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Preface

“Reading maketh a full man; conference a ready man; and
writing an exact man.”

Francis Bacon (1561-1626)

It is more than five years since we last updated Emery’s Ele-
ments and the task of producing a new edition has seemed
bigger and more daunting than ever. For the last edition we
mentioned the incoming technology of next generation sequenc-
ing and the impact it was beginning to have on solving long-
standing diagnostic conundrums, especially in a research
environment. Already, just a few years later, we owe so much
to the scientists and bioinformaticians who make the technol-
ogy work for patients and families affected by genetic disease.
Gene discovery for rare disease has risen exponentially as a
result, and we now routinely request ‘panel’ tests for different
phenotypes—whether for conditions of the RAS-MAPK
pathway or inherited eye disease—anything from 20 to 200
genes. So, next generation sequencing is now very much a
clinical and service tool as well, yielding a higher rate of diag-
noses, and often at a price that is not much more than the cost
of testing one gene in the past.

Whole exome or whole genome sequencing has given birth
to a huge field of ethical debate within and beyond the profes-
sions concerning ‘what to do’ with secondary or incidental
findings that have health implications. Europe and North
America are not always aligned in their views and practice in
these difficult areas, so the issues will continue to be discussed
and contested at length.

To these developments can be added the rapidly developing
applications of non-invasive prenatal testing and screening, as
well as nuclear cell transfer with mitochondrial donation to
treat some families devastated by mitochondrial disease.
Advances in the use of genetic technologies for assisted repro-
duction always provoke debate and controversy with
entrenched, polarized views frequently pitted against each
other in the media. As we write this, the most recent advance
to feature in this way is the use of gene editing, or CRISPR,
technology in the treatment of genetic disease. Together with
other novel approaches, there is more expectation than ever
before that families affected by genetic disease will in due
course benefit from treatment strategies judiciously applied.

We have made some major changes to this edition in our
efforts to bring it up to date. We have re-ordered the chapters
to a format that we believe is more logical and appropriate,
referred repeatedly to the use of new technologies, and added
much new clinical material to broaden its appeal as a basic text.
As before, we hope this will prove useful to undergraduates
and postgraduates alike, and help them swim rather than sink
when tackling the mysteries of medical genetics.

Peter Turnpenny and Sian Ellard
Exeter, United Kingdom
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As always, we feel privileged to be working in an area of
healthcare science and service that continues to be exciting and
captivating as the technologies and knowledge move forward
so inexorably. We work within teams and networks of very
talented colleagues who are similarly inspired and, even though
unaware, they contribute to this volume through their knowl-
edge, professional companionship and encouragement. For this
edition we particularly thank Dr Anna Murray (University of

Acknowledgments

Exeter Medical School) who helped with the merger of chap-
ters into the new ‘Common disease, Polygenic and Multifacto-
rial Genetics’. This edition includes a large number of new
clinical images, for which we must once again thank our patients
who have been so willing to share themselves in this way. We
are grateful to Elsevier, especially Alexandra Mortimer, for her
guidance and patience, particularly as several deadlines came
and went!
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To Alan Emery, a friend, mentor, and constant source of inspira- “The book was first conceived and published by the Univer-
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Genetics in Medicine. However, when appointed Professor of
Human Genetics at Edinburgh in 1968 1 decided I should
prefer the book to be published by Churchill Livingstone under
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current 15" edition illustrates very clearly how the subject has
advanced so much over the intervening years.”

Alan Emery

Alan E. H. Emery (c. 1983), Emeritus Professor of Human Genet-
ics & Honorary Fellow, University of Edinburgh, who first
established the Elements of Medical Genetics in 1968.
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Presenting historical truth is at least as challenging as the
pursuit of scientific truth and our view of human endeavors
down the ages is heavily biased in favor of winners—those who
have conquered on military, political, or, indeed, scientific
battlefields. The history of genetics in relation to medicine is
one of breathtaking discovery from which patients and families
have benefited hugely, but success will be measured by ongoing
progress in translating discoveries into both treatment and
prevention of disease, and we are privileged to be witnessing
such developments at the beginning of what promises to be a
dramatic and exciting era. But it is always inspiring to look back
with awe at what our forebears achieved with scarce resources
and sheer determination, sometimes aided by serendipity, in
order to lay the foundations of this dynamic science. A holistic
approach to science can be compared with driving a car:
without your eyes on the road ahead, you will crash and make
no progress; however, it is also essential to check the rear and
side mirrors regularly.

Gregor Mendel and the Laws

of Inheritance

Early Beginnings

Developments in genetics during the 20th century have been
truly spectacular. In 1900 Mendel’s principles were awaiting
rediscovery, chromosomes were barely visible, and the science
of molecular genetics did not exist. As we write this in 2016,
the published sequence of the entire human genome (2004)
already feels like a piece of history, chromosomes can be rapidly
analyzed to an extraordinary level of sophistication by micro-
array techniques, and next generation sequencing is transform-
ing gene discovery and genetic testing in a clinical setting. The
number of phenotypes with a known molecular basis is almost
5500 and the number of genes with a phenotype causing muta-
tion is almost 3400.

Genetics is relevant and important to almost every
medical discipline. Recent discoveries impinge not just on rare
genetic diseases and syndromes but also on many of the
common disorders of adult life that may be predisposed by
genetic variation, such as cardiovascular disease, psychiatric
illness, and cancer, not to mention influences on obesity, ath-
letic performance, musical ability, longevity, and a host of
physiological variations and tolerances. Clearly, a fundamental
grounding in genetics should be part of any undergraduate
medical curriculum.

We start with an overview of some of the most notable
milestones in the history of genetics and medical genetics,
followed by reviewing the overall impact of genetic factors in
causing disease. Finally, we mention some new developments
of major importance.

It is not known precisely when Homo sapiens first appeared
on this planet, but current estimates, based on the finding of

Chapter 1

The History and
Impact of Genetics
in Medicine

It’s just a little trick, but there is a long
story connected with it which it would take
too long to tell.

GREGOR MENDEL, IN CONVERSATION
WITH C.W. EICHLING

It has not escaped our notice that the
specific pairing we have postulated immediately
suggests a possible copying mechanism for the

genetic material.
WATSON & CRICK (APRIL 1953)

fossilized human bones in Ethiopia, suggest man was roaming
East Africa approximately 200,000 years ago. It is reasonable
to suppose that our early ancestors were as curious as ourselves
about matters of inheritance and, just as today, they would have
experienced the birth of babies with all manner of physical
defects. Engravings in Chaldea in Babylonia (modern-day Iraq)
dating back at least 6000 years show pedigrees documenting
the transmission of certain characteristics of the horse’s mane.
However, any early attempts to unravel the mysteries of genet-
ics would have been severely hampered by a total lack of
knowledge and understanding of basic processes such as con-
ception and reproduction.

Early Greek philosophers and physicians such as Aristotle
and Hippocrates concluded, not without a little prejudice, that
important human characteristics were determined by semen,
using menstrual blood as a culture medium and the uterus as
an incubator. Semen was thought to be produced by the whole
body; hence bald-headed fathers would beget bald-headed
sons. These ideas prevailed until the 17th century, when Dutch
scientists such as Leeuwenhoek and de Graaf recognized the
existence of sperm and ova, thus explaining how the female
could also transmit characteristics to her offspring.

The blossoming scientific revolution of the 18th and 19th
centuries saw a revival of interest in heredity by scientists and
physicians, among whom two names stand out. Pierre de
Maupertuis, a French naturalist, studied hereditary traits such
as extra digits (polydactyly) and lack of pigmentation (albi-
nism), and showed from pedigree studies that these two condi-
tions were inherited in different ways. Joseph Adams
(1756-1818), a British doctor, also recognized that different
mechanisms of inheritance existed and published A Treatise on
the Supposed Hereditary Properties of Diseases, which was
intended as a basis for genetic counseling. Also worthy of
mention is the English physician Edward Meryon (1809-1880),
who in 1851 was the first to provide a systematic clinico-
pathological study of three boys with the muscular disorder

1
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2 The History and Impact of Genetics in Medicine

FIGURE 1.1 Gregor Mendel. (Reproduced with permission from
BM] Books.)

later eponymously attributed to the Frenchman, Guillaume
Duchenne (1806-1875), who described a larger series in 1868.

The modern scientific era really begins with the work of the
Austrian monk Gregor Mendel (1822-1884; Figure 1.1) who,
in 1865, presented the results of his breeding experiments on
garden peas to the Natural History Society of Briinn in Bohemia
(now Brno in the Czech Republic). Shortly after, Mendel’s
observations were published by that association in the Transac-
tions of the Society, where they remained largely unnoticed
until 1900, some 16 years after his death, when their impor-
tance was first recognized. In essence, Mendel’s work can be
considered as the discovery of genes and how they are inher-
ited. The term gene was first coined in 1909 by a Danish bota-
nist, Johannsen, and was derived from the term ‘pangen’,
introduced by De Vries. This term was itself a derivative of
the word ‘pangenesis,” coined by Darwin in 1868. In recogni-
tion of Mendel’s foundational work, the term mendelian is now
part of scientific vocabulary, applied both to the different pat-
terns of inheritance and to disorders found to be the result of
defects in a single gene.

In his breeding experiments, Mendel studied contrasting
characters in the garden pea, using for each experiment variet-
ies that differed in only one characteristic. For example, he
noted that when strains bred for a feature such as tallness were
crossed with plants bred to be short all of the offspring in the
first filial or F1 generation were tall. If plants in this F1 genera-
tion were interbred, this led to both tall and short plants in a
ratio of 3 : 1 (Figure 1.2). Characteristics that were manifest
in the F1 hybrids were referred to as dominant, whereas those
that reappeared in the F2 generation were described as being
recessive. On reanalysis it has been suggested that Mendel’s
results were ‘too good to be true’ in that the segregation ratios
he derived were suspiciously closer to the value of 3 : 1 than
the laws of statistics would predict. One possible explanation
is that he may have published only those results that best
agreed with his preconceived single-gene hypothesis. Whatever
the case, events have shown that Mendel’s interpretation of his
results was entirely correct.

First filial cross

Pure bred Pure bred
Tall X Short
TT t,t
\/ — //// \
F1 Tt Tt Tt Tt
Tall
Second filial cross
Hybrid Hybrid
Tall X Tall
Tt T,t
F2 TT Tt tT tt
Tall Short

FIGURE 1.2 An illustration of one of Mendel’s breeding experi-
ments and how he correctly interpreted the results.

Mendel’s proposal was that the plant characteristics being
studied were each controlled by a pair of factors, one of which
was inherited from each parent. The pure-bred plants, with
two identical genes, used in the initial cross would now be
referred to as homozygous. The hybrid F1 plants, each of
which has one gene for tallness and one for shortness, would
be referred to as heterozygous. The genes responsible for these
contrasting characteristics are referred to as allelomorphs, or
alleles for short.

An alternative method for determining genotypes in off-
spring involves the construction of what is known as a Punnett
square (Figure 1.3). This is used further in Chapter 7 when
considering how genes segregate in large populations.

On the basis of Mendel’s plant experiments, three main
principles were established. These are known as the laws of
uniformity, segregation, and independent assortment.

Hybrid Tall
A4
Gametes
T t
= T TT Tt
T »
4R
- t tT tt

FIGURE 1.3 A Punnett square showing the different ways in
which genes can segregate and combine in the second filial
cross from Figure 1.2. Construction of a Punnett square provides
a simple method for showing the possible gamete combinations
in different matings.

https://CafePezeshki.IR



The Law of Uniformity

The law of uniformity refers to the fact that when two homo-
zygotes with different alleles are crossed, all of the offspring in
the F1 generation are identical and heterozygous. In other
words, the characteristics do not blend, as had been believed
previously, and can reappear in later generations.

The Law of Segregation

The law of segregation refers to the observation that each
person possesses two genes for a particular characteristic, only
one of which can be transmitted at any one time. Rare excep-
tions to this rule can occur when two allelic genes fail to separate
because of chromosome nondisjunction at the first meiotic
division (p. 30).

The Law of Independent Assortment

The law of independent assortment refers to the fact that
members of different gene pairs segregate to offspring inde-
pendently of one another. In reality, this is not always true, as
genes that are close together on the same chromosome tend to
be inherited together, because they are ‘linked” (p. 89). There
are a number of other ways by which the laws of mendelian
inheritance are breached but, overall, they remain foundational
to our understanding of the science.

The Chromosomal Basis of Inheritance

As interest in mendelian inheritance grew, there was much
speculation as to how it actually occurred. At that time it was
also known that each cell contains a nucleus within which there
are several threadlike structures known as chromosomes, so
called because of their affinity for certain stains (chroma =
color, soma = body). These chromosomes had been observed
since the second half of the 19th century after development
of cytologic staining techniques. Human mitotic figures were
observed from the late 1880s, and it was in 1902 that Walter
Sutton, an American medical student, and Theodour Boveri, a
German biologist, independently proposed that chromosomes
could be the bearers of heredity (Figure 1.4). Subsequently,

L7

The History and Impact of Genetics in Medicine 3

Thomas Morgan transformed Sutton’s chromosome theory
into the theory of the gene, and Alfons Janssens observed
the formation of chiasmata between homologous chromosomes
at meiosis. During the late 1920s and 1930s, Cyril Darlington
helped to clarify chromosome mechanics by the use of tulips
collected on expeditions to Persia. It was during the 1920s
that the term genome entered the scientific vocabulary, being
the fusion of genom (German for ‘gene’) and ome from
‘chromosome’.

When the connection between mendelian inheritance and
chromosomes was first made, it was thought that the normal
chromosome number in humans might be 48, although various
papers had come up with a range of figures. Key to the number
48 was a paper in 1921 from Theophilus Painter, an American
cytologist who had been a student of Boveri. In fact, Painter
had some preparations clearly showing 46 chromosomes, even
though he finally settled on 48. These discrepancies were prob-
ably from the poor quality of the material at that time; even
into the early 1950s, cytologists were counting 48 chromo-
somes. It was not until 1956 that the correct number of 46
was established by Tjio and Levan, 3 years after the correct
structure of DNA had been proposed. Within a few years, it
was shown that some disorders in humans could be caused by
loss or gain of a whole chromosome as well as by an abnormality
in a single gene. Chromosome disorders are discussed at length
in Chapter 17. Some chromosome aberrations, such as trans-
locations, can run in families (p. 35), and are sometimes said
to be segregating in a mendelian fashion.

