th e Huma n Genom e Projec t (se e
Chapter 28) technologies are being developed aimed at screening DNA
samples for possibly hundreds of thousands of single nucleotide poly -
morphisms (SNPs) i n one operation. The most promising approache s
involve spottin g multitude s o f detecto r clone s ont o glas s wafer s o r
'chips' b y applicatio n o f semiconducto r manufacturin g techniques.
These chip s ar e designe d t o b e screene d roboticall y allowin g rapi d
selection of patients for personalized management.

Genetics is also providing ne w insights int o pathogenesis, enablin g
development of new pharmacological therapie s an d inspiring entirely
novel approache s suc h as 'gene therapy', involving control , replace -
ment or modification of defective genes.

Correction of gross phenotype
Surgical correctio n of cleft lip and palate, cleft palate, pyloric stenosi s
and congenital heart defects accounts for the treatment of 20-30% of all
infants with major genetically determined disorders.

Correction o f metabolic dysfunctio n
1 Environmenta l restriction . Thi s include s avoidanc e o f tobacc o
smoke b y those wit h emphysem a du e to ccl-antitrypsin deficiency ,
of ski n divin g and hig h altitud e flyin g b y sickl e cel l heterozygotes ,
of sunligh t b y patient s wit h albinism , porphyri a an d xeroderm a
pigmentosa and of X-rays by those with the chromosome breakage syn-
dromes.

A die t lo w i n phenylalanin e is mos t effectiv e i n ensurin g norma l
brain development in children with phenylketonuria (see Chapter 42),
although this must be administered immediately after birt h and main-
tained into early adulthood. Similar diets adopted by female homozy-
gotes before and during pregnancy can prevent abnorma l developmen t
of their (heterozygous) babies.

The earl y exclusio n o f galactos e an d lactos e prevent s seriou s
complications in babies homozygous for galactosaemia .
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2 Replacemen t o f deficit. Examples are provision of thyroid hormone
for hypothyroidism , Factor  VII I fo r haemophilia , an d vitami n D fo r
dark-skinned childre n in Northern climates. Bone marrow transplanta-
tion i s effectiv e fo r correctio n o f inherite d immun e defect s suc h a s
SCID (see Chapter 33) .
3 Diversio n o f metabolism . Thi s include s stimulatio n o f alterna -
tive pathways, a s in correction of urea cycle disorders, and enhance -
ment o f expression o f the norma l allel e i n heterozygotes fo r familia l
hy percholesterolaemia.
4 Enzym e inhibition . Competitiv e inhibitio n o f rate-controllin g
enzymes has proved effective, e.g.  in familial hypercholesterolaemia .
5 Enhancemen t o f enzym e function . Thi s ca n sometime s b e
achieved b y administratio n o f a  cofactor , e.g . vitami n B6 fo r homo -
cystinuria.
6 Depletio n of  accumulated metabolite. An  example is renal dialysis
for obviating the complications o f defective kidne y function .

Modulation of gene expressio n
Examples ar e administration o f hydroxyurea to sickle cel l patient s to
restimulate synthesi s o f feta l haemoglobi n (oc2,y2 ) an d th e (s o far ,
experimental) transcription of 'antisense' oligonucleotides to neutralize
newly synthesized mRNAby hybridization in cancer cells .

Gene replacemen t
The ultimate approach to therapy of genetic disorders i s replacement of
the defective gene, but such attempts have met with mixed success. For
example, inhalatio n o f disable d col d viru s (adenovirus ) carryin g a
copy of the normal CFTR allel e has proved only temporarily effectiv e
in the treatment o f cystic fibrosis. A successful exampl e is replacement
of th e adenosin e deaminas e gen e i n bon e marro w cell s o f children
with SCID (se e above and Chapter 33) .

The principle of gene therapy is that an extrinsic gene i s introduced
into a cell and expressed either as a free-standing gene or, after integra-
tion, into a chromosome and transmission at cell division.

Prerequisites are :
1 th e gene concerned and its control elements must be fully character -
ized and cloned;

2 accessibl e targe t cell s mus t b e identifie d tha t hav e a  reasonabl e
productive life span;
3 th e chosen vecto r system must be efficient an d safe.

A variety of methods hav e been use d to introduce genes int o cells,
including incubation with 'naked ' DNA or DNA enclosed within artifi -
cial lipoprotei n vesicle s calle d liposomes . Othe r approache s utiliz e
retroviruses, which hav e thei r own means fo r introducing gene s int o
chromosomes.

In spit e o f encouragin g results , majo r challenge s remain . Thes e
include how t o introduc e th e therapeutic gen e int o the correct  targe t
cells and obtain physiologically meaningful  level s of expression. Som e
target cells , especiall y thos e i n th e centra l nervou s system , ar e no t
readily accessible . Eve n i f they can be reached by vectors , there i s no
certainty the introduced genes will be expressed a t appropriate levels or
be subjec t to normal regulation . There i s also concern tha t chromoso -
mal integration o f vectors may disrupt other genes, causing side-effect s
as bad or even worse than the original disease.

Pharmacogenomics
Genetic testin g i s vita l fo r characterizin g metaboli c peculiaritie s an d
for prescribin g dru g dosage s compatibl e wit h individua l metaboli c
rates. But whether or not predictive testing becomes widely established,
elucidation o f th e geneti c component s o f diseas e i s suggestin g ne w
approaches t o therapy . Ne w drug s ar e alread y bein g develope d tha t
target specific proteins involved in disease processe s reveale d through
genetic studies . An example i s the drug Gleevac,  tha t blocks binding
of AT P by th e fusio n protei n forme d fro m th e BCR/abl  gen e rear -
rangement i n CM L (se e Chapte r 32) . Thi s cause s significan t
tumour shrinkage , althoug h relapse s occu r a s tumou r cell s acquir e
resistance.

Genes hav e als o bee n introduce d into cance r cell s i n th e hop e o f
stimulating a n immun e response , whil e anothe r anticance r measur e
involves injectin g a  Herpes  virus-base d vecto r expressin g thymidine
kinase directly into brain tumours, making their cells hypersensitive to
the normally non-toxic anti-Herpes drug , Ganciclovir.
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Glossary

A: adenine ; blood group A
AB: bloo d group AB
AD: autosoma l dominant
AFP: alpha-fetoprotei n
AR: autosoma l recessive
adenocarcinoma: malignan t tumour of glandular tissue
adenoma: non-malignan t tumour of glandular tissue
allele frequency: 'gen e frequency'; the number of genetic loci at which a

particular allele is found, divided by the number of alleles at that locus in
the population

Alu repeat : th e mos t abundan t repea t sequenc e i n th e huma n genome ,
found only in primates

anticipation: onse t of genetic disease at younger ages in later generation s
or with increasing severity in each generation

anticodon: sequenc e o f three bases within tRNA that is the base pair rule
complement to a specific triplet codon and is utilized as such in the trans-
lation of mRNA into polypeptide

anti-sense strand : templat e strand of DNA
apoptosis: programme d cell death
ascertainment: recognitio n of individuals with a specified phenotype
assortative mating : mat e selection on the basis of specific characters
ATP: adenosin e triphosphat e
B: bloo d group B
balanced polymorphism: geneti c polymorphism maintaine d i n a popula-

tion by opposing selective forces
BCL: bilatera l cleft lip
BCR: brea k poin t cluste r regio n o f Chromosom e 2 2 involve d i n th e

translocation seen in most cases of CML
benign tumour : abnormal , compact mass of cells that does not endanger

life
bivalent: homologou s pair of chromosomes whil e pairing during meiosis
bp: bas e pair
C: cytosine ; haploi d numbe r o f single-stran d chromosomes ; numbe r of

concordant twin pairs
2C: diploi d number of single-strand chromosome s
cancer: breakdow n i n homeostati c contro l o f cel l growt h leadin g t o

metastasis
candidate gene : geneti c locus plausibly involved in causing disease
carcinoma: malignan t tumour of the skin or epithelial mucus membran e
cDNA: DN A copy of a specific mRNA synthesized by reverse transcriptase
cellular oncogene: proto-oncogen e
centimorgan: geneti c map distance between two loci tha t are segregate d

on average in 1% of meioses
Central Dogma : concep t that genetic information is transferred in the cell

in the direction DNA—>RNA—»protein
CFTR: cysti c fibrosis transmembrane regulator; the cystic fibrosis gene
chiasma: connectio n betwee n th e chromatid s o f homologou s chromo -