DNA as the Basis of Inheritance

Whilst James Watson and Francis Crick are justifiably credited
with discovering the structure of DNA in 1953, they were
attracted to working on it only because of its key role as the
genetic material, as established in the 1940s. Formerly many
believed that hereditary characteristics were transmitted by
proteins, until it was appreciated that their molecular structure
was far too cumbersome. Nucleic acids were actually discov-
ered in 1849. In 1928 Fred Griffith, working on two strains of

FIGURE 1.4 Chromosomes dividing into two daughter cells at different stages of cell division. A, Metaphase; B, anaphase;
C, telophase. The behavior of chromosomes in cell division (mitosis) is described at length in Chapter 3. (Photographs courtesy

Dr. K. Ocraft, City Hospital, Nottingham.)
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4 The History and Impact of Genetics in Medicine

Streptococcus, realized that characteristics of one strain could
be conferred on the other by something that he called the
transforming principle. In 1944, at the Rockefeller Institute in
New York, Oswald Avery, Maclyn McCarty, and Colin MacLeod
identified DNA as the genetic material while working on
Streptococcus pneumoniae. Even then, many in the scientific
community were sceptical; DNA was only a simple molecule
with lots of repetition of four nucleic acids—very boring! The
genius of Watson and Crick, at Cambridge, was to hit on a
structure for DNA, the elegant double helix, that would
explain the very essence of biological reproduction. Crucial to
their discovery were the x-ray crystallography images captured
by the often-overlooked graduate technician Raymond Gosling,
working under the supervision of Maurice Wilkins and Rosalind
Franklin in John Randall’s laboratory at King’s College, London.
This was merely the beginning, for it was necessary to dis-
cover the process whereby DNA, in discrete units called genes,
issues instructions for the precise assembly of proteins, the
building blocks of tissues. The sequence of bases in DNA, and
the sequence of amino acids in protein, the genetic code, was
unravelled in some elegant biochemical experiments in the
1960s and it became possible to predict the base change in
DNA that led to the amino-acid change in the protein. Further
experiments, involving Francis Crick, Paul Zamecnik, and
Mahlon Hoagland, identified the molecule transfer RNA
(tRNA) (p. 15), which directs genetic instructions via amino
acids to intracellular ribosomes, where protein chains are
produced. Confirmation of these discoveries came with DNA
sequencing methods and the advent of recombinant DNA
techniques. Interestingly, however, the first genetic trait to be
characterized at the molecular level had already been identified
in 1957 by laborious sequencing of the purified proteins. This
was sickle-cell anemia, in which the mutation affects the
amino-acid sequence of the blood protein hemoglobin.

The Fruit Fly

Before returning to historical developments in human genetics,
it is worth a brief diversion to consider the merits of an unlikely
creature that has proved to be of great value in genetic research.
The fruit fly, Drosophila, possesses several distinct advantages
for the study of genetics:

1. It can be bred easily in a laboratory.

2. It reproduces rapidly and prolifically at a rate of 20 to 25
generations per annum.

3. It has a number of easily recognized characteristics, such as
curly wings and a yellow body, which follow mendelian
inheritance.

4. Drosophila melanogaster, the species studied most fre-
quently, has only four pairs of chromosomes, each of which
has a distinct appearance so that they can be identified
easily.

5. The chromosomes in the salivary glands of Drosophila
larvae are among the largest known in nature, being at least
100 times bigger than those in other body cells.

In view of these unique properties, fruit flies were used exten-

sively in early breeding experiments, contributing enormously

to developmental biology, where knowledge of gene homology
throughout the animal kingdom has enabled scientists to
identify families of genes that are important in human embryo-
genesis (see Chapter 9). The sequencing of the 180 million
base pairs of the Drosophila melanogaster genome was com-
pleted in late 1999.

The Origins of Medical Genetics

In addition to the previously mentioned Pierre de Maupertuis
and Joseph Adams, whose curiosity was aroused by polydactyly
and albinism, there were other pioneers. John Dalton, of
atomic theory fame, observed that some conditions, notably
color blindness and hemophilia, show what is now referred to
as sex- or X-linked inheritance; color blindness is still occasion-
ally referred to as daltonism.

In 1900 Mendel’s work resurfaced. His papers were quoted
almost simultaneously by three European botanists—De
Vries (Holland), Correns (Germany), and Von Tschermak
(Austria)—and this marked the real beginning of medical
genetics, providing an enormous impetus for the study of
inherited disease. Credit for the first recognition of a single-
gene trait is shared by William Bateson and Archibald Garrod,
who together proposed that alkaptonuria was a rare recessive
disorder. In this relatively benign condition, urine turns dark
on standing or on exposure to alkali because of the patient’s
inability to metabolize homogentisic acid (p. 258). Young
children show skin discoloration in the napkin (diaper) area and
affected adults may develop arthritis in large joints. Realizing
that this was an inherited disorder involving a chemical process,
Garrod coined the term inborn error of metabolism in 1908,
though his work was largely ignored until the mid-20th century
when electrophoresis and chromatography revolutionized bio-
chemistry. Several hundred such disorders have now been
identified, giving rise to the field of biochemical genetics (see
Chapter 18).

During the course of the 20th century, it gradually became
clear that hereditary factors were implicated in many condi-
tions and that different genetic mechanisms were involved.
Traditionally, hereditary conditions have been considered under
the headings of single gene, chromosomal, and multifactorial.
Increasingly, it is becoming clear that the interplay of different
genes (polygenic inheritance) is important in disease, and that
a further category—acquired somatic genetic disease—should
also be included.

Single-Gene Disorders

In addition to alkaptonuria, Garrod suggested that albinism and
cystinuria could also be recessive. Soon other examples fol-
lowed, leading to an explosion in knowledge and disease
delineation. By 1966 almost 1500 single-gene disorders or traits
had been identified, prompting the publication by an American
physician, Victor McKusick (Figure 1.5), of a catalog of all
known single-gene conditions. By 1998, when the 12th edition
of the catalog was published, it contained more than 8500
entries. The growth of ‘McKusick’s Catalog’ was exponential
and became the electronic Online Mendelian Inheritance in
Man (OMIM) (see Appendix) in 1987. By August 2016,
OMIM contained more than 23,600 entries.

Chromosome Abnormalities

Improved techniques for studying chromosomes led to the
demonstration in 1959 that the presence of an additional
number 21 chromosome (trisomy 21) results in Down syn-
drome. Other similar discoveries followed rapidly—Klinefelter
and Turner syndromes—also in 1959. The identification of
chromosome abnormalities was further aided by the develop-
ment of banding techniques in 1970 (p. 26). These enabled
reliable identification of individual chromosomes and helped
confirm that loss or gain of even a very small segment of a
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FIGURE 1.5 Victor McKusick in 1994, whose studies and cata-
logs have been so important to medical genetics.

chromosome can have devastating effects on human develop-
ment (see Chapter 17).

Later it was shown that several rare conditions featuring
learning difficulties and abnormal physical features are due to
loss of such a tiny amount of chromosome material that no
abnormality can be detected using even the most high-powered
light microscope. These conditions are referred to as microde-
letion syndromes (p. 245) and can be diagnosed using a tech-
nique known as FISH (fluorescent in situ hybridization),
which combines conventional chromosome analysis (cytoge-
netics) with newer DNA diagnostic technology (molecular
genetics) (see Chapter 5). Today, the technique of microarray
CGH (comparative genomic hybridization) has revolutionized
clinical investigation through the detection of subtle genomic
imbalances (p. 54) and, where it is available, become the first-
line test of choice.

Multifactorial Disorders

Francis Galton, a cousin of Charles Darwin, had a long-standing
interest in human characteristics such as stature, physique, and
intelligence. Much of his research was based on the study of
identical twins, in whom it was realized that differences in
these parameters must be largely the result of environmental
influences. Galton introduced to genetics the concept of the
regression coefficient as a means of estimating the degree of
resemblance between various relatives. This concept was later
extended to incorporate Mendel’s discovery of genes, to try to
explain how parameters such as height and skin color could be
determined by the interaction of many genes, each exerting a
small additive effect. This is in contrast to single-gene charac-
teristics in which the action of one gene is exerted indepen-
dently, in a nonadditive fashion.

This model of quantitative inheritance is now widely
accepted and has been adapted to explain the pattern of
inheritance observed for many relatively common conditions
(see Chapter 10). These include congenital malformations
such as cleft lip and palate, and late-onset conditions such as
hypertension, diabetes mellitus, and Alzheimer disease. The
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prevailing view is that genes at several loci interact to generate
a susceptibility to the effects of adverse environmental trigger
factors. Recent research has confirmed that many genes are
involved in most of these adult-onset disorders, although
progress in identifying specific susceptibility loci has been
disappointingly slow. It has also emerged that in some condi-
tions, such as type I diabetes mellitus, different genes can exert
major or minor effects in determining susceptibility (p. 130).
Overall, multifactorial or polygenic conditions are now known
to make a major contribution to chronic illness in adult life (see
Chapter 10).

Acquired Somatic Genetic Disease

Not all genetic errors are present from conception. Many bil-
lions of cell divisions (mitoses) occur in the course of an average
human lifetime. During each mitosis, there is an opportunity
for both single-gene mutations to occur, because of DNA copy
errors, and for numerical chromosome abnormalities to arise as
a result of errors in chromosome separation. Accumulating
somatic mutations and chromosome abnormalities are now
known to play a major role in causing cancer (see Chapter 14),
and they probably also explain the rising incidence with age of
many other serious illnesses, as well as the aging process itself.
It is therefore necessary to appreciate that not all disease with
a genetic basis is hereditary.

Before considering the impact of hereditary disease, it is
helpful to introduce a few definitions.

Incidence

Incidence refers to the rate at which new cases occur. Thus, if
the birth incidence of a particular condition equals 1 in 1000,
then on average 1 in every 1000 newborn infants is affected.

Prevalence

This refers to the proportion of a population affected at any
one time. The prevalence of a genetic disease is usually less
than its birth incidence, either because life expectancy is
reduced or because the condition shows a delayed age of onset.

Frequency

Frequency is a general term that lacks scientific specificity,
although the word is often taken as being synonymous with
incidence when calculating gene ‘frequencies’ (see Chapter 7).

Congenital

Congenital means that a condition is present at birth. Thus,
cleft palate represents an example of a congenital malforma-
tion. Not all genetic disorders are congenital in terms of age of
onset (e.g., Huntington disease), nor are all congenital abnor-
malities genetic in origin (e.g., fetal disruptions, as discussed in
Chapter 16).

DNA Sequencing

The ability to search for mutations in human DNA to identify
the causes of genetic disease clearly depended on being able to
sequence DNA, which initially was very laborious. The first
really practical method was developed by Walter Gilbert, with
sequencing based on a cleavage at specific bases after chemical
modification of DNA. But it was Frederick Sanger’s (Figure
1.6) ingenious technique (1975), based on dideoxynucleotide
chain termination, that proved efficient, reliable and popular,
not least because of low radioactivity. These techniques formed
the basis for embarking on the Human Genome Project, though
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6 The History and Impact of Genetics in Medicine

FIGURE 1.6 Frederick Sanger, who invented the most widely
used method of DNA sequencing, and won two Nobel Prizes.

the first genome to be sequenced was that of a bacteriophage
in 1977. Both men were awarded the Nobel Prize in 1980 for
this achievement, which was Sanger’s second—he was awarded
the Chemistry Prize in 1958 for determining the amino acid
sequence of insulin (he remains the only British scientist to
have won two Nobel Prizes). ‘Sanger sequencing’ remains vital
to human molecular genetics, and the term is as prominent in
the language of genetics as ‘mendelian inheritance’ and ‘McKu-
sick’s Catalog’.

The Impact of Genetic Disease

During the 20th century, improvements in all areas of medicine,
most notably public health and therapeutics, resulted in chang-
ing patterns of disease, with increasing recognition of the role
of genetic factors at all ages. For some parameters, such as
perinatal mortality, the actual numbers of cases with exclusively
genetic causes have probably remained constant but their rela-
tive contribution to overall figures has increased as other causes,
such as infection, have declined. For other conditions, such as
the chronic diseases of adult life, the overall contribution of
genetics has almost certainly increased as greater life expec-
tancy has provided more opportunity for adverse genetic and
environmental interaction to manifest itself, for example in
Alzheimer disease, macular degeneration, cardiomyopathy, and
diabetes mellitus. Today there is much debate about the rela-
tive contributions of genetic and environmental factors in the
increasing prevalence of obesity in the developed world.

Consider the impact of genetic factors in disease at different
ages from the following observations.

Spontaneous Miscarriages

A chromosome abnormality is present in 40% to 50% of all
recognized first-trimester pregnancy loss. Approximately 1 in
4 of all pregnancies results in spontaneous miscarriage, so at

least 10% of all recognized conceptions are chromosomally
abnormal (p. 236). This value would be much higher if unrec-
ognized pregnancies could also be included, and it is likely that
a significant proportion of miscarriages with normal chromo-
somes do in fact have catastrophic submicroscopic genetic
errors.

Newborn Infants

Up to 3% of neonates have at least one major congenital
abnormality, of which at least 50% are caused exclusively or
partially by genetic factors (see Chapter 16), with the inci-
dences of chromosome abnormalities and single-gene disorders
in neonates being roughly 1 in 200 and 1 in 100, respectively.

Childhood

By school age roughly 12-14% of children show problems of
developmental origin. Genetic disorders account for at least
50% of all childhood blindness, at least 50% of all childhood
deafness, and at least 50% of all cases of severe learning diffi-
culty. In developed countries, genetic disorders and congenital
malformations together also account for 30% of all childhood
hospital admissions and 40% to 50% of all childhood deaths.

Adult Life

Approximately 1% of all malignancies are primarily caused by
single-gene inheritance, and between 5% and 10% of common
cancers such as those of the breast, colon, and ovary have a
strong hereditary component. By the age of 25 years, 5% of the
population will have a disorder in which genetic factors play an
important role. Taking into account the genetic contribution to
cancer and cardiovascular diseases, such as coronary artery
occlusion and hypertension, it has been estimated that more
than 50% of the older adult population in developed countries
will have a genetically determined medical problem.

Major New Developments

The study of genetics and its role in causing human disease is
now widely acknowledged as being among the most exciting and
influential areas of medical research. Since 1962 when Francis
Crick, James Watson, and Maurice Wilkins gained acclaim for
their elucidation of the structure of DNA, the Nobel Prize for
Medicine and/or Physiology has been won on 24 occasions, and
the Chemistry Prize on six occasions, by scientists working in
human and molecular genetics or related fields (Table 1.1).
These pioneering studies have spawned a thriving molecular
technology industry with applications as diverse as the develop-
ment of genetically modified disease-resistant crops, the use of
genetically engineered animals to produce therapeutic drugs,
and the possible introduction of DNA-based vaccines for condi-
tions such as malaria, not to mention the growing availability of
affordable direct-to-consumer testing for disease susceptibility.
Pharmaceutical companies are investing heavily in the DNA-
based pharmacogenomics—drug therapy tailored to personal
genetic makeup.