somes where crossing over is occurring at meiosi s
chromatid: on e of the two strands which result from duplication of a chro-

mosome, found during prophase and metaphase o f mitosis and meiosis .
Each chromati d contains a  single , ver y lon g molecul e o f DNA . They
separate at anaphase and are then known as daughter chromosomes

chromatin: th e material components of chromosomes
chromosome abnormality: phenotypicall y significan t change in chromo-

some number or structure

cis conformation: presenc e of alleles of different genes on the same strand
of DNA, c.f. trans

clone: tw o or more individuals derived from one genome.
CL+/-P: clef t lip with or without cleft palate
CML: chroni c myelogenous leukaemia
CNS: centra l nervous system
codominance: expressio n of both alleles in a heterozygote
codon: a  sequenc e of  thre e base s withi n a  gene , tha t correspond s to

a specific amino acid in the corresponding polypeptide
concordance: degre e t o whic h relatives , especiall y twins , shar e a

particular trai t
consultand: individua l wh o approache d th e clinicia n fo r geneti c

advice.
consanguinuity: geneti c relationship
continuous variation: variatio n in a character which forms a continuous

series from one extreme to the other
coupling: ci s conformation
D: numbe r of discordant twin pairs
deletion: los s of some or all of a gene or chromosome
AF508: th e most common mutation causative of cystic fibrosis
der. derivativ e chromosome
diploid: havin g twice the haploid content of chromosomes, i.e . the normal

full complement
discontinuous variation: th e existence of two or more non-overlappin g

classes with respect to a particular character
DNA: deoxyribonuclei c aci d
DNA binding protein : protei n which affects gen e activit y by becoming

attached to the DNA
DNA fingerprint : patter n o f hypervariabl e minisatellit e DN A repeat s

unique to each individual
DNA hybridization : reassembl y o f complemetar y pair s o f DN A singl e

strands into a double-strand by base pairing
DNA probe: smal l fragment of single-strand DNA with the same sequenc e

of nucleotides as the section o f native human DNA of interest, labelled
with a radioactive or fluorescent tag

DNA renaturation: DN A hybridization
dominant: a n allele is said to be dominant over an alternative allele at the

same locus when it, rather than the alternative allele , i s expressed i n a
heterozygote

DOPA: dihydroxyphenylalanine
dot blot: DNA , usually amplified by PCR, applied directl y to a membrane

without electrophoresis
dynamic mutation : transien t o r progressiv e chang e i n th e DN A tha t

affects it s coding properties o r degree of expression
DZ: dizygotic , arising from two zygotes
empiric risk: observe d frequency of disease in a given situation
ER: endoplasmi c reticulum
expressivity: degre e to which an allele is expressed in an individual
FAP(C): familia l adenomatous polyposis (coli)
fixation: eliminatio n of alternative alleles in a population
frameshift mutation : mutatio n involving loss or gain of nucleotides of a

number not divisible by three, so that the translational reading frame is
put out of register

G: guanin e
GO, Gl, G2: phase s of the mitotic cycle
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G-bands: patter n o f AT-ric h dar k band s produce d i n chromosome s b y
special treatment followe d b y Giemsa stainin g

gene: th e basic unit of inheritance
gene expression: creatio n o f a  phenotypi c characte r correspondin g t o a

gene. I t is frequently (but erroneously) considere d a s synonymous with
transcription

gene flow : geographica l movement of alleles by migration
gene frequency: se e 'allele frequency '
gene map : representatio n o f th e relativ e position s o f th e gene s i n th e

genome
gene therapy: therapeuti c correction of an inherited defect at the leve l of

the gene
genetic association: occurrenc e o f a specific allele with a  specific pheno-

type at frequency greate r than expected by chance
genetic code: se t o f correpondence s betwee n triple t codon s o f base s i n

mRNA and amino acids in polypeptides
genetic drift : non-selectiv e change in allele frequency
genetic heterogeneity: simila r genetic condition caused by different gene s
genome: geneti c content o f a haploid cell ; the genetic makeup of a species
genotype: geneti c constitution of an individual
germline mutation : mutatio n that can be transmitted to offsprin g
G6PD: glucose-6-phosphat e dehydrogenase
haploid: possessin g onl y one copy of the genetic material, as in a sperm or

ovum
haplotype: se t of alleles of linked genes that tend to be inherited together
HbA: norma l allele for (3-globin
HbS: sickl e cel l allele of (3-globin
heritability: th e fraction o f phenotypic variatio n tha t ca n be ascribed t o

genotypic variation
heterozygote: individua l with dissimilar alleles of a particular gene
hnRNA: heterogeneou s nuclear RNA
homozygote: individua l with similar alleles of a particular gene
human genome : theoretica l concep t tha t include s th e genome s o f al l

normal huma n beings , a s wel l a s th e ide a o f a n 'average ' o r typical
genome for a human

Human Genome Project: ongoin g project to map and sequence the entire
human genome .

hypervariable DNA : fractio n of non-coding DNA consisting of repetitive
sequences that shows a great deal of variation in repeat number between
individuals

Ig: immunoglobuli n
imprinting: acquisitio n b y a  gen e o f a  semi-permanen t modificatio n

that affect s it s expression . Imprintin g can b e change d i n a  subsequen t
generation

inbreeding: breedin g betwee n individual s who share one or more common
ancestors

inbreeding depression: reductio n in fitnes s cause d b y homozygosit y of
certain alleles due to inbreeding

incest: sexua l intercours e betwee n clos e relatives , usuall y those sharin g
25% or more of their genetic materia l

index case: proband
karyotype: a  formula that describes the somatic chromosome complement

of a n individua l o r a  photomicrograp h o f his/he r metaphas e chromo -
somes arranged i n standard order

kb: kilobase ( 1000 bases )
liability: inherite d predisposition
linked: o f genes, close together on the same chromosome
linkage disequilibrium : co-occurrenc e o f closel y linke d allele s mor e

frequently than expected by chanc e
linkage phase : situatio n of alternative pairs of alleles with respect t o one

another on homologous chromosome s

location score : th e equivalen t i n multilocu s mappin g o f lo d score s i n
two-point mapping

lod: 'Lo g of the odds'; the logarithm (log,0) of the ratio of the probability
that a  certai n combinatio n of phenotype s aros e a s a  resul t o f geneti c
linkage (of a specified degree) t o the probability tha t it arose merely by
chance

lod score : th e tota l valu e of th e combine d lod s fo r a  famil y o r grou p of
families calculated at the most probable degree of linkage

M: monosomy ; mitotic phase of the cell cycle
Ml, M2 : first , second division s of meiosi s
malignancy: abilit y o f cell s t o sustai n proliferatio n an d invad e othe r

tissues
malignant tumour : tumou r with the capacity for unrestrained growth and

shedding of invasive cells
Mb: megabas e (1000,000 bases)
Mendel's laws : se t of rules governing inheritance of single-gene features

discovered b y Grego r Mendel , sometime s presente d a s th e 'La w o f
Segregation of Genetic Factors' and the 'Law of Independent Assortment
of Genetic Factors'

metaphase plate : arrangemen t o f chromosome s tha t form s acros s th e
main axis of the spindle apparatus at metaphase

metastasis: transfe r of cancer cells about the body
MHC: majo r histocompatibility comple x
microsatellite DNA: categor y o f repetitive DN A with tandem repeats of a

very short sequence, e.g. 1- 4 base pairs
minisatellite DNA : categor y of repetitive DNA wit h tandem repeats o f a

sequence of intermediate length, e.g. 10-15 base pairs
MIS: Mulleria n inhibiting substance
mitosis-suppressor gene : tumou r suppressor gene ; th e norma l allel e of

such a gene suppresses cell division, usually a t the transition from Gl t o
S-, or G2 to M-phase of the mitotic cycle

monosomy: presenc e o f only one copy of a chromosom e
mosaic: existenc e in the body o f more than one population o f genetically

distinct cells
mRNA: messenge r RNA
multifactorial trait : characte r that results from th e joint action of several

factors, includin g genes and environmental influence s
multipoint map: gen e map based on several reference loci
mutagen: environmenta l agent capable of causing damage to DNA
mutator gene : fault y DNA repair gene
mutation: proces s by which a gene undergoes a structural change to create

a different allele ; the new allele resulting from such a change
MZ: monozygoti c
N: haploi d number of chromosomal DNA double-helices; in humans, 23
neoplasia: abilit y o f cancerou s cells to proliferat e in defiance of norma l

controls
NHC protein: non-histon e chromosomal protein
NOR: nucleola r organizer region
NTD: neura l tube defect
nucleoside: compoun d o f a purine or pyrimidine base linke d to the sugar

ribose o r deoxyribose , e.g. adenosine , guanosine, cytidine, thymidine,
uridine

nucleotide: compoun d of a  purine or pyrimidine base linke d to ribose o r
deoxyribose, plu s phosphoric acid , e.g. d-adenosine triphosphate, d-AT P

O: bloo d group O
obligate carrier : individua l who, logically, must be a carrier
oligogenic: resultin g from th e joint action of a small number of genes
oligonucleotide: artificiall y synthesize d DNA molecule
oncogene: a  modified proto-oncogene that contributes to a high rate of cell

division, usually designated without a prefix, e.g. myc
outbreeding: breedin g with an unrelated partner
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P: degre e of penetrance
p: chromosoma l short arm; symbol for allele frequency
p53: mitosi s suppressor protein product of the gene, TP53
PCR: polymeras e chain reaction
penetrance: proportio n o f individuals o f a  specifi c genotyp e that show s

the expected phenotyp e
pharmacogenetics: th e aspec t o f genetic s tha t deal s wit h variatio n i n

response to drugs
pharmacogenomics: productio n o f drugs by use of genetically engineered

microorganisms
phase: o f linkage, the state of association of alternative alleles at one locus

with those at a genetically linked locus
phenotype: visible , tangible , o r otherwis e measurabl e propertie s o f a n

organism resultin g fro m th e interactio n o f hi s o r he r gene s wit h th e
environment

PKU: phenylketonuri a
pleiotropy: phenomeno n of a single gene being responsible fo r a number

of distinct and often seemingly unrelated phenotypic traits
point mutation: substitution , insertion o r deletion i n DNA that involves

only a small number of nucleotides
Pol II: RN A polymerase I I
polygenic: resultin g from the joint action of two or more gene s
polymorphism: presenc e in a  population o f two or mor e allele s a t one

locus a t frequencies eac h greater than 1% ; one allele o f a polymorphi c
system, or its corresponding phenotyp e

premutation: situatio n where there is expansion of triplet repeats beyond
the normal range, but insufficient to cause disease

preventive genetics: applicatio n of genetic insight for avoidance of disease
proband: famil y membe r with specifi c phenotyp e who first came t o the

attention of the investigator or clinician
proposita: femal e proband
propositus: mal e proband
proto-oncogene: cellula r oncogene ; a  norma l allel e tha t stimulate s cel l

division, designated with the prefix 'c' , e.g. c-myc
pseudo-autosomal region: simila r regio n o f the X and Y chromosome s

where crossover occurs
P-WS: Prader-Will i syndrom e
q: chromosoma l lon g arm; symbol for allele frequency
R-bands: revers e bands, GC-rich parts o f chromosomes tha t do not stain

darkly with Giemsa stain, c.f. G-bands
'rare': o f geneti c diseases , usuall y considered a s occurrin g in les s than

1/5000 births
recessive: a n allele is said to be recessive to an alternative allele at the same

locus when its expression is masked by that alternative in a heterozygote
recurrence risk : ris k a  coupl e wil l hav e anothe r chil d wit h th e sam e

disorder
repulsion: 'trans'  conformation
restriction endonuclease: enzym e tha t specifically cut s double-strande d

DNA at a defined base sequenc e
restriction fragment : portio n o f double-strande d DN A released whe n

DNA is cut with a restriction endonuclease
reverse transcriptase: vira l enzyme that creates DNA copies from a RNA

template
RFLP: restrictio n fragment length polymorphism
RNA: ribonuclei c acid
rRNA: ribosomalRN A
S: Svedber g unit; DNA synthetic phase of the cell cycle.
sarcoma: malignan t tumor of mesodermal tissue
SCID: sever e combined immunodeficiency diseas e
sense strand: DN A strand complementary t o the templat e stran d and of

sequence similar to that in the RNA transcribed

sex chromosomes: X  and Y chromosomes
sex limitation : sex-relate d expressio n o f a n autosomal gene due t o sex-

related differences i n anatomy or physiology
sex linkage: inheritanc e and expression of an allele in relation to sex, by

virtue of the gene being carried on a sex chromosome
silent mutation : mutatio n tha t cause s n o chang e i n th e correspondin g

polypeptide
sister chromatids : tw o daughte r strand s o f a  duplicate d chromosom e

joined by a common centromer e
snRNA: smal l nuclear RNA
SRY: mal e sex determining gene
SSCP: singl e strand conformation polymorphism; study of DNA polymor-

phism by electrophoresis of DNA denatured into single strands
snRNP: smal l nuclear ribonucleo-protein; protein-RN A complex impor -

tant i n recognition of intron/exon boundaries , intron excision, o r exon
splicing, etc.

somatic mutation: mutatio n that occurs in a body cell
START signal : triple t codo n AU G tha t signifie s wher e translatio n o f

mRNA should start
STC: signa l transduction cascade
STOP signal: chai n terminator , o r 'nonsens e codon' ; triple t codo n tha t

indicates where on the mRNA translation shoul d stop: UAA, UAG, UGA
susceptibility gene: gen e wit h a n allel e tha t confer s predispositio n to a

disease
synapsis: side-by-sid e associatio n o f homologou s chromosome s a t

meiosis
syndrome: se t of phenotypic features tha t occur together as a characteris-

tic of a disease
T: thymine ; trisomy
tandem repeats : tw o or more copies of the same sequence of nucleotides

arranged in direct succession in DNA
TCA cycle: tricarboxyli c acid cycle
telomere: specialize d end of a chromosome
template strand : anti-sens e strand ; th e DN A stran d alon g whic h RN A

polymerase runs , producin g a n RN A molecul e o f complementar y
sequence

test mating: matin g with a recessive homozygote whic h reveals the geno-
type of that individual

threshold trait : a  characte r whic h show s discontinuou s variatio n
considered to be superimposed upon a continuously variable distribution
of liabilities

77*53: th e gene coding for protein p53
trans conformation : allele s o f tw o linke d gene s ar e sai d t o be i n trans

conformation whe n the y ar e o n opposit e chromosome s a t meiosis ,
c.f. cis

transcript: initiall y forme d RN A polymeras e produc t o f th e actio n o f
RNA

translocation: mutatio n tha t involve s transfe r o f a  piece o f DNA to an
abnormal sit e

tRNA: transfe r RNA
triplet repeat: tande m repetition o f a group of three bases in DNA
tumour suppressor gene: mitosi s suppressor gene; a gene responsible for

arresting mitosis at the Gl or G2 block
U: uraci l
UCL: unilatera l cleft li p
viral oncogene: oncogen e derived from a  viral insert, designated with the

prefix V , e.g . v-myc
VNTR: variabl e number tandem repeat; usually applied to minisatellites
zinc finge r protein : a  protei n o f specialize d structur e stabilize d b y

an ato m o f zin c wit h th e propert y o f bindin g t o specifi c DN A
sequences
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Appendix: Informatio n resource s

Introductory genera l textbook s
Connor M , Ferguson-Smit h M . Essential  Medical  Genetics,  5t h edn .

Oxford: Blackwell, 1997 .
Cummings MR . Human  Heredity,  Principles  an d Issues,  5t h edn . Pacifi c

Grove, California : Brooks/Cole , 2000.
Gelehrter TD, Collins FS, Ginsburg D. Principles o f Medical Genetics,  2nd

edn. Baltimore: Williams and Wilkins, 1997.
Korf, BR. Human Genetics.  A Problem-Based Approach,  2n d edn. Boston:

Blackwell Science, 2000.
Mueller RF , Young ID. Emery's  Elements  o f Medical  Genetics,  l l t h edn .

Edinburgh: Churchill Livingstone, 2001.
Nussbaum RL , Mclnne s RR , Willar d HF . Thompson  an d Thompson

Genetics in Medicine, 6t h edn. Philadelphia: W B Saunders, 2001 .

Advanced genera l textbook s
Rimoin DL , Conno r JM , Pyerit z RE , Kor f BR . Emery  an d Rimoin's

Principles an d Practice o f Medical Genetics,  Vols  1-3,  4th edn. London:
Churchill Livingstone, 2002.