The Human Genome Project (HGP)

In 1988 a group of visionary scientists in the United
States persuaded Congress to fund a coordinated interna-
tional program to sequence the entire human genome. The
program would run from 1990 to 2005 and US$3 billion were
initially allocated to the project. Some 5% of the budget was
allocated to study the ethical and social implications of the new
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Table 1.1 Genetic Discoveries That Have Led to the Award of the Nobel Prize for Medicine or Physiology and/

or Chemistry, 1962-2012

Year Prize Winners Discovery Year Prize Winners Discovery
1962  Francis Crick The molecular structure 1995  Edward Lewis Homeotic and other
James Watson of DNA Christiane Nusslein-Volhard developmental genes
Maurice Wilkins Eric Wieschaus
1965  Francois Jacob Genetic regulation 1997  Stanley Prusiner Prions
Jacques Monod 1999  Ginter Blobel Protein transport
André Lwoff signaling
1966  Peyton Rous Oncogenic viruses 2000  Arvid Carlsson Signal transduction in the
1968  Robert Holley Deciphering of the Paul Greengard nervous system
Gobind Khorana genetic code Eric Kandel
Marshall Nireberg 2001 Leland Hartwell Regulators of the cell
1972 Christian B. Anfisen Ribonuclease Timothy Hunt cycle
Stanford Moore Paul Nurse
William H. Stein 2002  Sydney Brenner Genetic regulation in
1975  David Baltimore Interaction between Robert Horritz development and
Renato Dulbecco tumor viruses and John Sulston programmed cell death
Howard Temin nuclear DNA (apoptosis)
1978  Werner Arber Restriction endonucleases | 2006  Andrew Fire RNA interference
Daniel Nathans Craig Mello (Medicine)
Hamilton Smith Roger D. Kornberg Eukaryotic transcription
1980  Baruj Benacerraf Genetic control of (Chemistry)
Jean Dausset immunologic responses | 2007  Mario Capecchi Gene modification by the
George Snell (Medicine) Martin Evans use of embryonic stem
Paul Berg Biochemistry of nucleic Oliver Smithies cells
Walter Gilbert acids (Chemistry) 2009 Elizabeth Blackburn The role of telomerase in
Frederick Sanger Carol Greider protecting
1983  Barbara McClintock Mobile genes Jack Szostak chromosome telomeres
(transposons) (Medicine)
1985  Michael Brown Cell receptors in familial Venkatraman Ramakrishnan  Structure and function of
Joseph Goldstein hypercholesterolemia Thomas A. Steitz the ribosome
1987  Susumu Tonegawa Genetic aspects of Ada E. Yonath (Chemistry)
antibodies 2010  Robert G. Edwards In vitro fertilization
1989  Michael Bishop Study of oncogenes 2012  John B. Gurdon Mature cells
Harold Varmus (Medicine) Shinya Yamanaka reprogrammed to
Sidney Altman Catalytic properties of become pluripotent
Thomas R. Cech RNA (Chemistry) cells (Medicine)
1993  Richard Roberts 'Split genes’ (Medicine) Robert |. Lefkowitz G-protein coupled

Phillip Sharp
Kary B. Mullis
Michael Smith

DNA-based chemistry,
including the invention
of PCR (Chemistry)

Brian K. Kobilka

receptors (Chemistry)

knowledge in recognition of the enormous potential to influ-
ence public health policies, screening programs, and personal
choice. The project was likened to the Apollo moon mission in
terms of its complexity, although in practical terms the long-
term benefits are likely to be much more tangible. The draft
DNA sequence of 3 billion base pairs was completed success-
fully in 2000 and the complete sequence published ahead of
schedule in October 2004. Before the closing stages of the
project, it was thought that there might be approximately
100,000 coding genes that provide the blueprint for human life.
It has come as a surprise to many that the number is much
lower, and has been continually revised downwards with
current estimates at around 20,000. However, we have learned
that many genes have the capacity to perform multiple func-
tions, thus challenging traditional concepts of disease classifica-
tion. The HGP has now been succeeded by the Human
Variome Project, aimed at compiling and sharing the enormous
variation in human DNA sequence worldwide, all of which is
potentially possible since whole exome sequencing (WES) and
whole genome sequencing (WGS) are taking place on an

industrial scale in numerous population studies and, for the
direct benefit of patients, projects such as Deciphering Devel-
opmental Disorders (DDD) based at the Sanger Centre,
Cambridge, and 100000 Genomes in the UK, and their equiva-
lent elsewhere. Indeed, WES in particular has facilitated a huge
surge in disease gene discovery since the last published edition
of this book. This has led to the exciting growth area of Bioin-
formatics, the science where biology, computer science, and
information technology merge into a single discipline that
encompasses gene maps, DNA sequences, comparative and
functional genomics, and a lot more. Familiarity with interlink-
ing databases is essential for the molecular geneticist, and
increasingly so for keen clinicians with an interest in genetics,
who will find OMIM a good place to start.

The Prospects for Treatment

Most genetic disease is resistant to conventional treatment so
that the prospect of successfully modifying the genetic code in
a patient’s cells is extremely attractive. Despite major invest-
ment and extensive research, success in humans has so far been
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8 The History and Impact of Genetics in Medicine

limited to a few very rare immunologic disorders. For more
common conditions, such as cystic fibrosis, major problems
have been encountered, such as targeting the correct cell popu-
lations, overcoming the body’s natural defense barriers, and
identifying suitably nonimmunogenic vectors. However, the
availability of mouse models for genetic disorders, such as
cystic fibrosis (p. 286), Huntington disease (p. 273), and
Duchenne muscular dystrophy (p. 281), has greatly enhanced
research opportunities, particularly in unraveling the cell
biology of these conditions. In recent years there has been
increasing optimism for novel drug therapies and stem cell
treatment (p. 210), besides the prospects for gene therapy
itself (p. 207).

The Societal Impact of Advances
in Genetics

Each new advance in genetic technology has generated fresh
ethical concerns about how the science will be applied and
utilized in medicine, at the center of which is the recognition
that a person’s genetic make-up is fundamental to both their
identity and possible disease susceptibility. These issues are
explored in detail in Chapter 22. The most contentious field is
prenatal genetics and reproductive choice, though national legal
frameworks and cultural practices vary widely worldwide. The
controversy surrounding the early ability to perform prenatal
karyotyping for Down syndrome in the mid-1960s is mirrored
today in the technology that will make it possible to perform
detailed genetic screening of the unborn baby on cell-free fetal
DNA in the maternal circulation, or on embryos created
through in vitro fertilization. Great debate has taken place, and
will continue, concerning the disclosure of unexpected but
significant ‘incidental findings’ from WES or WGS carried out
for specific clinical purposes, and the possibility of all newborns
having their genome sequenced and screened is both techni-
cally feasible and has been seriously mooted at governmental
level. Many of the questions raised do not have easy or straight-
forward answers, which means that there will be a great need
for appropriately trained clinicians and counselors to meet the
public demands for the foreseeable future.
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http://www.ncbi.nlm.nih.gov/omim/GenBank
http://www.hgmd.cf.ac.uk (human, Cardiff)
http://www.ensembl.org (human, comparative, European, Cambridge)
http://genome.ucsc.edu (American browser)
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1 A characteristic manifest in a hybrid (heterozygote) is
dominant. A recessive characteristic is expressed only in an
individual with two copies of the mutated gene (i.e., a
homozygote).

2 Mendel proposed that each individual has two genes for
each characteristic: one is inherited from each parent and
one is transmitted to each child. Genes at different loci act
and segregate independently.

3 Chromosome separation at cell division facilitates gene
segregation.

4 Genetic disorders are present in at least 2% of all neonates,
accounting for at least 50% of childhood blindness,
deafness, learning difficulties and deaths.

5 From the rediscovery of Mendel’s genetic research on peas,
to the full sequencing of the human genome, almost
exactly 100 years elapsed.

6 Molecular genetics and cell biology are at the forefront of
medical research, combined with the discipline of
bioinformatics, and hold the promise of novel forms of
treatment for genetic diseases.
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The hereditary material is present in the nucleus of the cell,
whereas protein synthesis takes place in the cytoplasm. What
is the chain of events that leads from the gene to the final
product?

This chapter covers basic cellular biology outlining the
structure of DNA, the process of DNA replication, the types
of DNA sequences, gene structure, the genetic code, the
processes of transcription and translation, the various types of
mutations, mutagenic agents, and DNA repair.

The Cell

Within each cell of the body, visible with the light microscope,
is the cytoplasm and a darkly staining body, the nucleus, the
latter containing the hereditary material in the form of chro-
mosomes (Figure 2.1). The phospholipid bilayer of the plasma
membrane protects the interior of the cell but remains selec-
tively permeable and has integral proteins involved in recogni-
tion and signaling between cells. The nucleus has a darkly
staining area, the nucleolus. The nucleus is surrounded by a
membrane, the nuclear envelope, which separates it from the
cytoplasm but still allows communication through nuclear
pores.

The cytoplasm contains the cytosol, which is semifluid in
consistency, containing both soluble elements and cytoskeletal
structural elements. In addition, in the cytoplasm there is a
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FIGURE 2.1 Diagrammatic representation of an animal cell.

SECTION A

The Scientific Basis
of Human Genetics

Chapter 2

The Cellular and
Molecular Basis of
Inheritance

There is nothing, Sir, too little for so little a
creature as man.

It is by studying little things that we attain the
great art of having as little misery and as much
happiness as possible.

SAMUEL JOHNSON

complex arrangement of very fine, highly convoluted, intercon-
necting channels, the endoplasmic reticulum. The endoplasmic
reticulum, in association with the ribosomes, is involved in the
biosynthesis of proteins and lipids. Also situated within the
cytoplasm are other even more minute cellular organelles that
can be visualized only with an electron microscope. These
include the Golgi apparatus, which is responsible for the secre-
tion of cellular products, the mitochondria, which are involved
in energy production through the oxidative phosphorylation
metabolic pathways, and the peroxisomes (p. 268) and lyso-
somes, both of which are involved in the degradation and
disposal of cellular waste material and toxic molecules.

DNA: The Hereditary Material
Composition

Nucleic acid is composed of a long polymer of individual
molecules called nucleotides. Each nucleotide is composed of
a nitrogenous base, a sugar molecule, and a phosphate molecule.
The nitrogenous bases fall into two types, purines and pyrimi-
dines. The purines include adenine and guanine; the pyrimidines
include cytosine, thymine, and uracil.

There are two different types of nucleic acid, ribonucleic
acid (RNA), which contains the five-carbon sugar ribose, and
deoxyribonucleic acid (DNA), in which the hydroxyl group at
the 2 position of the ribose sugar is replaced by a hydrogen
(i.e., an oxygen molecule is lost, hence ‘deoxy’). DNA and
RNA both contain the purine bases adenine and guanine
and the pyrimidine cytosine, but thymine occurs only in DNA
and uracil is found only in RNA.

RNA is present in the cytoplasm and in particularly high
concentrations in the nucleolus of the nucleus. DNA, on the
other hand, is found mainly in the chromosomes.

Structure

For genes to be composed of DNA, it is necessary that the latter

should have a structure sufficiently versatile to account for the

great variety of different genes and yet, at the same time, be
9
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10 The Cellular and Molecular Basis of Inheritance

able to reproduce itself in such a manner that an identical
replica is formed at each cell division. In 1953, Watson and
Crick, based on x-ray diffraction studies by themselves and
others, proposed a structure for the DNA molecule that fulfilled
all the essential requirements. They suggested that the DNA
molecule is composed of two chains of nucleotides arranged in
a double helix. The backbone of each chain is formed by phos-
phodiester bonds between the 3’ and 5’ carbons of adjacent
sugars, the two chains being held together by hydrogen bonds
between the nitrogenous bases, which point in toward the
center of the helix. Each DNA chain has a polarity determined
by the orientation of the sugar—phosphate backbone. The asym-
metric ends of the DNA chains are called the 5’ and 3’ ends,
with the 5" end having a terminal phosphate group and the 3’
end a terminal hydroxyl group. In the DNA duplex, the 5" end
of one strand is opposite the 3’ end of the other, that is, they
have opposite orientations and are said to be antiparallel.

The arrangement of the bases in the DNA molecule is not
random. A purine in one chain always pairs with a pyrimidine
in the other chain, with specific pairing of the base pairs:
guanine in one chain always pairs with cytosine in the other
chain, and adenine always pairs with thymine, so that this base
pairing forms complementary strands (Figure 2.2). For their
work Watson and Crick, along with Maurice Wilkins, were
awarded the Nobel Prize for Medicine or Physiology in 1962

(p- 7).

Replication

The process of DNA replication provides an answer to the
question of how genetic information is transmitted from one
generation to the next. During nuclear division the two strands
of the DNA double helix separate through the action of enzyme

DNA helicase, each DNA strand directing the synthesis of a
complementary DNA strand through specific base pairing,
resulting in two daughter DNA duplexes that are identical to
the original parent molecule. In this way, when cells divide, the
genetic information is conserved and transmitted unchanged to
each daughter cell. The process of DNA replication is termed
semiconservative, because only one strand of each resultant
daughter molecule is newly synthesized.

DNA replication, through the action of the enzyme DNA
polymerase, takes place at multiple points known as origins of
replication, forming bifurcated Y-shaped structures known as
replication forks. The synthesis of both complementary anti-
parallel DNA strands occurs in the 5" to 3" direction. One
strand, known as the leading strand, is synthesized as a con-
tinuous process. The other strand, known as the lagging strand,
is synthesized in pieces called Okazaki fragments, which are
then joined together as a continuous strand by the enzyme
DNA ligase (Figure 2.34).

DNA replication progresses in both directions from these
points of origin, forming bubble-shaped structures, or replica-
tion bubbles (see Figure 2.3B). Neighboring replication origins
are approximately 50 to 300 kilobases (kb) apart and occur in
clusters or replication units of 20 to 80 origins of replication.
DNA replication in individual replication units takes place at
different times in the S phase of the cell cycle (p. 30), adjacent
replication units fusing until all the DNA is copied, forming
two complete identical daughter molecules.

Chromosome Structure

The idea that each chromosome is composed of a single DNA
double helix is an oversimplification. A chromosome is very
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FIGURE 2.2 DNA double helix. A, Sugar-phosphate backbone and nucleotide pairing of the DNA double helix (P, phosphate; A,
adenine; T, thymine; G, guanine; C, cytosine). B, Representation of the DNA double helix.
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FIGURE 2.3 DNA replication. A, Detailed diagram of DNA replication at the site of origin in the replication fork showing asymmetric
strand synthesis with the continuous synthesis of the leading strand and the discontinuous synthesis of the lagging strand with
ligation of the Okazaki fragments. B, Multiple points of origin and semiconservative mode of DNA replication.

much wider than the diameter of a DNA double helix. In
addition, the amount of DNA in the nucleus of each cell in
humans means that the total length of DNA contained in the
chromosomes, if fully extended, would be several meters long!
In fact, the total length of the human chromosome comple-
ment is less than half a millimeter.

The packaging of DNA into chromosomes involves several
orders of DNA coiling and folding. In addition to the primary
coiling of the DNA double helix, there is secondary coiling
around spherical histone ‘beads’, forming what are called
nucleosomes. There is a tertiary coiling of the nucleosomes to
form the chromatin fibers that form long loops on a scaffold
of nonhistone acidic proteins, which are further wound in a
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DNA double Nucleosomes

Extended section
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tight coil to make up the chromosome as visualized under the
light microscope (Figure 2.4), the whole structure making up
the so-called solenoid model of chromosome structure.