Childs B , Beaudet AL , Valle D, Kinzler KW, Vogelstein B . The Metabolic
and Molecular Bases  o f Inherited Disease, Vols 1-4,  Eds: ScriverCR,Sly
WS. New York: McGraw-Hill, 2000.

Specialized textbook s
Emery AEH. Methodology i n Medical Genetics.  An Introduction t o Statisti-

cal Methods, 2n d edn. Edinburgh: Churchill Livingstone, 1986.
Emery AEH , Malcol m S . A n Introduction  t o Recombinant  DN A i n

Medicine, 2n d edn. Wiley: Chichester , 1995 .
Harper P . Practical Genetic  Counselling,  5t h edn . Oxford : Butterwort h

Heinemann, 1998 .
Winter RM , Baraitse r M . Multiple  Congenital  Anomalies.  A  Diagnostic

Compendium. London : Chapman and Hall, 1991.
Evett IW , Wei r BS . Interpreting  DN A Evidence.  Statistical  Genetics  fo r

Forensic Scientists.  Sunderland , Massachusetts: Sinauer, 1998.

Internet database s
Allele Frequenc y Databas e (ALFRED) : http://alfred.med.yale.edu /

alfred/index.asp
Makes availabl e frequenc y dat a o n singl e nucleotid e polymorphisms

(SNPs) in specifi c populations , linking these t o the molecular genetics -
human genome databases .

Clinical Genetics Computer Resources: http://www.kumc.edu/gec/prof/
genecomp.html

A valuable entr y point to all the major genetics databases, fo r professiona l
use.

Frequency o f Inherite d Disorder s Databas e (FIDO) : http://archive .
uwcm.ac.uk/uwcm/mg/fidd/background.html

A compendium of published data on prevalence and incidence of diseases in
human populations.

GeneReviews: http://genereviews.org
Database of laboratories that perform molecula r diagnosi s fo r specific dis -

orders, plus a n online genetic s textboo k wit h review s an d educationa l
materials, including guidelines for diagnosis and management of genetic
conditions.

Genetic Alliance: http://www.geneticalliance.org
Organization o f suppor t group s fo r geneti c disorders,  a  goo d sourc e o f

information for families.
Human Mutation Database: http://www.hgmd.org
A compendium o f databases o f mutations responsible for huma n geneti c

disorders.
Infobiogen Databas e Catalogu e (DBCAT) : http://www.infobiogen.fr /

services/dbcat/
Comprehensive publi c catalogue of biological databases.
Online Mendelian Inheritanc e i n Man (OMIM): USA: http://www.ncbi.

nlm.nih.gov/omim/; UK: http://www.hgmp.mrc.ac.uk/omim/
The standar d an d authoritativ e sourc e o f curren t knowledg e o f singl e

gene disorders. Presents links to relevant literature , ma p locations an d
clinical summaries.

PubMed: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMe d
A service of the National Library of Medicine providing access to 1 1 million

MEDLINE citation s of standard publications on medical topics.
The Family Village : http://www.familyvillage.wisc.edu /
Source of information o n medical disorders, targete d a t the general public.
The National Center for Biotechnology Information: http://www.ncbi.

nlm.nih.gov/
Provides links to many valuable genetic resources.
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abnormal developmen t 8 0
abnormalities

congenital 48 , 48- 9
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ABO blood group s
and dominance 44 , 45
and nail-patella gene 6 0
and transfusion 5 7

acetylation 2 3
achondroplasia 40,41,7 7
acrocentric chromosome s 8 2
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actinomycin 2 1
adenine 74 , 15
adenocarcinoma 68 , 69
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agammaglobulinaemia 7 7
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allele-specific oligonucleotides (ASOs) 95 , 97
alpha-amanitin 2 1
alpha-1-antitrypsin deficiency 5 8
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screening 100 , 700
alpha-thalassaemia 67 , 83

genetic base 5 6
Alu repeat 9 9
Alzheimer disease 5 3
Amish 7 5
amniocentesis and diagnosis of Dow n

syndrome 34 , 88, 89
amniotic cavity 28 , 29
amplification, an d oncogenes 6 9
amplification refractory mutation system

(ARMS) 96,9 7
anaphase 24,25,26,2 7
androgens 31 , 32
anencephaly 5 2
aneuploidy, prenatal screening for 34 , 35, 700

diagnosis 82 , 83
and radiation 6 5

Angelman syndrome 37 , 44,45, 83
animal models 8

of common disorder s 5 2

ankylosing spondylitis 60 , 61, 74
anticodon 78 , 19,22,23
antigen presentation 7 2
apoptosis 4 9
ARMS test 96,9 7
ascertainment bias , twin studies 5 5
Ashkenazijews 7 5
aspartylglycosaminuria 7 5
association, geneti c 3 3
assortment, independen t 38,60- 1
asthma 74,8 7
asymmetry, reversed i n MZ twins 5 5
ataxia telangiectasia 65 , 83
atomic radiation 65 , 101
atopic diathesi s 52 , 53
autoimmune disease 61 , 73
autoimmunity 6 1
autosomal dominan t diseas e 7 7

and Bayes' theore m 7 9
linkage analysis 90,9 1
risk assessment 7 8

autosomal dominan t inheritance 40 , 40- 1
autosomal recessiv e diseases/disorder s 7 7

and Bayes' theorem 7 9
linkage analysis 90,9 1

autosomal recessive inheritance 42 , 42- 3
autosomal syste m 58 , 59
autosomes 35 , 90

background radiation 6 5
balanced polymorphism 5 6
banding, chromosome s 72,1 3
Barrbody 31,4 6
basal cel l naevus syndrome 7 1
base-excision repair 64 , 65
base pair 14,  15

deletion 6 6
destruction 6 5
insertion 6 6
linkages 74 , 15

Bayes' theorem 78 , 79
BCR 70,7 1
B-cell immunity, absence 7 3
BCL, se e cleft lip
Becker muscula r dystrophy 46 , 47, 77
beta-thalassaemia 67 , 75

genetic bases 5 7
bias of ascertainment, twin studies 5 5
biochemical diagnosis 84 , 85
biochemical studies, and common disorder s 5 2
biology

basic 8- 9
developmental 28-3 1

bipolar illness 5 3
birth defects 48,48- 9
births, multipl e 5 4
blastocoele 2 9
blastocyst 2 9
blepharophimosis 8 1
blindness, congenital 7 7
blood group s

ABO 44,45,5 7
Duffy 5 7
MN system 58,5 9
Rhesus 5 7

Bloom syndrom e 17,64,65,71,8 3
brachycephaly 8 1
brachydactyly 40,4 1
BRCA1/2 7 1
breast cancer , familia l 70 , 71
Burkitt lymphoma 70 , 71

CAATbox 20,2 1
CAD, see coronary arter y disease
Canavan disease 75 , 85
cancer

cytogenetics 8 3
familial 70,70- 1
molecular biology 68 , 69
treatment 10 3
see also onco- ; tumou r

candidate gene approach t o mapping 6 3
canthal distances 8 0
carcinogenesis 6 9
carrier detectio n 8 5
carrier status , probability 7 9
cartilage-hair hypoplasia 7 5
cell 8-9,70 , 11

division 9
gene expression withi n 8
junctions 1 1

cell cycle 9,24,2 5
block defects 7 1
phases 2 5
S-phase 1 7
stimulating factor s 68 , 69

centimorgan (cM ) 6 1
central dogma 9
centrioles 7 0
centromeres 13,15,8 2
centrosome cycl e 2 5
Chediak-Higashi syndrome 7 3
children, genetic disorders 3 2
chimaera 3 5
chloramphenicol 2 3
chondroectodermal dysplasi a 7 5
chorion structure 5 4
chorionic villus sampling 88 , 89
chromatids 25 , 82
chromatin 12 , 1 3
chromosomal disorders in childhood deaths

32
chromosomes 9 , 12-13

analysis 82,82- 3
aneuploidies 32, 34, 35
assignment 6 3
banding 12,  13
crossing over 6 0
defects 3 2

in relation to development 3 4
and diagnosis 74- 5
flow sorting 62 , 63
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chromosomes (cont.)
fluorescent 82 , 83
forms 8 2
G-banded 82,90
homologous, crossover i n meiosis 6 0
homology regions 4 6
jumping 6 3
linkage analysis 9 0
at metaphase of mitosis 1 2
microdissection 6 3
painting 8 3
Philadelphia 7 0
ring 3 6
structural abnormalities 36 , 37
structure 1 2
walking 6 3
X, inactivation 31,3 7

chronic myeloid leukaemia (CML) 71 , 103
see also Philadelphia chromosom e

cis conformation 60 , 61, 90
CL±P, see cleft li p
cleavage 2 9
cleft lip and palate 48, 52,54, 74,87

causation 5 0
genetic analysis 5 0

cleft palate 46,57,52,54,8 7
clinical applications, genetic s 74-10 3
clinodactyly 34 , 81
clofibrate 1 1
clubfoot 74,8 7

see also talipes equinovarus
CML, see chronic myeloid leukaemia
Cockayne syndrome 6 5
codominance, ABO blood groups 44, 45
colchicine 11 , 25
collagen fibres 2 3
colon cancer 6 9
colourblindness 5 9

frequency 7 7
gene location 46

complex traits 32- 3
concordance ratio 54- 5
confidentiality, genetic information 7 5
congenital abnormalities 48 , 48- 9

risk of 8 7
congenital adrenal hyperplasia 61,75 , 77
congenital chloride diarrhoea 7 5
congenital dislocation of the hip 74 , 87
congenital heart disease 52 , 74, 87
congenital hypothyroidism 84 , 101
congenital nephrotic syndrome 7 5
congenital spherocytosi s 7 7
congenital trait s 32- 3
conjoined twin s 5 5
consanguineous mating 4 3

pedigree representatio n 7 6
consultand, representatio n in pedigree 76 , 77
continuous variation 5 1
control points, for gene expression i n cell 8
cordocentesis 88 , 89
corona cells 2 9
coronary artery disease 52,53 , 74
cortical cords of ovary 3 1
cosmic rays 6 5
counselling, genetic 74-5 , 86, 86- 7
cousin marriage 42, 43
CP, see cleft palat e
cri-du-chat syndrome 3 7
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crossing over, chromosomal 26 , 60, 63
crossover

analysis 62 , 63
frequency 6 1

cryptorchidism 3 2
cyclin-dependent protein kinases (CDKs) 2 5
Cypriots 7 5
cystic fibrosi s 43

allele nomenclature 6 7
diagnosis 10 1
and DNA sequencing 9 3
frequency 58,59,7 7
mutation 6 6
risk assessment 7 8

cytodifferentiative error s 7 1
cytogenetics

abbreviations used 8 2
cancer 8 3
single gene disorders 8 3

cytokinesis 24 , 25, 26, 27
cytoplasm 1 1
cytosine 14 , 15
cytotrophoblast 28 , 29

DCC, deleted in colon cancer 68 , 69
deafness, congenital 42 , 43,58, 77
debrisoquine hydroxylas e deficiency 5 7
deletions 6 7

chromosome 3 7
and radiation 6 5

dentatorubral pallidoluysian atrophy 6 6
dentinogenesis imperfecta 7 7
depressive illness 5 3
desmosomes 10,  11
development

and genetic disorders 3 2
twins 5 4

developmental biology 8-3 1
diabetes mellitus

IDDM 52,5 3
NIDDM 52,53,7 5

diagnosis
approaches 8 5
biochemical 84 , 85
DNA sequencing 9 3
dysmorphology 8 1
genetic, preimplantation 8 9
prenatal 88 , 88- 9
and risk assessment 7 8

diakinesis 26 , 27
dictyotene 2 7
dideoxynucleotide DNA sequencing, method 92 ,

92-3
DiGeorge syndrome 73 , 82,83
dihydrotestosterone 3 1
dimerization 6 5
diploid cells 2 7
diploidy 3 5
diplotene 26,2 7
direct visualization hybridizatio n (DIRVISH )

63
discontinuous variation 5 1
disease analogues 8
disease association 60,6 1
diseases/disorders

adult 52- 3
analogues 8
autosomal dominant 77 , 78

autosomal recessive 77 , 78, 79
avoidance 700 , 100- 1
and Bayes' theorem 7 9
and degree of relationship 5 3
development in susceptible individual 70 0
genetic, management 102- 3
genetic vs. environmental contributions 7 4
HLA associations 6 1
management 45,4 9
prevention 700 , 100- 1
properties 5 2
relative ris k 5 3
X-linked dominant 7 7
X-linked recessive 77 , 78

dizygotic twins 5 4
DNA 9

binding, and oncogenes 7 1
binding proteins 6 9
coding 7 4
damage detection errors 7 1
diagnosis 8 5
domains 7 2
fingerprinting 15,95,9 9
hybridization 63 , 93
ligase 1 7
microsatellite 9 9
minisatellite 9 9
non-coding 7 4
packing ratios in chromosomes 7 2
polymerases 16, 17
polymorphism 9 5
primase 16,  17
probes 9 5
profiling 95,9 9
repair 64 , 65, 71
replication 76 , 17
satellite 15,9 9
screening 54 , 85
sequencing 92 , 92- 3
structural classes 74,1 5
structure 74 , 15
synthesis, se e also S-phase
transcription factors 6 5

dolichocephaly 8 1
dominance 38,44 , 45

incomplete 4 5
dot blots 9 5
double helix 7 4
Down syndrome 34 , 35, 37, 100- 1
drugs, and congenital abnormalities 4 9
Duchenne muscula r dystrophy 46,4 7

frequency 7 7
PCR analysis 96,9 7
risk assessment 7 8

Duffy bloo d group 5 7
duplication

chromosome 3 7
DNA 6 7

dynamic mutations 66 , 67, 96, 97
dysautonomia 7 5
dysmorphology 50 , 80-1
DZ twins, see dizygotic twins

earlobes, free and attached 38 , 39
ectoderm 2 9
ectrodactyly, pedigree diagra m 4 4
Edward syndrome 34 , 35
eggs, formation 9



electromagnetic radiatio n 6 5
mutagenic wavelengths 6 4

Ellis—van Creveld syndrome 7 5
embryo 2 9

biopsy 8 9
and congenital abnormalitie s 4 9
development 9

embryoblast 28 , 29
embryogenesis 2 9
embryology 28 , 29
embryonic disc 28 , 29

time scale 2 9
empiric risks 79 , 87
endocytosis 1 1
endoderm 2 9
endometrium 2 8
endonucleases, restriction 95 , 97
endoplasmic reticulum (ER) 1 1
enhancer sequences 2 1
environmental agents, and genetic risk 10 1
environment-related polymorphism 5 6
enzymes

assay 8 5
defects, lysosomal storage disorder s 84 , 85
function, enhancement 10 3
inhibition 10 3

epiblast 28,2 9
epicanthic fold 8 0
epilepsy 52,8 7
Epstein-Barr virus 6 9
erythromycin 2 3
Eskimo 57,7 5
essential hypertension 52-3 , 7 4
ethnic groups

and genetic disorders 7 5
and risk assessment 7 9

euchromatin 1 3
eukaryotes 1 8
euploidy 3 5
exons 15,2 1

splicing 2 0
expressivity 4 5

Fabry disease 8 4
facial features , and dysmorphology 8 0
factor VIII, see haemophilia
factor IX, see haemophili a
familial adenomatou s polyposis (coli) 68 , 69, 71,

77
molecular biology 6 8

familial cancers 70 , 70-1
familial combine d hyperlipidaemi a (FCH ) 5 3
familial hypercholesterolaemia (FH ) 53 , 75, 77
familial retinoblastoma 7 1

risk assessment 7 8
family

and common disorder s 5 2
and confidential geneti c informatio n 7 5
and Duchenne muscular dystrophy 9 6
history, and risk assessment 7 8
linkage studies 63,9 1
tree, see pedigree diagram s

Fanconi anaemia 65 , 83
favism 5 7
female meiosis 2 7
fertilization 28,2 9
fetal alcoho l syndrome 49 , 80
fetal nucha l transparency 10 1

fetoscopy 88 , 89
fetus 2 9

and congenital abnormalitie s 4 9
fibre-FISH 6 3
filaments, intermediate 10 , 1 1
fingerprints, DN A 15,98,9 9
flow cytometry 62 , 63
fluorescence i n situ hybridization (FISH) 63 , 82,

82-3
follicle stimulating hormone (FSH) 5 4
food, and environment-related polymorphism