Types of DNA Sequence

DNA, if denatured, will reassociate as a duplex at a rate that
is dependent on the proportion of unique and repeat sequences
present, the latter occurring more rapidly. Analysis of the
results of the kinetics of the reassociation of human DNA have
shown that approximately 60% to 70% of the human genome
consists of single- or low-copy number DNA sequences. The
remainder of the genome, 30% to 40%, consists of either

Loops of
chromatin fiber

Metaphase
chromosome

FIGURE 2.4 Simplified diagram of proposed solenoid model of DNA coiling that leads to the visible structure of the chromosome.
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Box 2.1 Types of DNA Sequence

Nuclear (~3 x 10° bp)

Genes (~20,000)

Unique single copy

Multigene families

Classic gene families

Gene superfamilies

Extragenic DNA (unique/low copy number or moderate/
highly repetitive)

Tandem repeat

Satellite

Minisatellite

Telomeric

Hypervariable

Microsatellite

Interspersed

Short interspersed nuclear elements
Long interspersed nuclear elements
Mitochondrial (16.6 kb, 37 genes)
Two rRNA genes

22 tRNA genes

moderately or highly repetitive DNA sequences that are not
transcribed. This latter portion consists of mainly satellite
DNA and interspersed DNA sequences (Box 2.1).

Nuclear Genes

It is estimated that there are between 20,000 and 25,000 genes
in the nuclear genome. The distribution of these genes varies
greatly between chromosomal regions. For example, hetero-
chromatic and centromeric (p. 25) regions are mostly noncod-
ing, with the highest gene density observed in subtelomeric
regions. Chromosomes 19 and 22 are gene rich, whereas 4 and
18 are relatively gene poor. The size of genes also shows great
variability: from small genes with single exons to the TTN gene
which encodes the largest known protein in the human body
and has not only the largest number of exons (363) in any
known gene, but also the single largest exon (17,106 bp).

Unique Single-Copy Genes

Most human genes are unique single-copy genes coding for
polypeptides that are involved in or carry out a variety of cel-
lular functions. These include enzymes, hormones, receptors,
and structural and regulatory proteins.

Multigene Families

Many genes have similar functions, having arisen through gene
duplication events with subsequent evolutionary divergence
making up what are known as multigene families. Some are
found physically close together in clusters; for example, the
o- and B-globin gene clusters on chromosomes 16 and 11
(Figure 2.5), whereas others are widely dispersed throughout

5 C vl yol o2 ol 6 g
Chromosome 16
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Chromosome 11

FIGURE 2.5 Representation of the o- and B-globin regions on
chromosomes 16 and 11.

the genome occurring on different chromosomes, such as the
HOX homeobox gene family (p. 107).

Multigene families can be split into two types, classic gene
families that show a high degree of sequence homology and
gene superfamilies that have limited sequence homology but
are functionally related, having similar structural domains.

Classic Gene Families

Examples of classic gene families include the numerous copies
of genes coding for the various ribosomal RNAs, which are
clustered as tandem arrays at the nucleolar organizing regions
on the short arms of the five acrocentric chromosomes (p. 25),
and the different transfer RNA (p. 16) gene families, which
are dispersed in numerous clusters throughout the human
genome.

Gene Superfamilies

Examples of gene superfamilies include the HLA (human
leukocyte antigen) genes on chromosome 6 (p. 170) and the
T-cell receptor genes, which have structural homology with the
immunoglobulin (Ig) genes (p. 170). It is thought that these
are almost certainly derived from duplication of a precursor
gene, with subsequent evolutionary divergence forming the Ig
superfamily.

Gene Structure

The original concept of a gene as a continuous sequence of
DNA coding for a protein was turned on its head in the early
1980s by detailed analysis of the structure of the human
B-globin gene. It was revealed that the gene was much longer
than necessary to code for the B-globin protein, containing
noncoding intervening sequences, or introns, that separate the
coding sequences or exons (Figure 2.6). Most human genes
contain introns, but the number and size of both introns and
exons is extremely variable. Individual introns can be far larger
than the coding sequences and some have been found to
contain coding sequences for other genes (i.e., genes occurring
within genes). Genes in humans do not usually overlap, being
separated from each other by an average of 30 kb, although
some of the genes in the HLA complex (p. 170) have been
shown to be overlapping.

Pseudogenes

Particularly fascinating is the occurrence of genes that closely
resemble known structural genes but which, in general, are not
functionally expressed: so-called pseudogenes. These are
thought to have arisen in two main ways: either by genes
undergoing duplication events that are rendered silent through
the acquisition of mutations in coding or regulatory elements,
or as the result of the insertion of complementary DNA
sequences, produced by the action of the enzyme reverse
transcriptase on a naturally occurring messenger RNA tran-
script, that lack the promoter sequences necessary for
expression.

Extragenic DNA

The estimated 20,000 unique single-copy genes in humans
represent less than 2% of the genome encoding proteins. The
remainder of the human genome is made up of repetitive DNA
sequences that are predominantly transcriptionally inactive. It
has been described as junk DNA, but some regions show
evolutionary conservation and play a critical role in the regula-
tion of temporal and spatial gene expression.
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FIGURE 2.6 Representation of a typical human structural gene.

Tandemly Repeated DNA Sequences

Tandemly repeated DNA sequences consist of blocks of tandem
repeats of noncoding DNA that can be either highly dispersed
or restricted in their location in the genome. Tandemly repeated
DNA sequences can be divided into three subgroups: satellite,
minisatellite, and microsatellite DNA.

Satellite DNA

Satellite DNA accounts for approximately 10% to 15% of the
repetitive DNA sequences of the human genome and consists
of very large series of simple or moderately complex, short,
tandemly repeated DNA sequences that are transcriptionally
inactive and are clustered around the centromeres of certain
chromosomes. This class of DNA sequences can be separated
on density-gradient centrifugation as a shoulder, or ‘satellite’,
to the main peak of genomic DNA, and has therefore been
referred to as satellite DNA.

Minisatellite DNA

Minisatellite DNA consists of two families of tandemly
repeated short DNA sequences: telomeric and hypervariable
minisatellite DNA sequences that are transcriptionally
inactive.

Telomeric DNA. The terminal portion of the telomeres of the
chromosomes (p. 25) contains 10 to 15 kb of tandem repeats
of a 6-base-pair (bp) DNA sequence known as telomeric DNA.
The telomeric repeat sequences are necessary for chromosomal
integrity in replication and are added to the chromosome by
an enzyme known as telomerase (p. 25).

Hypervariable minisatellite DNA. Hypervariable minisatellite
DNA is made up of highly polymorphic DNA sequences con-
sisting of short tandem repeats of a common core sequence.
The highly variable number of repeat units in different hyper-
variable minisatellites forms the basis of the DNA fingerprint-
ing technique developed by Professor Sir Alec Jeffreys in 1984

(p- 52).

Microsatellite DNA

Microsatellite DNA consists of tandem single, di-, tri-, and
tetra-nucleotide repeat base-pair sequences located throughout
the genome. Microsatellite repeats rarely occur within coding
sequences but trinucleotide repeats in or near genes are associ-
ated with certain inherited disorders (p. 54).

This variation in repeat number is thought to arise by incor-
rect pairing of the tandem repeats of the two complementary
DNA strands during DNA replication, or what is known as

slipped strand mispairing. Duplications or deletions of longer
sequences of tandemly repeated DNA are thought to arise
through unequal crossover of nonallelic DNA sequences on
chromatids of homologous chromosomes or sister chromatids
(p. 25).

Nowadays DNA microsatellites are used for forensic and
paternity tests (p. 52). They can also be helpful for gene
tracking in families with a genetic disorder but no identified
mutation (p. 52).

Highly Repeated Interspersed Repetitive
DNA Sequences

Approximately one-third of the human genome is made up of
two main classes of short and long repetitive DNA sequences
that are interspersed throughout the genome.

Short Interspersed Nuclear Elements

Approximately 5% of the human genome consists of some
750,000 copies of short interspersed nuclear elements, or
SINEs. The most common are DNA sequences of approxi-
mately 300 bp that have sequence similarity to a signal recogni-
tion particle involved in protein synthesis. They are called Alu
repeats because they contain an Alul restriction enzyme recog-
nition site.

Long Interspersed Nuclear Elements

Approximately 5% of the DNA of the human genome is made
up of long interspersed nuclear elements, or LINEs. The most
commonly occurring LINE, known as LINE-1 or an L1 element,
consists of more than 100,000 copies of a DNA sequence of
up to 6000 bp that encodes a reverse transcriptase.

The function of these interspersed repeat sequences is not
clear. Members of the Alu repeat family are flanked by short
direct repeat sequences and therefore resemble unstable DNA
sequences called transposable elements or transposons. Trans-
posons, originally identified in maize by Barbara McClintock
(p. 7), move spontaneously throughout the genome from one
chromosome location to another and appear to be ubiquitous
in the plant and animal kingdoms. It is postulated that Alu
repeats could promote unequal recombination, which could
lead to pathogenic mutations (p. 17) or provide selective
advantage in evolution by gene duplication. Both Alu and
LINE-1 repeat elements have been implicated as a cause of
mutation in inherited human disease.

Mitochondrial DNA

In addition to nuclear DNA, the several thousand mitochondria
of each cell possess their own 16.6 kb circular double-stranded
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FIGURE 2.7 The human mitochondrial genome. H is the heavy
strand and L the light strand.

DNA, mitochondrial DNA (or mtDNA) (Figure 2.7). The
mtDNA genome is very compact, containing little repetitive
DNA, and codes for 37 genes, which include two types of
ribosomal RNA, 22 transfer RNAs (p. 16) and 13 protein
subunits for enzymes, such as cytochrome b and cytochrome
oxidase, which are involved in the energy producing oxidative
phosphorylation pathways. The genetic code of the mtDNA
differs slightly from that of nuclear DNA.

The mitochondria of the fertilized zygote are inherited
almost exclusively from the oocyte, leading to the maternal

pattern of inheritance that characterizes many mitochondrial

disorders (p. 269).

Transcription

The process whereby genetic information is transmitted from
DNA to RNA is called transcription. The information stored
in the genetic code is transmitted from the DNA of a gene to
messenger RNA, or mRNA. Every base in the mRNA molecule
is complementary to a corresponding base in the DNA of the
gene, but with uracil replacing thymine in mRNA. mRNA is
single stranded, being synthesized by the enzyme RNA poly-
merase II, which adds the appropriate complementary ribo-
nucleotide to the 3" end of the RNA chain.

In any particular gene, only one DNA strand of the double
helix acts as the so-called template strand. The transcribed
mRNA molecule is a copy of the complementary strand, or
what is called the sense strand of the DNA double helix. The
template strand is sometimes called the antisense strand. The
particular strand of the DNA double helix used for RNA
synthesis appears to differ throughout different regions of the
genome.

RNA Processing

Before the primary mRNA molecule leaves the nucleus
it undergoes a number of modifications, or what is known
as RNA processing. This involves splicing, capping, and
polyadenylation.

mRNA Splicing

During and after transcription, the noncoding introns in the
precursor (pre) mRNA are excised, and the noncontiguous
coding exons are spliced together to form a shorter mature
mRNA before its transportation to the ribosomes in the cyto-
plasm for translation. The process is known as mRNA splicing
(Figure 2.8). The boundary between the introns and exons

Transcription Transcription
initiation termination
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start stop
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Capping
Primary RNA
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Post-translational
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Protein | ——

FIGURE 2.8 Transcription, post-transcriptional processing, translation, and post-translational processing.
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consists of a 5’ donor GT dinucleotide and a 3" acceptor AG
dinucleotide. These, along with surrounding short splicing
consensus sequences, another intronic sequence known as the
branch site, small nuclear RNA (snRNA) molecules and associ-
ated proteins, are necessary for the splicing process.

5’ Capping

The 5’ cap is thought to facilitate transport of the mRNA to
the cytoplasm and attachment to the ribosomes, as well as to
protect the RNA transcript from degradation by endogenous
cellular exonucleases. After 20 to 30 nucleotides have been
transcribed, the nascent mRNA is modified by the addition of
a guanine nucleotide to the 5" end of the molecule by an
unusual 5" to 5" triphosphate linkage. A methyltransferase
enzyme then methylates the N7 position of the guanine, giving
the final 5" cap.

Polyadenylation

Transcription continues until specific nucleotide sequences are
transcribed that cause the mRNA to be cleaved and RNA
polymerase II to be released from the DNA template. Approxi-
mately 200 adenylate residues—the so-called poly(A) tail—are
added to the mRNA, which facilitates nuclear export and
translation.

Translation

Translation is the transmission of the genetic information from
mRNA to protein. Newly processed mRNA is transported from
the nucleus to the cytoplasm, where it becomes associated with
the ribosomes, which are the site of protein synthesis.

The Cellular and Molecular Basis of Inheritance 15

Ribosomes are made up of two different sized subunits, which
consist of four different types of ribosomal RNA (rRNA)
molecules and a large number of ribosomal specific proteins.
Groups of ribosomes associated with the same molecule of
mRNA are referred to as polyribosomes or polysomes. In the
ribosomes, the mRNA forms the template for producing the
specific sequence of amino acids of a particular polypeptide.

Transfer RNA

In the cytoplasm there is another form of RNA called transfer
RNA, or tRNA. The incorporation of amino acids into a
polypeptide chain requires the amino acids to be covalently
bound by reacting with ATP to the specific tRNA molecule by
the activity of the enzyme aminoacyl tRNA synthetase. The
ribosome, with its associated rRNAs, moves along the mRNA,
the amino acids linking up by the formation of peptide bonds
through the action of the enzyme peptidyl transferase to form
a polypeptide chain (Figure 2.9).

Post-translational Modification

Many proteins, before they attain their normal structure or
functional activity, undergo post-translational modification,
which can include chemical modification of amino-acid side
chains (e.g., hydroxylation, methylation), the addition of car-
bohydrate or lipid moieties (e.g., glycosylation), or proteolytic
cleavage of polypeptides (e.g., the conversion of proinsulin to
insulin).

Thus post-translational modification, along with certain
short amino-acid sequences known as localization sequences in
the newly synthesized proteins, results in transport to specific
cellular locations (e.g., the nucleus), or secretion from the cell.

DNA

I
A A A CTCC
Uu uUu u G A G G
mRNA
Nuclear
membrane
Ribosome
( y //[/ \\\\\
mRNA ; =
(template) ‘ |

c >

o O0d
> 0
>
® Oo0d
> 4
> 44
o Ood

UUUWGAGGUGAAGAAG

™,

Peptide

FIGURE 2.9 Representation of the way in which genetic information is translated into protein.
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Table 2.1 Genetic Code of the Nuclear and Mitochondrial Genomes

Second Base

First Base U C A G Third Base
U Phenylalanine Serine Tyrosine Cysteine U
Phenylalanine Serine Tyrosine Cysteine C
Leucine Serine Stop Stop (Tryptophan) A
Leucine Serine Stop Tryptophan G
C Leucine Proline Histidine Arginine u
Leucine Proline Histidine Arginine C
Leucine Proline Glutamine Arginine A
Leucine Proline Glutamine Arginine G
A Isoleucine Threonine Asparagine Serine u
Isoleucine Threonine Asparagine Serine C
Isoleucine (Methionine) Threonine Lysine Arginine A
Methionine Threonine Lysine Arginine (Stop) G
G Valine Alanine Aspartic acid Glycine u
Valine Alanine Aspartic acid Glycine C
Valine Alanine Glutamic acid Glycine A
Valine Alanine Glutamic acid Glycine G

Differences in the mitochondrial genetic code are in italics.