56
forensic application, genetics 98 , 99
fragile X disease (Frax-A) 66 , 67, 77, 83

gene location 4 6
frameshift mutatio n 66 , 67
Frax-A, see fragile X disease
Frax-E, -F 6 6
frequent cutter endonucleases 9 9
Friedrich ataxia 6 6

galactosaemia 101 , 10 2
gametogenesis 26 , 27
ganciclovir 10 3
gap junctions 10 , 1 1
gastrulation 2 9
Gaucher disease 75 , 84, 85
G-banded human karyotype 9 0
G-banding 8 2
G-bands, basis of 1 2
GCbox 2 1
gel electrophoresis 92 , 94, 95, 96, 98
gene

cloning 6 3
counting 5 5
dosage 6 3
expression 8 , 9, 103
frequency, see allele frequency
mapping 61,62,62,6 3
replacement 10 3
structure 2 1
therapy 8 , 102
see also oncogenes; tumour suppressor gene s

generalized (Gm 1) gangliosidosis 8 4
genetic abnormalities, and radiation exposure

100
genetic association 3 3
genetic code 22 , 23
genetic counselling 74-5 , 86 , 86- 7
genetic disorders/disease

categories 3 2
and development 3 2
management 102- 3

genetic linkage 33 , 60, 60- 1
genetic markers 5 2
genetic material 9
genetic polymorphisms 5 6
genetic registers 10 1
genetic risk, management 8 6
genetics

clinical applications 74-10 3
forensic applications 98,9 9
medical 32-7 3
place in medicine 32- 3
preventive 10 0

genital duct s 30 , 31
genitalia, external 30-1,  31
genital ridges 3 1

genital tubercle 3 1
genome

mitochondrial 7 8
nuclear 14 , 15

genomic imprinting 4 5
genotype

definition 9
and congenital abnormalities 4 9
and phenotype 38 , 39

germ cells, primordial 3 1
germ layer s 2 9
Gleevac (imatini b mesylate) 10 3
glucose-6-phosphate dehydrogenase (G6PD )

deficiency 56 , 57
frequency 7 7
gene location 4 6

Gm2 gangliosidosis, se e Tay-Sachs diseas e
Golgi complex 10 , 1 1
gonads, development 30 , 31
Gorlin syndrome 7 1
GO-phase 24,2 5
Gl-phase 24,2 5
G2-phase 24,2 5
growth charts 8 0
growth facto r reception, and oncogenes 7 1
growth factors 68 , 69

extracellular 25 , 68
growth parameters 8 1
GTPases 68,6 9
guanine 14 , 15
guardian of the genome 6 9
gubernaculum 3 1

haem 2 3
haemochromatosis 6 1
haemoglobin 2 3
haemoglobin Constant Spring 6 7
haemophilia 46-7 , 5 9

frequency 7 7
gene location 4 6

halothane sensitivity 5 7
haploid cells 2 7
haplotypes 6 2
Hardy-Weinberg law 43 , 59

and DNA fingerprinting 99
hare lip, see cleft lip and palate
Hashimoto thyroiditi s 7 3
HbS, see sickle cell diseas e
heart disease, congenita l 5 2
helper!cell 7 2
Hensen's node 2 9
hereditary non-polyposis colon cancer 17 , 64,

65
heritability 5 5
hermaphroditism 3 5
heterochromatin 1 3
heterogeneous nuclea r RNA (hnRNA) 18,1 9
heterozygotes

and autosomal recessive inheritance 4 2
and Mendel's law s 38 , 38-9, 3 9

high-resolution mapping 6 3
hip, congenital dislocation 5 4
Hirschprung disease 4 8
HLA system, see major histocompatibility

complex
holandric inheritanc e 4 7
Holzinger statistic 5 5
homology regions, chromosome 4 6
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homozygotes
and autosomal recessive inheritance 4 2
compound 6 7

Hopi Indians 7 5
housekeeping protein s 2 1
human genome project 6 3
human leucocyte antigen (HLA) system 5 7

associations, common diseases 6 1
Huntington disease 66 , 67, 75, 77

age of onset 4 4
diagnosis by PCR 9 6

hybridization, in situ 6 3
fluorescence in situ (FISH) 63 , 82-3, 8 3
primed i n situ (PRINZ) 8 3

hydatiform moles 4 5
hypertelorism 8 1
hypertension, essential 52- 3
hyperthermia, malignant 5 7
hypervariable DNA 74,15,9 9
hypoblast 28 , 29
hypophosphataemia 7 7
hypotelorism 8 1
hypothyroidism, congenita l 84 , 101

I-cell disease 2 3
imatinib mesylate (Gleevac) 10 3
immune system 72- 3
immunodeficiency 7 3
immunogenetics 33 , 72, 72- 3
immunoglobulins 72 , 73
implantation 28 , 29
imprinting, genomic 4 5
inactivation, X chromosome 46, 47
inborn errors of metabolism 8 5
inbreeding 4 3
incontinentia pigment i 46 , 77
independent assortmen t o f alleles 3 8
indifferent gona d 3 1
inheritance

autosomal dominan t 40 , 40-1
autosomal recessiv e 42 , 42- 3
holandric 4 7
intermediate 44, 45
MHC haplotypes 5 6
mitochondria! 46,4 7
patterns 7 9
pseudoautosomal 4 7
sex-related 46 , 46- 7
and use of pedigrees 7 7
X-linked dominant 46 , 47
X-linked recessive 46, 46
Y-linked 4 7

initiation factors, for translation 2 3
insertion 6 7
insertional mutagenesis, and oncogene s

69
in-situ hybridization, se e hybridization
intermediate filament s 70,1 1
interphase 24 , 25
intracellular signa l defects 7 1
introns 15,2 1

excision 2 0
inversion 37 , 67
isochromosomes 3 7
isodisomy, uniparental 4 5
isoniazid 5 7

junctional complexes 10 , 1 1
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Karaite Jews 7 5
karyotype, human 9 0

preparation 8 2
Kennedy disease 6 6
kilobase 1 5
Klinefelter syndrome 34 , 35
K-rasoncogene 68 , 69
KSS 4 7
Kuna Indians 7 5

labelling, chromosomes 8 2
labioscrotal swelling 3 1
lactose intolerance 5 6
lagging strand synthesis 1 7
Langer-Giedion syndrome 8 3
leader sequence 2 1
leading strand synthesis 1 7
Leber hereditary optic neuropathy (LHON ) 4 7
leprosy, genetic component 52 , 53
leptotene 26 , 27
Lesch-Nyhan syndrome, gene location 4 6
Leydig cells 3 1
liability 50,5 1
Li-Fraumeni syndrome 69 , 70,11
linkage, genetic 33 , 60, 60-1

analysis 90 , 91
disequilibrium 60 , 61

linkage analysis 52,63,90,9 1
linkage plane 60 , 61, 90
lipoid proteinosis 7 5
liposomes 10 3
location score 62 , 63
LOD score 6 1
luxury proteins 2 1
lysosomal storag e disorders 84 , 85

macrocephaly 8 1
magnetic resonance imaging , prenata l

diagnosis 8 8
major groove, o f double helix 14 , 15
major histocompatibility comple x (MHC) 57 , 72,

73
haplotypes, inheritanc e 5 6

malaria 56 , 56
male meiosis 2 7
malformation

syndromes 8 0
and threshold traits 5 2

malignancy 68 , 69
malignant hyperthermia 5 7
manic depressive illness 53 , 87
map distances 6 1
mapping, gene 6 1
Marfan syndrome 40, 41, 77
markers, genetic 52
maternal blood screening 8 8
mating, consanguineous 4 3
matings, and Mendel's law s 38,39
maturity onset diabetes o f the young (MODY)

53
measles 5 2
medical genetics 32-7 3
medicines, teratogenic 4 9
megabase 1 5
meiosis 26 , 27
melanin 4 2
MELAS 4 7
Mendel, Gregor 6 0

Mendelian disorders, with cytogenetic effects 83 ,
83

Mendel's laws 38 , 38-9,39
MERRF 46,4 7
mesoderm 2 9
mesonephric duc t 3 1
messenger RN A (mRNA) 18,7 5

production 20 , 21
metabolic dysfunction, correction 10 2
metabolism

diversion 10 3
inborn errors 8 5

metabolites
depletion 10 3
detection 8 5

metacentric chromosomes 8 2
metaphase 24,25,26,27
MHC, se e major histocompatibility complex
microcephaly 8 1
microdeletions, associate d syndrome s 8 3
microfilaments, actin 70 , 1 1
microsatellite DNA 15 , 99

repeat polymorphisms 9 8
microtubules 70 , 11
Miller-Dicker lissencephaly 8 3
minisatellite DNA 15,9 9

markers, and DNA fingerprintin g 9 9
polymorphism, DN A profiling 98,99

minor groove, of double helix 14 , 15
mismatch proofreading systems 1 7
mismatch repair 64 , 65
missense mutation 66,6 7
mitochondria 70 , 11
mitochondrial genome 14,18
mitochondrial inheritance 46, 47
mitochondrial RNA (mtRNA) 18,1 9
mitosis 24 , 25

suppressor genes 6 9
suppressor proteins 2 5

mitotic phase 24 , 25
MN blood group system 58 , 59
modification, post-translational 2 3
molar pregnancy 4 5
molecular biology of cancer 68 , 69
monosomy 3 5
monozygotic twin s 48 , 54

use in genetic analysi s 5 5
morula 28 , 29
mosaic individuals 3 5
mosaicism 4 5

fetal 8 9
somatic 31,46

M-phase 24,2 5
MULIBREY-nanism 7 5
Miillerian duct 3 1
Miillerian inhibiting substanc e (MIS) 3 1
multifactorial traits 50- 1

childhood deaths 3 2
continuous 5 5
discontinuous 54- 5
threshold 50,5 1
twin concordance values 5 4

multi-hit hypothesis 68, 69
multiple births 5 4
multiple endocrine neoplasia (MEN ) 7 1
multiple exostoses 7 7
multiple sclerosis 52 , 53
multipoint mapping 62 , 63



muscular dystrophy
gene location 4 6
PCR analysis 96,9 7

mutagenesis 64 , 65
chemical 6 5
insertional, and oncogenes 6 9

mutagens 6 5
mutants, splicing 6 7
mutation 33 , 66, 67

dynamic 6 7
germ lin e 6 5
nomenclature 6 7
rate, estimation 4 1
somatic 6 5
sperm 6 4
types 6 6

myotonic dystrophy 66 , 67, 77
MZ twins, see monozygotic twins

N-acetyl transferase deficiency 5 7
nail-patella gene, and ABO blood group 6 0
neonatal death, risk of 8 7
neonatal screenin g 10 1
nephroblastoma 7 1
neuralation 2 9
neural tube

closure 2 8
defects 70 0
formation 2 9

neurofibromatosis 71,7 7
nick translation 8 3
non-sense mutation 66 , 67
non-specific X-linked mental retardation 7 7
Northern blotting 9 5
notochordal proces s 28 , 29
nuchal transparency, feta l 10 1
nucleolar organizer regions (NORs) 11 , 82
nucleosomes 1 3
nucleotide excision repair 64 , 65

defects 7 1
nucleotide structure 1 4
nucleus 1 1

obligate carriers 46 , 47, 76
occupational screening 10 1
oculocutaneous albinis m 84,  85
oestrogen, actio n of 30 , 31
Okazaki fragments 76,1 7
Old-order Amish 7 5
oligogenic disorders 5 2
oligohydramnios 4 9
oligonucleotides, allele-specifi c 9 5
oncogenes 68 , 69,71

and tumour suppressor genes 7 0
oncogenesis 70,7 1
onset, delayed, geneti c diseases 4 5
oocytes 27 , 31
oogenesis 26 , 27
oogonia 3 1
organogenesis 2 9
origin of replication 76,1 7
oro-facio-digital syndrome 7 7
otosclerosis, dominan t 7 7
ovary, development o f 3 1
ovulation 28 , 29

p21 2 5
p53 25,68,69,70,7 1

pachytene 26 , 27
paclitaxel (Taxol ) 2 5
painting, chromosomes 8 3
palate, cleft , and threshold mode l 57 , 52
papilloma 6 9
paramesonephric duc t 3 1
parasitic twi n 5 5
Patau syndrome 3 5
patients

counselling 74- 5
ethnic groups 7 5

pedigree diagrams 40-1 , 76, 77
deafness, recessiv e 4 2
and diagnosis 7 4
drawing 76 , 76- 7
ectrodactyly 4 4
first-cousin marriage, heterozygotes 4 2
Li-Fraumeni syndrome 7 0
mitochondrial inheritance 4 6
nail-patella gene 6 0
recessive heterozygotes , marriag e 4 2
recessive homozygote and heterozygote 4 2
symbols used 42 , 76
X-linked dominant inheritance 4 6
X-linked recessive inheritance 4 6

penetrance 4 5
estimation 5 5

penis formation 30 , 31
peptic ulce r 7 4
peptidyl transferase reaction 2 2
perinatal death , risk of 8 7
pharmacogenetics 8

G6PD deficiency 57
and polymorphism 3 3

pharmacogenetic trait s 4 5
pharmacogenomics 8 , 103
phenacetin sensitivity 5 7
phenotype definition 9

correction 10 2
phenylketonuria (PKU ) 43,58,59 , 101

diagnosis and screening 84 , 85
frequency 7 7
management 10 2

Philadelphia chromosome 70 , 82
physical mapping, genes 62 , 63
Pierre-Robin sequence 8 0
Pima Indians 7 5
pituitary gland, role in sexual development 3 1
placenta, structur e 5 4
plasma membrane 1 1
pleiotropy 4 5
point mutation 6 7

and oncogenes 6 9
polyadenylation 20,2 1
poly-Apolymerase 2 1
polydactyly 8 1
polygenic traits, see multifactorial traits
polymerase chain reaction (PCR) 96 , 97

in diagnosis 89 , 98, 99
quantitative 9 7
and Southern blotting 9 5

polymorphism 3 3
association analysis 5 2
DNA 9 5
environment-related 5 6
genetic 5 6
microsatellite 9 8
minisatellite 9 8

normal 56- 7
and pharmacogenetics 3 3
restriction fragment lengt h (RFLP) 95 , 99
single nucleotide 10 2
single strand conformation 9 7

polypeptides 9 , 23
polyploidy 3 5
polyribosome 2 3
polysome 2 3
population studies, and common disorder s 5 2
porphyria, acute intermittent 4 1
porphyria variegata 57 , 75
positional cloning approach t o genetic

analysis 62 , 63
post-receptor tyrosin e kinases 68 , 69
post-replication repai r 64 , 65

enzymes 1 7
errors 7 1

post-translational modification 2 3
Potter sequence 4 9
Prader-Willi syndrome 37, 44, 45, 83
pre-embryo 2 9

and congenital abnormalitie s 4 9
premature terminatio n 66 , 67
premutation 6 7
prenatal sampling/screenin g 88 , 88-9, 89 ,

100
AFP concentrations 100 , 7  00

preventive genetics 10 0
primaquine sensitivity 5 7
primed in situ hybridization 8 3
primitive sex cords 3 1
primordial ger m cell s 3 1
probability 7 9
proband 76 , 77

representation i n pedigree 76 , 77
prokaryotes 1 8
pro-metaphase 24 , 25
promoter 2 1
promutagens 6 5
prophase 24 , 25, 27
protein structure 2 3
protein synthesi s 22 , 23
proto-oncogenes 6 9

signal transduction cascade 23,2 5
pseudo-autosomal inheritanc e 4 7
pseudo-autosomal regio n 31, 46
pseudocholinesterase deficienc y 5 7
pseudodominance 4 3
psoriasis 5 2
psychological approach , genetic counselling

86-7
puberty 3 1
Punnett square 38,39
purines 14 , 15
puromycin 2 3
pyloric stenosi s 48 , 52, 54, 74, 87
pyrimidines 14 , 15

quaternary structure , protein s 2 3

radiation, biological effects 6 5
R-bands, basis of 7 2
reading frame , settin g 2 2
recessive DN A repair defects 7 1
recombination, genetic 60,6 1
recurrence risks, empiric 8 7
red hair 38,3 9
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regional mapping 6 3
registers, genetic 10 1
relationship, degrees of 4 2
relative likelihood 78 , 79
relatives, and confidential genetic information