The Genetic Code

Twenty different amino acids are found in proteins; as DNA is
composed of four different nitrogenous bases, obviously a
single base cannot specify one amino acid. If two bases were
to specify one amino acid, there would only be 42 or 16 pos-
sible combinations. If, however, three bases specified one
amino acid then the possible number of combinations of the
four bases would be 43 or 64. This is more than enough to
account for all the 20 known amino acids and is known as the
genetic code.

Triplet Codons

The triplet of nucleotide bases in the mRNA that codes for a
particular amino acid is called a codon. Each triplet codon in
sequence codes for a specific amino acid in sequence and so
the genetic code is nonoverlapping. The order of the triplet
codons in a gene is known as the translational reading frame.
However, some amino acids are coded for by more than one
triplet, so the code is said to be degenerate (Table 2.1). Each
tRNA species for a particular amino acid has a specific trinucleo-
tide sequence called the anticodon, which is complementary
to the codon of the mRNA. Although there are 64 codons,
there are only 30 cytoplasmic tRNAs, the anticodons of a
number of the tRNAs recognizing codons that differ at the
position of the third base, with guanine being able to pair with
uracil as well as cytosine. Termination of translation of the
mRNA is signaled by the presence of one of the three stop or
termination codons.

The genetic code of mtDNA differs from that of the nuclear
genome. Eight of the 22 tRNAs are able to recognize codons
that differ only at the third base of the codon, 14 can recognize
pairs of codons that are identical at the first two bases, with
either a purine or pyrimidine for the third base, the other four
codons acting as stop codons (see Table 2.1).

Regulation of Gene Expression

Many cellular processes, and therefore the genes that are
expressed, are common to all cells, for example ribosomal,
chromosomal and cytoskeleton proteins, constituting what are

called the housekeeping genes. Some cells express large
quantities of a specific protein in certain tissues or at specific
times in development, such as hemoglobin in red blood cells
(p. 154). This differential control of gene expression can occur
at a variety of stages.

Control of Transcription

The control of transcription can be affected permanently or
reversibly by a variety of factors, both environmental (e.g.,
hormones) and genetic (cell signaling). This occurs through a
number of different mechanisms that include signaling mole-
cules that bind to regulatory sequences in the DNA known as
response elements, intracellular receptors known as hormone
nuclear receptors, and receptors for specific ligands on the cell
surface involved in the process of signal transduction.

All of these mechanisms ultimately affect transcription
through the binding of the general transcription factors to short
specific DNA promoter elements located within 200 bp 5 or
upstream of most eukaryotic genes in the so-called core pro-
moter region that leads to activation of RNA polymerase
(Figure 2.10). Promoters can be broadly classed into two types,
TATA box-containing and GC rich. The TATA box, which is
approximately 25 bp upstream of the transcription start site,
is involved in the initiation of transcription at a basal constitu-
tive level and mutations in it can lead to alteration of the
transcription start site. The GC box, which is approximately
80 bp upstream, increases the basal level of transcriptional
activity of the TATA box.

The regulatory elements in the promoter region are said to
be cis-acting, that is, they only affect the expression of the
adjacent gene on the same DNA duplex, whereas the transcrip-
tion factors are said to be trans-acting, acting on both copies
of a gene on each chromosome being synthesized from genes
that are located at a distance. DNA sequences that increase
transcriptional activity, such as the GC and CAAT boxes, are
known as enhancers. There are also negative regulatory ele-
ments or silencers that inhibit transcription. In addition, there
are short sequences of DNA, usually 500 bp to 3 kb in size and
known as boundary elements, which block or inhibit the influ-
ence of regulatory elements of adjacent genes.
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FIGURE 2.10 Diagrammatic representation of the factors that regulate gene expression.

Transcription Factors

A number of genes encode proteins involved in the regulation
of gene expression. They have DNA-binding activity to short
nucleotide sequences, usually mediated through helical protein
motifs, and are known as transcription factors. These gene
regulatory proteins have a transcriptional activation domain and
a DNA-binding domain. There are four types of DNA-binding
domain, the most common being the helix-turn-helix, made
up of two o helices connected by a short chain of amino acids
that make up the ‘turn’. The three other types are the zinc
finger, leucine zipper, or helix-loop-helix motifs, so named as
a result of specific structural features.

Post-transcriptional Control of
Gene Expression

Regulation of expression of most genes occurs at the level of
transcription but can also occur at the levels of RNA process-
ing, RNA transport, mRNA degradation and translation. For
example, the G to A variant at position 20,210 in the 3’
untranslated region of the prothrombin gene increases the
stability of the mRNA transcript, resulting in higher plasma
prothrombin levels.

RNA-Mediated Control of Gene Expression

RNA-mediated silencing was first described in the early 1990s,
but it is only recently that its key role in controlling
post-transcriptional gene expression has been both recognized
and exploited (see Chapter 15). Small interfering RNAs
(siRNAs) were discovered in 1998 and are the effector
molecules of the RNA interference pathway (RNAi). These
short double-stranded RNAs (21 to 23 nucleotides) bind
to mRNAs in a sequence-specific manner and result in their
degradation via a ribonuclease-containing RNA-induced silenc-
ing complex (RISC). MicroRNAs (miRNAs) also bind to
mRNAs in a sequence-specific manner. They can either cause
endonucleolytic cleavage of the mRNA or act by blocking
translation.

Alternative Isoforms

Most (~95%) human genes undergo alternative splicing and
therefore encode more than one protein. Alternative polyad-
enylation generates further diversity. Some genes have more
than one promoter, and these alternative promoters may result
in tissue-specific isoforms. Alternative splicing of exons is also
seen with individual exons present in only some isoforms. The
extent of alternative splicing in humans may be inferred from
the finding that the human genome includes only approximately
20,000 genes, far fewer than the original prediction of more

than 100,000.

RNA-Directed DNA Synthesis

The process of the transfer of the genetic information from
DNA to RNA to protein has been called the central dogma. It
was initially believed that genetic information was transferred
only from DNA to RNA and thence translated into protein.
However, there is evidence from the study of certain types of
virus—retroviruses—that genetic information can occasionally
flow in the reverse direction, from RNA to DNA (p. 178). This
is referred to as RNA-directed DNA synthesis. It has been
suggested that regions of DNA in normal cells serve as tem-
plates for the synthesis of RNA, which in turn then acts as a
template for the synthesis of DNA that later becomes inte-
grated into the nuclear DNA of other cells. Homology between
human and retroviral oncogene sequences could reflect this
process (p. 179), which could be an important therapeutic
approach for the treatment of inherited disease in humans.

Mutations

A mutation is defined as a heritable alteration or change in the
genetic material. Mutations drive evolution but can also be
pathogenic. Mutations can arise through exposure to mutagenic
agents (p. 21), but the vast majority occur spontaneously
through errors in DNA replication and repair. Sequence vari-
ants with no obvious effect upon phenotype may be termed
polymorphisms.

Somatic mutations may cause adult-onset disease, such as
cancer, but cannot be transmitted to offspring. A mutation in
gonadal tissue or a gamete can be transmitted to future genera-
tions unless it affects fertility or survival into adulthood.
Harmful alleles of all kinds constitute the so-called genetic load
of the population. There are also rare examples of ‘back muta-
tion” in patients with recessive disorders. For example, rever-
sion of inherited deleterious mutations has been demonstrated
in phenotypically normal cells present in a small number of
patients with Fanconi anemia.

Types of Mutation

Mutations can range from single base substitutions, through
insertions and deletions of single or multiple bases to loss or
gain of entire chromosomes (Table 2.2). Base substitutions are
most prevalent (Table 2.3) and missense mutations account for
nearly half of all mutations. A standard nomenclature to
describe mutations (Table 2.4) has been agreed on (see http://
varnomen.hgvs.org/). Examples of chromosome abnormalities
are discussed in Chapter 3.

Substitutions

A substitution is the replacement of a single nucleotide by
another. These are the most common type of mutation. If the
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Table 2.2

Main Classes, Groups, and Types of Mutation and Effects on Protein Product

Class Group Type Effect on Protein Product
Substitution  Synonymous Silent* Same amino acid
Nonsynonymous Missense* Altered amino acid—may affect protein function or stability
Nonsense* Stop codon—Iloss of function or expression due to degradation of
mRNA
Splice site Aberrant splicing—exon skipping or intron retention
Promoter Altered gene expression
Enhancer Altered gene expression
Deletion Multiple of 3 (codon) In-frame deletion of one or more amino acid(s)—may affect
protein function or stability
Not multiple of 3 Frameshift Likely to result in premature termination with loss of function or
expression
Large deletion Partial gene deletion May result in premature termination with loss of function or
expression
Whole gene deletion Loss of expression
Insertion Multiple of 3 (codon) In-frame insertion of one or more amino acid(s)—may affect

Not multiple of 3 Frameshift

Large insertion Partial gene duplication
Whole gene duplication
Expansion of Dynamic mutation

trinucleotide repeat

protein function or stability

Likely to result in premature termination with loss of function or
expression

May result in premature termination with loss of function or
expression

May have an effect because of increased gene dosage

Altered gene expression or altered protein stability or function

*Some have been shown to cause aberrant splicing.

Table 2.3 Frequency of Different Types

of Mutation

Type of Mutation Percentage of Total

Missense or nonsense 56
Splicing 10
Regulatory 2
Small deletions, insertions, or indels* 24
Gross deletions or insertions 7
Other (complex rearrangements or <1

repeat variations)

Data from http://www.hgmd.org.
*Indels are mutations that involve both an insertion and a deletion of
nucleotides.

substitution involves replacement by the same type of
nucleotide—a pyrimidine for a pyrimidine (C for T or vice
versa) or a purine for a purine (A for G or vice versa); this is
termed a transition. Substitution of a pyrimidine by a purine
or vice versa is termed a transversion. Transitions occur more
frequently than transversions. This may be due to the relatively
high frequency of C to T transitions, which is likely to be the
result of the nucleotides cytosine and guanine occurring
together, or what are known as CpG dinucleotides (p

represents the phosphate) frequently being methylated in
genomic DNA with spontaneous deamination of methylcyto-
sine converting them to thymine. CpG dinucleotides have been
termed ‘hotspots’ for mutation.

Deletions

A deletion involves the loss of one or more nucleotides. If this
occurs in coding sequences and involves one, two, or more
nucleotides that are not a multiple of three, the reading frame
will be disrupted. Larger deletions may result in partial or
whole gene deletions and may arise through unequal crossover
between repeat sequences (e.g., hereditary neuropathy with
liability to pressure palsies; see p. 275).

Insertions

An insertion involves the addition of one or more nucleotides
into a gene. Again, if an insertion occurs in a coding sequence
and involves one, two, or more nucleotides that are not a
multiple of three, it will disrupt the reading frame. Large
insertions can also result from unequal crossover (e.g., heredi-
tary sensory and motor neuropathy type la; see p. 275) or the
insertion of transposable elements (p. 14).

In 1991, expansion of trinucleotide repeat sequences was
identified as a mutational mechanism. A number of single-gene

Table 2.4 Mutation Nomenclature: Examples of CFTR Gene Mutations

Type of Mutation Nucleotide Protein Designation Consequence Description
Missense c.482G>A p.Arg117His Arginine to histidine

Nonsense c.1756G>T p.Gly542X Glycine to stop

Splicing c.621 + 1G>T Splice donor site mutation
Deletion (1 bp) c.1078T p.Val358TyrfsX11 Frameshift mutation

Deletion (3 bp) c.1652_1654delCTT p.Phe508del In-frame deletion of phenylalanine

Insertion €.3905_3906insT p.Leu1258PhefsX7 Frameshift mutation

Mutations can be designated according to the genomic or cDNA (mRNA) sequence and are prefixed by ‘g.” or ‘c.’, respectively. The first base of the start codon
(ATG) is c.1. However, for historical reasons this is not always the case, and the first base of the CFTR cDNA is actually nucleotide 133.
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disorders have subsequently been shown to be associated with
triplet repeat expansions (Table 2.5). These are described as
dynamic mutations because the repeat sequence becomes
more unstable as it expands in size. The mechanism by which
amplification or expansion of the triplet repeat sequence occurs
is not clear at present. Triplet repeats below a certain length
for each disorder are faithfully and stably transmitted in mitosis
and meiosis. Above a certain repeat number for each disorder,
they are more likely to be transmitted unstably, usually with
an increase or decrease in repeat number. A variety of possible
explanations has been offered as to how the increase in triplet
repeat number occurs. These include unequal crossover or
unequal sister chromatid exchange (see Chapter 17) in nonrep-
licating DNA, and slipped-strand mispairing and polymerase
slippage in replicating DNA.

Triplet repeat expansions usually take place over a number
of generations within a family, providing an explanation for
some unusual aspects of patterns of inheritance as well as
possibly being the basis of the previously unexplained phenom-
enon of anticipation (p. 75).

The exact mechanisms by which repeat expansions cause
disease are not completely understood. Unstable trinucleotide
repeats may be within coding or noncoding regions of genes
and hence vary in their pathogenic mechanisms. Expansion of
the CAG repeat in the coding region of the HTT gene and
some SCA genes results in a protein with an elongated poly-
glutamine tract that forms toxic aggregates within certain cells,
causing Huntington disease or spinocerebellar ataxia. In fragile
X the CGG repeat expansion in the 5" untranslated region
(UTR) results in methylation of promoter sequences and lack
of expression of the FMRI protein. In myotonic dystrophy
(MD) it is thought that a gain-of-function RNA mechanism
results from both the CTG expansion in the 3 UTR of the
DMPK (type 1 MD) and the CCTG expansion within intron
1 of the CNBP gene (formerly ZNF9; type 2 MD). The
expanded transcripts bind splice regulatory proteins to form
RNA-protein complexes that accumulate in the nuclei of cells.
The disruption of these splice regulators causes abnormal
developmental processing where embryonic isoforms of the
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resulting proteins are expressed in adult myotonic dystrophy
tissues. The immature proteins then appear to cause the clinical
features common to both diseases (p. 285).

The spectrum of repeat expansion mutations also includes
a dodecamer repeat expansion upstream from the cystatin B
gene that causes progressive myoclonus epilepsy (EPM1) and
a pentanucleotide repeat expansion in intron 9 of the ATXN10
gene shown in families with spinocerebellar ataxia type 10.
Spinocerebellar ataxia is an extremely heterogeneous disorder
and, in addition to the dynamic mutations shown in Table 2.5,
nonrepeat expansion mutations have been reported in four
additional genes.

Structural Effects of Mutations
on the Protein

Mutations can also be subdivided into two main groups accord-
ing to the effect on the polypeptide sequence of the encoded
protein, being either synonymous or nonsynonymous.

Synonymous or Silent Mutations

If a mutation does not alter the polypeptide product of the gene,
it is termed a synonymous or silent mutation. A single base-pair
substitution, particularly if it occurs in the third position of a
codon because of the degeneracy of the genetic code, will often
result in another triplet that codes for the same amino acid with
no alteration in the properties of the resulting protein.

Nonsynonymous Mutations

If a mutation leads to an alteration in the encoded polypeptide,
it is known as a nonsynonymous mutation. Nonsynonymous
mutations are observed to occur less frequently than synony-
mous mutations. Synonymous mutations are selectively neutral,
whereas alteration of the amino-acid sequence of the protein
product of a gene is likely to result in abnormal function, which
is usually associated with disease, or lethality, which has an
obvious selective disadvantage.

Nonsynonymous mutations can occur in one of three main
ways.

Table 2.5 Examples of Diseases Arising From Repeat Expansions

Normal Range Pathogenic Repeat
Disease (Gene) Repeat Sequence  (Repeats) Range (Repeats) Location
Huntington disease (HTT) CAG 9-35 36-100 Coding
Myotonic dystrophy type 1 (DMPK) CTG 5-35 50-4000 3" UTR
Myotonic dystrophy type 2 (CNBP) CCTG 11-26 75->11000 Intron 1
Fragile X site A (FMRT) CGG 10-50 200-2000 5" UTR
Kennedy disease (AR) CAG 13-30 40-62 Coding
Spinocerebellar ataxia 1 (ATXNT) CAG 6-36 39-80 Coding
Spinocerebellar ataxia 2 (ATXN2) CAG 13-31 32-79 Coding
Machado-Joseph disease/Spinocerebellar ataxia 3 (ATXN3) CAG 14-44 52-86 Coding
Spinocerebellar ataxia 6 (CACNATA) CAG 4-18 19-33 Coding
Spinocerebellar ataxia 7 (ATXN7) CAG 7-17 38-220 Coding
Spinocerebellar ataxia 8 (ATXN8) CTG 15-50 71-1300 3’ UTR
Spinocerebellar ataxia 10 (ATXN10) ATTCT 10-29 400-4500 Intron 9
Spinocerebellar ataxia 12 (PPP2R2B) CAG 7-32 51-78 5" UTR
Spinocerebellar ataxia 17 (TBP) CAG 25-44 47-63 Coding
Dentatorubral-pallidoluysian atrophy (ATNT) CAG 7-23 53-88 Coding
Friedreich ataxia (FXNT) GAA 5-30 70—>1000 Intron 1
Fragile X site E (AFF2) CCG 6-25 >200 Promoter
Oculopharyngeal muscular dystrophy (PABPNT) GCG 6 8-13 Coding

UTR, Untranslated region.
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Missense

A single base-pair substitution can result in coding for a differ-
ent amino acid and the synthesis of an altered protein, a
so-called missense mutation. If the mutation codes for an
amino acid that is chemically dissimilar, for example has a
different charge, the structure of the protein will be altered.
This is termed a nonconservative substitution and can lead to
a gross reduction, or even a complete loss, of biological activity.
Single base-pair mutations can lead to qualitative rather than
quantitative changes in the function of a protein, such that it
retains its normal biological activity (e.g., enzyme activity) but
differs in characteristics such as its mobility on electrophoresis,
its pH optimum, or its stability so that it is more rapidly broken
down in vivo. Many of the abnormal hemoglobins (p. 156) are
the result of missense mutations.

Some single base-pair substitutions result in the replace-
ment of a different amino acid that is chemically similar, and
may have no functional effect. These are termed conservative
substitutions.

Nonsense

A substitution that leads to the generation of one of the stop
codons (see Table 2.1) will result in premature termination of
translation of a peptide chain, or what is termed a nonsense
mutation. In most cases the shortened chain is unlikely to
retain normal biological activity, particularly if the termination
codon results in the loss of an important functional domain(s)
of the protein. mRNA transcripts containing premature termi-
nation codons are frequently degraded by a process known as
nonsense-mediated decay. This is a form of RNA surveillance
that is believed to have evolved to protect the body from the
possible consequences of truncated proteins interfering with
normal function.

Frameshift

If a mutation involves the insertion or deletion of nucleotides
that are not a multiple of three, it will disrupt the reading
frame and constitute what is known as a frameshift mutation.
The amino-acid sequence of the protein subsequent to the
mutation bears no resemblance to the normal sequence and
may have an adverse effect on its function. Most frameshift
mutations result in a premature stop codon downstream to the
mutation. This may lead to expression of a truncated protein,
unless the mRNA is degraded by nonsense-mediated decay.

Mutations in Noncoding DNA

Mutations in promoter sequences, enhancers or other regula-
tory regions can affect the level of gene expression. With our
new knowledge of the role of RNA interference in gene expres-
sion, it has become apparent that mutations in miRNA or
siRNA binding sites within UTRs can also result in disease.

Splicing Mutations

Mutations of the highly conserved splice donor (GT) and splice
acceptor (AG) sites (p. 15) usually result in aberrant splicing.
This can result in the loss of coding sequence (exon skipping)
or retention of intronic sequence, and may lead to frameshift
mutations. Cryptic splice sites, which resemble the sequence
of an authentic splice site, may be activated when the conserved
splice sites are mutated. In addition, base substitutions result-
ing in apparent silent, missense, and nonsense mutations can
cause aberrant splicing through mutation of exon splicing

for the correct splicing of exons with weak splice-site consensus
sequences.

Functional Effects of Mutations
on the Protein

Mutations exert their phenotypic effect in one of two ways,
through either loss or gain of function.

Loss-of-Function Mutations

Loss-of-function mutations can result in either reduced activ-
ity or complete loss of the gene product. The former can be
the result of reduced activity or of decreased stability of the
gene product and is known as a hypomorph, the latter being
known as a null allele or amorph. Loss-of-function mutations
involving enzymes are usually inherited in an autosomal or
X-linked recessive manner, because the catalytic activity of the
product of the normal allele is more than adequate to carry out
the reactions of most metabolic pathways.

Haplo-insufficiency

Loss-of-function mutations in the heterozygous state in which
half normal levels of the gene product result in phenotypic
effects are termed haplo-insufficiency mutations. The pheno-
typic manifestations sensitive to gene dosage are a result of
mutations occurring in genes that code for either receptors, or
more rarely enzymes, the functions of which are rate limiting;
for example, familial hypercholesterolemia (p. 262) and acute
intermittent porphyria (p. 266).

In a number of autosomal dominant disorders, the muta-
tional basis of the functional abnormality is the result of haplo-
insufficiency in which, not surprisingly, homozygous mutations
result in more severe phenotypic effects; examples are angio-
neurotic edema and familial hypercholesterolemia (p. 262).

Gain-of-Function Mutations

Gain-of-function mutations, as the name suggests, result in
either increased levels of gene expression or the development
of a new function(s) of the gene product. Increased expression
levels from activating point mutations or increased gene dosage
are responsible for one type of Charcot-Marie-Tooth disease,
hereditary motor, and sensory neuropathy type I (p. 275). The
expanded triplet repeat mutations in the Huntington gene
(HTT) cause qualitative changes in the gene product that result
in its aggregation in the central nervous system leading to the
classic clinical features of the disorder (p. 273).

Mutations that alter the timing or tissue specificity of the
expression of a gene can also be considered to be gain-of-
function mutations. Examples include the chromosomal rear-
rangements that result in the combination of sequences from
two different genes seen with specific tumors (p. 180). The
novel function of the resulting chimeric gene causes the neo-
plastic process.

Gain-of-function mutations are dominantly inherited and
the rare instances of gain-of-function mutations occurring in
the homozygous state are often associated with a much more
severe phenotype, which is often a prenatally lethal disorder,
for example homozygous achondroplasia (pp. 113-114).

Dominant-Negative Mutations

A dominant-negative mutation is one in which a mutant gene
in the heterozygous state results in the loss of protein activity
or function, as a consequence of the mutant gene product

enhancer sequences. These purine-rich sequences are required interfering with the function of the normal gene product of the
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corresponding allele. Dominant-negative mutations are particu-
larly common in proteins that are dimers or multimers, for
instance structural proteins such as the collagens, mutations in
which can lead to osteogenesis imperfecta.

Genotype-Phenotype Correlation

Many genetic disorders are well recognized as being very vari-
able in severity, or in the particular features manifested by a
person with the disorder (p. 68). Developments in molecular
genetics increasingly allow identification of the mutational basis
of the specific features that occur in a person with a particular
inherited disease, or what is known as the phenotype. This has
resulted in attempts to correlate the presence of a particular
mutation, which is often called the genotype, with the specific
features seen in a person with an inherited disorder, this being
referred to as genotype-phenotype correlation. This can be
important in the management of a patient. One example
includes the association of mutations in the BRCAI gene with
the risk of developing ovarian cancer as well as breast cancer
(p. 192). Particularly striking examples are mutations in the
receptor tyrosine kinase gene RET which, depending on their
location, can lead to four different syndromes that differ in the
functional mechanism and clinical phenotype. Loss-of-function
nonsense mutations lead to lack of migration of neural-crest-
derived cells to form the ganglia of the myenteric plexus of the
large bowel, leading to Hirschsprung disease, whereas gain-of-
function missense mutations result in familial medullary thyroid
carcinoma or one of the two types of multiple endocrine neo-
plasia type 2 (p. 119). Mutations in the LMNA gene are associ-
ated with an even broader spectrum of disease (p. 66).

Mutations and Mutagenesis

Naturally occurring mutations are referred to as spontaneous
mutations and are thought to arise through chance errors in
chromosomal division or DNA replication. Environmental
agents that cause mutations are known as mutagens. These
include natural or artificial ionizing radiation and chemical or
physical mutagens.

Radiation

Ionizing radiation includes electromagnetic waves of very
short wavelength (x-rays and y-rays) and high-energy particles
(o particles, B particles, and neutrons). X-rays, y-rays, and
neutrons have great penetrating power, but o particles can
penetrate soft tissues to a depth of only a fraction of a milli-
meter and B particles only up to a few millimeters.

Dosimetry is the measurement of radiation. The dose of
radiation is expressed in relation to the amount received by the
gonads because it is the effects of radiation on germ cells rather
than somatic cells that are important as far as transmission of
mutations to future progeny is concerned. The gonad dose of
radiation is often expressed as the amount received in 30 years.
This period has been chosen because it corresponds roughly to
the generation time in humans.

The various sources and average annual doses of the differ-
ent types of natural and artificial ionizing radiation are listed in
Table 2.6. Natural sources of radiation include cosmic rays,
external radiation from radioactive materials in certain rocks,
and internal radiation from radioactive materials in tissues.
Artificial sources include diagnostic and therapeutic radiology,
occupational exposure and fallout from nuclear explosions.

The average gonadal dose of ionizing radiation from radioac-
tive fallout resulting from the testing of nuclear weapons is less
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Table 2.6 Approximate Average Doses of lonizing

Radiation From Various Sources to the Gonads of the
General Population

Average Dose
per Year (mSv)

Average Dose per

Source of Radiation 30 Years (mSv)

Natural

Cosmic radiation 0.25 7.5
External y radiation* 1.50 45.0
Internal v radiation 0.30 9.0
Artificial

Medical radiology 0.30 9.0
Radioactive fallout 0.01 0.3
Occupational and 0.04 1.2

miscellaneous
Total 2.40 72.0

Data from Clarke RH, Southwood TRE 1989 Risks from ionizing radiation.
Nature 338:197-198.
*Including radon in dwellings.

than that from any of the sources of background radiation.
However, the possibility of serious accidents involving nuclear
reactors, as occurred at Three Mile Island in the United States
in 1979 and at Chernobyl in the Soviet Union in 1986, with
widespread effects, must always be borne in mind.

Genetic Effects

Experiments with animals and plants have shown that the
number of mutations produced by irradiation is proportional
to the dose: the larger the dose, the greater the number of
mutations produced. It is believed that there is no threshold
below which irradiation has no effect—even the smallest dose
of radiation can result in a mutation. The genetic effects of
ionizing radiation are also cumulative, so that each time a
person is exposed to radiation, the dose received has to be
added to the amount of radiation already received. The total
number of radiation-induced mutations is directly proportional
to the total gonadal dose.

Unfortunately, in humans there is no easy way to demon-
strate genetic damage caused by mutagens. Several agencies
throughout the world are responsible for defining what is
referred to as the maximum permissible dose of radiation. In
the United Kingdom, the Radiation Protection Division of the
Health Protection Agency advises that occupational exposure
should not exceed 15 mSv in a year. To put this into perspec-
tive, 1 mSv is roughly 50 times the dose received in a single
chest x-ray and 100 times the dose incurred when flying from
the United Kingdom to Spain in a jet aircraft!

There is no doubting the potential dangers, both somatic
and germline, of exposure to ionizing radiation. In the case of
medical radiology, the dose of radiation resulting from a par-
ticular procedure has to be weighed against the ultimate benefi-
cial effect to the patient. In the case of occupational exposure
to radiation, the answer lies in defining the risks and introduc-
ing and enforcing adequate legislation. With regard to the
dangers from fallout from nuclear accidents and explosions, the
solution would seem obvious.

Chemical Mutagens

In humans, chemical mutagenesis may be more important
than radiation in producing genetic damage. Experiments
have shown that certain chemicals, such as mustard gas, form-
aldehyde, benzene, some basic dyes, and food additives, are
mutagenic in animals. Exposure to environmental chemicals
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Table 2.7 DNA Repair Pathways, Genes, and Associated Disorders

Type of DNA Repair Mechanism Genes Disorders

Base excision repair (BER) Removal of abnormal bases MYH Colorectal cancer

Nucleotide excision repair (NER)  Removal of thymine dimers and large chemical XP Xeroderma pigmentosum
adducts

Postreplication repair Removal of double-strand breaks by NBS Nijmegen breakage syndrome

homologous recombination or

nonhomologous end-joining
Mismatch repair (MMR)
in DNA replication

Corrects mismatched bases caused by mistakes

BLM Bloom syndrome
BRCA1/2 Breast cancer
MSH and MLH  Colorectal cancer (HNPCC)

HNPCC, Hereditary nonpolyposis colorectal cancer.

may result in the formation of DNA adducts, chromosome
breaks, or aneuploidy. Consequently all new pharmaceutical
products are subject to a battery of mutagenicity tests that
include both in vitro and in vivo studies in animals.

DNA Repair

The occurrence of mutations in DNA, if left unrepaired, would
have serious consequences for both the individual and subse-
quent generations. The stability of DNA is dependent upon
continuous DNA repair by a number of different mechanisms
(Table 2.7). Some types of DNA damage can be repaired
directly. Examples include the dealkylation of O°-alkyl guanine
or the removal of thymine dimers by photoreactivation in
bacteria. The majority of DNA repair mechanisms involve
cleavage of the DNA strand by an endonuclease, removal of
the damaged region by an exonuclease, insertion of new bases
by the enzyme DNA polymerase, and sealing of the break by
DNA ligase.