75
release factor 2 3
repair, DNA 17,64,65,7 1
repeat sequence probes 8 3
replication 76 , 17

bubbles 76,1 7
forks 16 , 17
origin 76 , 17
telomeres 76 , 17

reproduction
genetic counselling 86 , 86-7
hazards 8 7
options 86, 87

restriction endonucleases 95 , 97
restriction fragment length polymorphis m

(RFLP) 95,9 9
restriction mapping 6 3
retinitis pigmentosa, gene location 4 6
retinoblastoma 68, 71, 78,83
retinoblastoma protein 2 5
retroviruses 10 3
Rett syndrome 7 7
reverse painting 8 3
reverse transcriptase 94 , 95
RFLP, see restriction fragment length

polymorphism
Rhesus system 5 7
rheumatoid arthritis 52 , 53
ribose 18
ribosomalRNA(rRNA) 18,78,1 9
ribosomes 2 3
ricin 2 3
rifampicin 2 1
ring chromosomes 3 7
risk, genetic

assessment 78, 78-9
empiric 79,8 7
environmental agents 10 1
management 8 6
prenatal sampling 8 9

RNA 9
mutations 6 7
processing 21,6 7
ribosomal 18 , 19
structure 18 , 18-19
transfer 18 , 19, 22, 23

RNA polymerases 1 9
transcription 2 0

Rubenstein-Taybi syndrome 8 3
Ryukyan Islanders 7 5

San Bias Indians 7 5
Sardinians 7 5
scaffold protein s 1 3
schizophrenia 52 , 53, 87
SCID 73 , 103
sclereosteosis 7 5
screening

adult-onset diseases, commo n 10 1
AFP concentrations 100 , 7 00
DNA 84,8 5
maternal blood 8 8
negative implications 10 1
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neonatal 10 1
occupational 10 1
phenylketonuria 84 , 85
prenatal 88 , 88-9, 89 , 100,100

secondary structure, proteins 2 3
secretion pathway 1 1
segregation 3 8
seminiferous tubules 3 1
sense mutation 6 6
sequencing, DNA 92,9 3
serine threonine kinase s 68 , 69
Sertoli cells 3 1
severe combined immunodeficiency (SCID)

syndrome 73 , 103
sex chromosomes 46, 47
sex cords, primitive 3 1
sex linkage 4 7
sex-related inheritance 3 2
sexual differentiation 30-1 ,31,31
Siamese twins 5 5
sickle cell anaemia/disease 45,56,58 , 101

mutation 6 6
status, Southern blotting 9 4

signal peptide 2 3
signal recognition peptide 2 3
signal transduction cascade 68 , 69
silencer sequence s 2 1
silent mutation 66 , 67
single-gene defects in childhood mortality 3 2
single-locus probes, DNA fingerprintin g 9 9
single nucleotide polymorphisms (SNPs ) 10 2
single strand binding protein 1 7
single strand conformation polymorphism

(SSCP) 9 7
singleton, development 5 4
small nuclear RNA (snRNA) 18,1 9
Smith-Magenis syndrome 8 3
solenoid 1 3
somatic cell hybrids 6 3
somatic mosaicism 31,46
somatogenesis 2 9
Southern blotting 94,9 5

and DNA fingerprintin g 9 9
sperm

formation 9
functions 2 9
mutation rate 6 4

spermatocytes 26 , 27
spermatogenesis 26 , 27
S-phase 24,2 5
spinabifida 52,54,8 7
spinal muscular atrophy 43,7 7
spino-bulbar muscular atrophy 6 6
spino-cerebellar ataxia 6 6
spliceosomes 19,2 1
splicing mutant s 6 7
spontaneous miscarriage, ris k 8 7
SRY gene, and sexual differentiation 31,4 6
START signals 22,2 3
stature, polygenic basis 5 0
stenosis, pyloric 5 2
steroid sulphatas e gene 4 6
STOP signals 22,2 3
streak, primitive 2 9
streptomycin 2 3
submetacentric chromosomes 8 2
substitution 66,6 7
succinylcholine intolerance 5 7

sulphation 2 3
sulphonamide sensitivity 5 7
sunlight 5 6
syncytiotrophoblast 28 , 29
syndactyly 8 1
syndrome, defined 6 0
systemic lupus erythematosus 19 , 73

talipes equinovarus 5 4
TATA box 20,2 1
Taxol (paclitaxel) 2 5
Tay-Sachs disease 43,58,66,67,84 , 85,

101
management 10 2
mutation 6 6

T-cell immunity, absence 7 3
T-cell receptor 72 , 73
telangiectasia 6 5
telecanthus 8 1
telomerase 76 , 17
telomeres 13 , 15,82

replication 76,1 7
telophase 24,25,26,2 7
template strands 1 7
teratogenesis 4 8
teratogens 4 8
teratomas 3 2
termination 2 3
tertiary structure, proteins 2 3
testis 3 1

descent 3 1
determining factor (SRY) 31,4 6

test-mating 3 9
testosterone action 30 , 31
tetracycline 2 3
thalassaemia 56-7,67 , 101
therapy, gene 10 2
thiopurine methyltransferase deficiency 5 7
threshold model 5 0
threshold traits , multifactorial 50- 1

continuous 5 5
discontinuous 54- 5
twin concordance values 5 4

thymine 74 , 15
thyroiditis, Hashimoto 7 3
transabdominal amniocentesis 8 8
trans conformation 60,61,  90
transcription 2 1

bubble 2 1
control 6 7
defects 7 1
factors 2 1
initiation site 2 1
RNApolymerasell 2 0

transduction, and oncogenes 7 1
transfer RNA (tRNA) 18 , 78, 19
transfusion, and ABO blood groups 5 7
translation 22 , 23
translocations

and Burkitt lymphoma 7 0
chromosome 37 , 83
and oncogenes 6 9
and radiation 6 5

transmission patterns 6 3
transplantation 5 7
triallelic autosomal system 58,5 9
triplet codons 2 3
triplet repeat disorders 66,6 7



trisomy
definition 3 5
prenatal diagnosis 35,100

trisomy 1 3 3 5
trisomy 1 8 3 5
trisomy 21 3 5

phenotypic map 6 2
trophectoderm 28 , 29
tubercle, genital 3 1
tuberculosis, genetic involvement 52 , 53
tuberous sclerosis, an d linkage analysis 9 1
tumour suppressor genes 7 1

and oncogenes 7 0
Turner syndrome 34 , 35
twins, health risks 5 5
twin studies 54 , 54- 5

and common disorders 5 2
and multifactorial threshold traits 5 4

two-hit hypothesis 68 , 69
tyrosinase 4 2
tyrosine kinase 68 , 69

UCL, see cleft li p and palate
ultrasound scanning, prenatal diagnosis 8 8
ultraviolet (UV) light 6 5
uniparental isodisomy 4 5

unipolar illness 5 3
unit inheritance 3 8
urethra, development of 3 1
uridine 18
urogenital sinus 3 1
uterine tubes 29 , 31
uterus, development o f 3 1

VACTERL association 8 1
vanishing twin 5 5
variable number tandem repeats (VNTRs) 9 9
variation, continuous vs. discontinuous 5 2
VATER association 8 1
velocardiofacial syndrom e 8 3
vinblastine 1 1
vincristine 1 1
viruses, role in cancer 6 9
vitamin D-resistant rickets 7 7
VNTRs, see variable number tandem repeat s
von Hippel-Lindau syndrome 71

WAGR syndrome 8 3
Watson-Crick base pairing 1 5
wavelengths, mutagenic 6 4
Werdnig-Hoffmann diseas e 7 5
Williams syndrome 8 3

Wilms'tumour 7 1
Wolffianduct 3 1
Wolf-Hirschhorn syndrome 37 , 83

X chromosome, inactivatio n 31 , 31, 46, 47
xeroderma pigmentosu m 64 , 65, 83
X-linked agammaglobulinaemia 7 3
X-linked dominant diseases, ris k assessment 7 7
X-linked dominant inheritance 46 , 47
X-linked recessive diseases/conditions 59 , 77

and Bayes' theorem 7 9
risk assessment 7 8

X-linked recessive inheritanc e 46 , 46
X-linked traits , linkage analysis 9 1
X-ray procedures 6 5

prenatal diagnosis 8 8
radiation dose 6 4
safety measures 6 5

Y-linked inheritance 4 7
Yupik Eskimo 7 5

Zellweger syndrome 1 1
zinc finger protein 3 1
zona pellucida 28 , 29
zygotene 26 , 27
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