Nucleotide excision repair removes thymine dimers and
large chemical adducts. It is a complex process involving more
than 30 proteins that remove fragments of approximately 30
nucleotides. Mutations in at least eight of the genes encoding
these proteins can cause xeroderma pigmentosum (p. 252),
characterized by extreme sensitivity to ultraviolet light and a
high frequency of skin cancer. A different set of repair enzymes
is used to excise single abnormal bases (base excision repair),
with mutations in the gene encoding the DNA glycosylase
MYH having recently been shown to cause an autosomal reces-
sive form of colorectal cancer (p. 191).

Naturally occurring reactive oxygen species and ionizing
radiation induce breakage of DNA strands. Double-strand
breaks result in chromosome breaks that can be lethal if not
repaired. Postreplication repair is required to correct double-
strand breaks and usually involves homologous recombination
with a sister DNA molecule. Human genes involved in this
pathway include NBS, BLM, and BRCA1/2, mutated in Nijme-
gen breakage syndrome, Bloom syndrome (p. 250), and
hereditary breast cancer (p. 192), respectively. Alternatively,
the broken ends may be rejoined by nonhomologous end-
joining, which is an error-prone pathway.

Mismatch repair (MMR) corrects mismatched bases intro-
duced during DNA replication. Cells defective in MMR have
very high mutation rates (up to 1000 times higher than normal).
Mutations in at least six different MMR genes cause hereditary
nonpolyposis colorectal cancer (HNPCC; see p. 222).

Although DNA repair pathways have evolved to correct
DNA damage and hence protect the cell from the deleterious
consequences of mutations, some mutations arise from the

cell’s attempts to tolerate damage. One example is translesion
DNA synthesis, in which the DNA replication machinery
bypasses sites of DNA damage, allowing normal DNA replica-
tion and gene expression to proceed downstream. Human
disease may also be caused by defective cellular responses to
DNA damage. Cells have complex signaling pathways that
allow cell-cycle arrest to provide increased time for DNA
repair. If the DNA damage is irreparable, the cell may initiate
programmed cell death (apoptosis). The ATM protein is
involved in sensing DNA damage and has been described as the
‘guardian of the genome’. Mutations in the ATM gene cause
ataxia telangiectasia (see p. 173), characterized by hypersensi-
tivity to radiation and a high risk of cancer.
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Genetic information is stored in DNA (deoxyribonucleic
acid) as a linear sequence of two types of nucleotide, the
purines (adenine [A] and guanine [G]) and the pyrimidines
(cytosine [C] and thymine [T]), linked by a sugar—
phosphate backbone.

A molecule of DNA consists of two antiparallel strands held
in a double helix by hydrogen bonds between the
complementary G-C and A-T base pairs.

DNA replication has multiple sites of origin and is
semiconservative, each strand acting as a template for
synthesis of a complementary strand.

Genes coding for proteins in higher organisms (eukaryotes)
consist of coding (exons) and noncoding (introns) sections.

Transcription is the synthesis of a single-stranded
complementary copy of one strand of a gene that is known
as messenger RNA (mRNA). RNA (ribonucleic acid) differs
from DNA in containing the sugar ribose and the base
uracil instead of thymine.
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mRNA is processed during transport from the nucleus to the
cytoplasm, eliminating the noncoding sections. In the
cytoplasm it becomes associated with the ribosomes, where
translation (i.e., protein synthesis) occurs.

The genetic code is ‘universal’ and consists of triplets
(codons) of nucleotides, each of which codes for an amino
acid or termination of peptide chain synthesis. The code is
degenerate, as all but two amino acids are specified by more
than one codon.

The major control of gene expression is at the level of
transcription by DNA regulatory sequences in the 5" flanking
promoter region of structural genes in eukaryotes. General
and specific transcription factors are also involved in the
regulation of genes.

Mutations occur both spontaneously and as a result of
exposure to mutagenic agents such as ionizing radiation.
Mutations are continuously corrected by DNA repair
enzymes.
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Chapter 3

Chromosomes and
Cell Division

Let us not take it for granted that life exists more
fully in what is commonly thought big than in
what is commonly thought small.
VIRGINIA WOOLF

At the molecular or submicroscopic level, DNA can be regarded
as the basic template that provides a blueprint for the forma-
tion and maintenance of an organism. DNA is packaged into
chromosomes and at a very simple level these can be considered
as being made up of tightly coiled long chains of genes. Unlike
DNA, chromosomes can be visualized during cell division using
a light microscope, under which they appear as threadlike
structures or ‘colored bodies’. The word chromosome is derived
from the Greek chroma (= color) and soma (= body).

Chromosomes are the factors that distinguish one species
from another and that enable the transmission of genetic
information from one generation to the next. Their behavior at
somatic cell division in mitosis provides a means of ensuring
that each daughter cell retains its own complete genetic comple-
ment. Similarly, their behavior during gamete formation in
meiosis enables each mature ovum and sperm to contain a
unique single set of parental genes. Chromosomes are quite
literally the vehicles that facilitate reproduction and the main-
tenance of a species.

The study of chromosomes and cell division is referred to
as cytogenetics. Before the 1950s it was thought, incorrectly,
that each human cell contained 48 chromosomes and that
human sex was determined by the number of X chromosomes
present at conception. Following the development in 1956 of
more reliable techniques for studying human chromosomes, it
was realized that the correct chromosome number in humans
is 46 (p. 3) and that maleness is determined by the presence
of a Y chromosome regardless of the number of X chromosomes
present in each cell. It was also realized that abnormalities of
chromosome number and structure could seriously disrupt
normal growth and development.

Table 3.1 highlights the methodological developments that
have taken place during the past 5 decades that underpin our
current knowledge of human cytogenetics.

Human Chromosomes
Morphology

At the submicroscopic level, chromosomes consist of an
extremely elaborate complex, made up of supercoils of DNA,
which has been likened to the tightly coiled network of wiring
seen in a solenoid (p. 11). Under the electron microscope
chromosomes can be seen to have a rounded and rather irregu-
lar morphology (Figure 3.1). However, most of our knowledge
24

of chromosome structure has been gained using light microscopy.
Special stains selectively taken up by DNA have enabled each
individual chromosome to be identified. These are best seen
during cell division, when the chromosomes are maximally
contracted and the constituent genes can no longer be
transcribed.

At this time each chromosome can be seen to consist of two
identical strands known as chromatids, or sister chromatids,
which are the result of DNA replication having taken place
during the S (synthesis) phase of the cell cycle (p. 30). These
sister chromatids can be seen to be joined at a primary constric-
tion known as the centromere. Centromeres consist of several
hundred kilobases of repetitive DNA and are responsible for
the movement of chromosomes at cell division. Each centro-
mere divides the chromosome into short and long arms, desig-
nated p (= petite) and q (‘g’ = grande), respectively.

Table 3.1 Development of Methodologies
for Cytogenetics

Decade Development Examples of Application
1950-1960s  Reliable methods Chromosome number
for chromosome determined to be 46
preparations (1956) and
Philadelphia
chromosome identified
as t(9;22) (1960)
1970s Giemsa Mapping of RB1 gene to
chromosome chromosome 13q14 by
banding identification of
deleted chromosomal
region in patients with
retinoblastoma (1976)
1990s Fluorescent in-situ Interphase FISH for rapid
hybridization detection of Down
(FISH) syndrome (1994)
Spectral karyotyping for
whole genome
chromosome analysis
(1996)
2000s Array CGH Analysis of constitutional

rearrangements; e.g.,
identification of ~5 Mb
deletion in a patient
with CHARGE
syndrome that led to
identification of the
gene (2004)

CHARGE, coloboma of the eye, heart defects, atresia of the choanae, retarda-
tion of growth and/or development, genital and/or urinary abnormalities, and
ear abnormalities and deafness.
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FIGURE 3.7 Electron micrograph of human chromosomes
showing the centromeres and well-defined chromatids. (Cour-
tesy Dr. Christine Harrison. Reproduced from Harrison et al 1983
Cytogenet Cell Genet 35: 21-27; with permission of the publisher,
S. Karger, Basel.)

The tip of each chromosome arm is known as the telomere.
Telomeres play a crucial role in sealing the ends of chromo-
somes and maintaining their structural integrity. Telomeres
have been highly conserved throughout evolution and in
humans they consist of many tandem repeats of a TTAGGG
sequence. During DNA replication, an enzyme known as
telomerase replaces the 5" end of the long strand, which would
otherwise become progressively shorter until a critical length
was reached when the cell could no longer divide and thus
became senescent. This is in fact part of the normal cellular
aging process, with most cells being unable to undergo more
than 50 to 60 divisions. However, in some tumors, increased
telomerase activity has been implicated as a cause of abnormally
prolonged cell survival.

Morphologically chromosomes are classified according to
the position of the centromere. If this is located centrally, the
chromosome is metacentric, if terminal it is acrocentric, and if
the centromere is in an intermediate position the chromosome
is submetacentric (Figure 3.2). Acrocentric chromosomes
sometimes have stalk-like appendages called satellites that
form the nucleolus of the resting interphase cell and contain
multiple repeat copies of the genes for ribosomal RNA.

Classification

Individual chromosomes differ not only in the position of the
centromere, but also in their overall length. Based on the three
parameters of length, position of the centromere, and the
presence or absence of satellites, early pioneers of cytogenetics
were able to identify most individual chromosomes, or at least
subdivide them into groups labeled A to G on the basis of
overall morphology (A, 1-3; B, 4-5; C, 6-12 X; D, 13-15; E,
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16-18; F, 19-20; G, 21-22 1 Y). In humans the normal cell
nucleus contains 46 chromosomes, made up of 22 pairs of
autosomes and a single pair of sex chromosomes—XX in the
female and XY in the male. One member of each of these pairs
is derived from each parent. Somatic cells are said to have a
diploid complement of 46 chromosomes, whereas gametes
(ova and sperm) have a haploid complement of 23 chromo-
somes. Members of a pair of chromosomes are known as
homologs.

The development of chromosome banding (p. 26) enabled
very precise recognition of individual chromosomes and the
detection of subtle chromosome abnormalities. This technique
also revealed that chromatin, the combination of DNA and
histone proteins that comprise chromosomes, exists in two
main forms. Euchromatin stains lightly and consists of genes
that are actively expressed. In contrast, heterochromatin stains
darkly and is made up largely of inactive, unexpressed, repeti-
tive DNA.

The Sex Chromosomes

The X and Y chromosomes are known as the sex chromosomes
because of their crucial role in sex determination. The X
chromosome was originally labeled as such because of uncer-
tainty as to its function when it was realized that in some
insects this chromosome is present in some gametes but not in
others. In these insects the male has only one sex chromosome
(X), whereas the female has two (XX). In humans, and in most
mammals, both the male and the female have two sex
chromosomes—XX in the female and XY in the male. The Y
chromosome is much smaller than the X and carries only a few
genes of functional importance, most notably the testis-
determining factor, known as SRY (p. 109). Other genes on the
Y chromosome are known to be important in maintaining
spermatogenesis.

In the female each ovum carries an X chromosome, whereas
in the male each sperm carries either an X or a Y chromosome.
As there is a roughly equal chance of either an X-bearing sperm
or a Y-bearing sperm fertilizing an ovum, the numbers of male
and female conceptions are approximately equal (Figure 3.3).
In fact, slightly more male babies are born than females,
although during childhood and adult life the sex ratio evens out
at 1:1.

Chromatids

Satellites
——Short arm—

Centromere

—Long arm —

Telomere

Metacentric Submetacentric Acrocentric

FIGURE 3.2 Morphologically chromosomes are described as
metacentric, submetacentric, or acrocentric, depending on the
position of the centromere.

https://CafePezeshki.IR



26 Chromosomes and Cell Division

Male gametes
X Y
(%]
el X XX XY
£
S
@
©
5| X XX XY
L

FIGURE 3.3 Punnett square showing sex chromosome combi-
nations for male and female gametes.

The process of sex determination is considered in detail
later (p. 123).

Methods of Chromosome Analysis

It was generally believed that each cell contained 48 chromo-
somes until 1956, when Tjio and Levan correctly concluded on
the basis of their studies that the normal human somatic
cell contains only 46 chromosomes (p. 3). The methods they
used, with certain modifications, are now universally em-
ployed in cytogenetic laboratories to analyze the chromosome

constitution of an individual, which is known as a karyotype.
This term is also used to describe a photomicrograph of an
individual’s chromosomes, arranged in a standard manner.

Chromosome Preparation

Any tissue with living nucleated cells that undergo division can
be used for studying human chromosomes. Most commonly
circulating lymphocytes from peripheral blood are used,
although samples for chromosomal analysis can be prepared
relatively easily using skin, bone marrow, chorionic villi, or cells
from amniotic fluid (amniocytes).

In the case of peripheral (venous) blood, a sample is added
to a small volume of nutrient medium containing phytohemag-
glutinin, which stimulates T lymphocytes to divide. The cells
are cultured under sterile conditions at 37°C for about 3 days,
during which they divide, and colchicine is then added to each
culture. This drug has the extremely useful property of pre-
venting formation of the spindle, thereby arresting cell division
during metaphase, the time when the chromosomes are maxi-
mally condensed and therefore most visible. Hypotonic saline
is then added, which causes the blood cells to lyse and results
in spreading of the chromosomes, which are then fixed,
mounted on a slide and stained ready for analysis (Figure 3.4).

Chromosome Banding

Several different staining methods can be used to identify
individual chromosomes but G (Giemsa) banding is used most
commonly. The chromosomes are treated with trypsin, which
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FIGURE 3.4 Preparation of a karyotype.
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FIGURE 3.5 A normal G-banded male karyotype.

denatures their protein content, and then stained with a DNA-
binding dye—also known as ‘Giemsa'—that gives each chromo-
some a characteristic and reproducible pattern of light and dark
bands (Figure 3.5).

G banding generally provides high-quality chromosome
analysis with approximately 400 to 500 bands per haploid set.
Each of these bands corresponds on average to approximately
6000 to 8000 kilobases (kb) (i.e., 6 to 8 megabases [mb]) of
DNA. High-resolution banding of the chromosomes at an
earlier stage of mitosis, such as prophase or prometaphase,
provides greater sensitivity with up to 800 bands per haploid
set, but is much more demanding technically. This involves first
inhibiting cell division with an agent such as methotrexate or
thymidine. Folic acid or deoxycytidine is added to the culture
medium, releasing the cells into mitosis. Colchicine is then
added at a specific time interval, when a higher proportion of
cells will be in prometaphase and the chromosomes will not be
fully contracted, giving a more detailed banding pattern.

Karyotype Analysis

The next stage in chromosome analysis involves first counting
the number of chromosomes present in a specified number of
cells, sometimes referred to as metaphase spreads, followed
by careful analysis of the banding pattern of each individual
chromosome in selected cells.

The banding pattern of each chromosome is specific and can
be shown in the form of a stylized ideal karyotype known as
an idiogram (Figure 3.6). The cytogeneticist analyzes each pair
of homologous chromosomes, either directly by looking down
the microscope or using an image capture system to photograph
the chromosomes and arrange them in the form of a karyogram
(Figure 3.7).
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Molecular Cytogenetics
Fluorescent In-Situ Hybridization

This diagnostic tool combines conventional cytogenetics with
molecular genetic technology. It is based on the unique ability
of a portion of single-stranded DNA (i.e., a probe) to anneal
with its complementary target sequence on a metaphase
chromosome, interphase nucleus or extended chromatin fiber.
In fluorescent in-situ hybridization (FISH), the DNA probe is
labeled with a fluorochrome which, after hybridization with the
patient’s sample, allows the region where hybridization has
occurred to be visualized using a fluorescence microscope.
FISH has been widely used for clinical diagnostic purposes
during the past 20 years and there are a number of different
types of probes that may be employed.

Different Types of FISH Probe
Centromeric Probes

These consist of repetitive DNA sequences found in and
around the centromere of a specific chromosome. They were
the original probes used for rapid interphase FISH diagnosis of
the common aneuploidy syndromes (trisomies 13, 18, 21; see
p. 236) from a prenatal diagnostic sample of chorionic villi until
it was superseded by quantitative fluorescent polymerase chain
reaction.

Chromosome-Specific Unique-Sequence Probes

These are specific for a particular single locus which can be
used to identify submicroscopic deletions and duplications
(Figure 3.8) causing microdeletion syndromes (described in
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FIGURE 3.6 An idiogram showing the banding patterns of
individual chromosomes as revealed by fluorescent and Giemsa
staining.
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FIGURE 3.7 A G-banded metaphase spread. (Courtesy Mr. A. Wilkinson, Cytogenetics Unit, City Hospital, Nottingham, UK.)

Chapter 17). Another application is the use of an interphase
FISH probe to identify HER2 overexpression in breast
tumors to identify patients likely to benefit from Herceptin
treatment.

Whole-Chromosome Paint Probes

These consist of a cocktail of probes obtained from different
parts of a particular chromosome. When this mixture of probes

FIGURE 3.8 Metaphase image of Williams (ELN) region probe
(Vysis), chromosome band 7q11.23, showing the deletion
associated with Williams syndrome. The normal chromosome
has signals for the control probe (green) and the ELN gene probe
(orange), but the deleted chromosome shows only the control
probe signal. (Courtesy Catherine Delmege, Bristol Genetics Labo-
ratory, Southmead Hospital, Bristol, UK.)

is used together in a single hybridization, the entire relevant
chromosome fluoresces (i.e., is ‘painted”). Chromosome paint-
ing is useful for characterizing complex rearrangements, such
as subtle translocations (Figure 3.9), and for identifying the
origin of additional chromosome material, such as small super-
numerary markers or rings.

Chromosome Nomenclature

By convention each chromosome arm is divided into regions
and each region is subdivided into bands, numbering always

FIGURE 3.9 Chromosome painting showing a reciprocal trans-
location involving chromosomes 3 (red) and 20 (green).
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FIGURE 3.10 X chromosome showing the short and long arms
each subdivided into regions and bands.

from the centromere outwards (Figure 3.10). A given point on
a chromosome is designated by the chromosome number, the
arm (p or q), the region, and the band (e.g., 15q12). Sometimes
the word region is omitted, so that 15q12 would be referred
to simply as band 12 on the long arm of chromosome 15.

A shorthand notation system exists for the description of
chromosome abnormalities (Table 3.2). Normal male and
female karyotypes are depicted as 46,XY and 46,XX, respec-
tively. A male with Down syndrome as a result of trisomy 21
would be represented as 47,XY,+21, whereas a female with a
deletion of the short arm of one number 5 chromosome (cri
du chat syndrome; see p. 243) would be represented as

Table 3.2 Symbols Used in Describing a Karyotype

Term  Explanation Example

p Short arm

q Long arm

cen Centromere

del Deletion 46,XX,del(1)(q21)

dup Duplication 46,XY,dup(13)(q14)

fra Fragile site

i Isochromosome 46,X,i(Xq)

inv Inversion 46,XX,inv(9)(p12q12)

ish In-situ hybridization

r Ring 46,XX,r(21)

t Translocation 46,XY,t(2;,4)(921;921)

ter Terminal or end Tip of arm; e.g., pter
or qter

/ Mosaicism 46,XY/47 ,XXY

+or— Sometimes used after a 46,XX,5p-

chromosome arm in text
to indicate gain or loss of
part of that chromosome
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46,XX,del(5p). A chromosome report reading 46,XY,t(2;4)
(p23;q25) would indicate a male with a reciprocal translocation
involving the short arm of chromosome 2 at region 2 band 3
and the long arm of chromosome 4 at region 2 band 5.

Cell Division

Mitosis

At conception the human zygote consists of a single cell. This
undergoes rapid division, leading ultimately to the mature
human adult consisting of approximately 1 x 10 cells in total.
In most organs and tissues, such as bone marrow and skin, cells
continue to divide throughout life. This process of somatic cell
division, during which the nucleus also divides, is known as
mitosis. During mitosis each chromosome divides into two
daughter chromosomes, one of which segregates into each
daughter cell. Consequently, the number of chromosomes per
nucleus remains unchanged.

Prior to a cell entering mitosis, each chromosome consists
of two identical sister chromatids as a result of DNA replica-
tion having taken place during the S phase of the cell cycle
(p. 30). Mitosis is the process whereby each of these pairs of
chromatids separates and disperses into separate daughter cells.

Mitosis is a continuous process that usually lasts 1 to 2
hours, but for descriptive purposes it is convenient to distin-
guish five distinct stages. These are prophase, prometaphase,
metaphase, anaphase, and telophase (Figure 3.11).

Prophase

During the initial stage of prophase, the chromosomes con-
dense and the mitotic spindle begins to form. Two centrioles
form in each cell, from which microtubules radiate as the
centrioles move toward opposite poles of the cell.

Prometaphase

During prometaphase the nuclear membrane begins to disin-
tegrate, allowing the chromosomes to spread around the cell.
Each chromosome becomes attached at its centromere to a
microtubule of the mitotic spindle.

Metaphase

In metaphase the chromosomes become aligned along the
equatorial plane or plate of the cell, where each chromosome
is attached to the centriole by a microtubule forming the
mature spindle. At this point the chromosomes are maximally
contracted and, therefore, most easily visible. Each chromo-
some resembles the letter X in shape, as the chromatids of each
chromosome have separated longitudinally but remain attached
at the centromere, which has not yet undergone division.

Anaphase

In anaphase the centromere of each chromosome divides
longitudinally and the two daughter chromatids separate to
opposite poles of the cell.

Telophase

By telophase the chromatids, which are now independent
chromosomes consisting of a single double helix, have separated
completely and the two groups of daughter chromosomes each
become enveloped in a new nuclear membrane. The cell
cytoplasm also separates (cytokinesis), resulting in the forma-
tion of two new daughter cells, each of which contains a
complete diploid chromosome complement.
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FIGURE 3.11 Stages of mitosis.

The Cell Cycle

The period between successive mitoses is known as the inter-
phase of the cell cycle (Figure 3.12). In rapidly dividing cells
this lasts for between 16 and 24 hours. Interphase commences
with the G; (G = gap) phase during which the chromosomes
become thin and extended. This phase of the cycle is very
variable in length and is responsible for the variation in genera-
tion time between different cell populations. Cells that have
stopped dividing, such as neurons, usually arrest in this phase
and are said to have entered a noncyclic stage known as G,

The G, phase is followed by the S phase (S = synthesis),
when DNA replication occurs and the chromatin of each
chromosome is replicated. This results in the formation of two
chromatids, giving each chromosome its characteristic X-shaped
configuration. The process of DNA replication commences at
multiple points on a chromosome (p. 10).

Homologous pairs of chromosomes usually replicate in
synchrony. However, one of the X chromosomes is always late

in replicating. This is the inactive X chromosome (p. 121) that
forms the sex chromatin or so-called Barr body, which can be
visualized during interphase in female somatic cells. This used
to be the basis of a rather unsatisfactory means of sex deter-
mination based on analysis of cells obtained by scraping the
buccal mucosa—a ‘buccal smear’.

Interphase is completed by a relatively short G, phase
during which the chromosomes begin to condense in prepara-
tion for the next mitotic division.

Meiosis

Meiosis is the process of nuclear division that occurs during

the final stage of gamete formation. Meiosis differs from

mitosis in three fundamental ways:

1. Mitosis results in each daughter cell having a diploid chro-
mosome complement (46). During meiosis the diploid
count is halved so that each mature gamete receives a
haploid complement of 23 chromosomes.

2. Mitosis takes place in somatic cells and during the early cell
divisions in gamete formation. Meiosis occurs only at the
final division of gamete maturation.

3. Mitosis occurs as a one-step process. Meiosis can be con-
sidered as two cell divisions known as meiosis I and meiosis
I, each of which can be considered as having prophase,
metaphase, anaphase, and telophase stages, as in mitosis
(Figure 3.13).

Meiosis |

This is sometimes referred to as the reduction division, because
it is during the first meiotic division that the chromosome
number is halved.

Prophase |

Chromosomes enter this stage already split longitudinally into
two chromatids joined at the centromere. Homologous chro-
mosomes pair and, with the exception of the X and Y chromo-
somes in male meiosis, exchange of homologous segments

New cell
enters cycle

Exit from
cell cycle
(non-dividing
cells)

Cell cycle
(dividing cells)

FIGURE 3.12 Stages of the cell cycle. G1 and G2 are the first
and second ‘resting’ stages of interphase. § is the stage of DNA
replication. M, mitosis.
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FIGURE 3.13 Stages of meiosis.

occurs between non-sister chromatids; that is, chromatids from
each of the pair of homologous chromosomes. This exchange
of homologous segments between chromatids occurs as a result
of a process known as crossing over or recombination. The
importance of crossing over in linkage analysis and risk calcula-
tion is considered later (pp. 89, 99).

During prophase I in the male, pairing occurs between
homologous segments of the X and Y chromosomes at the tip

of their short arms, with this portion of each chromosome
being known as the pseudoautosomal region (p. 74).
The prophase stage of meiosis I is relatively lengthy and can
be subdivided into five stages.
Leptotene. The chromosomes become visible as they start to
condense.
Zygotene. Homologous chromosomes align directly opposite
each other, a process known as synapsis, and are held
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together at several points along their length by filamentous
structures known as synaptonemal complexes.

Pachytene. Each pair of homologous chromosomes, known as
a bivalent, becomes tightly coiled. Crossing over occurs,
during which homologous regions of DNA are exchanged
between chromatids.

Diplotene. The homologous recombinant chromosomes now
begin to separate but remain attached at the points where
crossing over has occurred. These are known as chiasmata.
On average, small, medium, and large chromosomes have
one, two, and three chiasmata, respectively, giving an overall
total of approximately 40 recombination events per meiosis
per gamete.

Diakinesis. Separation of the homologous chromosome pairs
proceeds as the chromosomes become maximally
condensed.

Metaphase |

The nuclear membrane disappears and the chromosomes
become aligned on the equatorial plane of the cell where they
have become attached to the spindle, as in metaphase of mitosis.

Anaphase |

The chromosomes now separate to opposite poles of the cell
as the spindle contracts.

Telophase |

Each set of haploid chromosomes has now separated completely
to opposite ends of the cell, which cleaves into two new
daughter gametes, so-called secondary spermatocytes or
oocytes.

Meiosis I

This is essentially the same as an ordinary mitotic division. Each
chromosome, which exists as a pair of chromatids, becomes
aligned along the equatorial plane and then splits longitudinally,
leading to the formation of two new daughter gametes, known
as spermatids or ova.

The Consequences of Meiosis

When considered in terms of reproduction and the mainte-
nance of the species, meiosis achieves two major objectives.
First, it facilitates halving of the diploid number of chromo-
somes so that each child receives half of its chromosome
complement from each parent. Second, it provides an extraor-
dinary potential for generating genetic diversity. This is achieved
in two ways:

1. When the bivalents separate during prophase of meiosis I,
they do so independently of one another. This is consistent
with Mendel’s third law (p. 3). Consequently each gamete
receives a selection of parental chromosomes. The likeli-
hood that any two gametes from an individual will contain
exactly the same chromosomes is 1 in 2%, or approximately
1 in 8 million.

2. Asaresult of crossing over, each chromatid usually contains
portions of DNA derived from both parental homologous
chromosomes. A large chromosome typically consists of
three or more segments of alternating parental origin. The
ensuing probability that any two gametes will have an
identical genome is therefore infinitesimally small. This
dispersion of DNA into different gametes is sometimes
referred to as gene shuffling.

Gametogenesis

The process of gametogenesis shows fundamental differences
in males and females (Table 3.3). These have quite distinct
clinical consequences if errors occur.

Oogenesis

Mature ova develop from oogonia by a complex series of
intermediate steps. Oogonia themselves originate from primor-
dial germ cells by a process involving 20 to 30 mitotic divisions
that occur during the first few months of embryonic life. By
the completion of embryogenesis at 3 months of intrauterine
life, the oogonia have begun to mature into primary oocytes
that start to undergo meiosis. At birth all of the primary oocytes
have entered a phase of maturation arrest, known as dictyotene,
in which they remain suspended until meiosis I is completed
at the time of ovulation, when a single secondary oocyte is
formed. This receives most of the cytoplasm. The other daugh-
ter cell from the first meiotic division consists largely of a
nucleus and is known as a polar body. Meiosis II then com-
mences, during which fertilization can occur. This second
meiotic division results in the formation of a further polar body
(Figure 3.14).

It is probable that the very lengthy interval between the
onset of meiosis and its eventual completion, up to 50 years
later, accounts for the well documented increased incidence of
chromosome abnormalities in the offspring of older mothers
(p. 35). The accumulating effects of ‘wear and tear’ on the
primary oocyte during the dictyotene phase probably damage
the cell’s spindle formation and repair mechanisms, thereby
predisposing to non-disjunction (p. 12).

Spermatogenesis

In contrast, spermatogenesis is a relatively rapid process with
an average duration of 60 to 65 days. At puberty spermatogonia,
which will already have undergone approximately 30 mitotic
divisions, begin to mature into primary spermatocytes which
enter meiosis [ and emerge as haploid secondary spermatocytes.
These then undergo the second meiotic division to form sper-
matids, which in turn develop without any subsequent cell
division into mature spermatozoa, of which 100 to 200 million
are present in each ejaculate.

Spermatogenesis is a continuous process involving many
mitotic divisions, possibly as many as 20 to 25 per annum,
so that mature spermatozoa produced by a man of 50 years
or older could well have undergone several hundred mitotic
divisions. The observed paternal age effect for new dominant

Table 3.3 Differences in Gametogenesis in Males

and Females

Males Females
Commences Puberty Early embryonic
life

Duration 60-65 days 10-50 years
Numbers of mitoses 30-500 20-30

in gamete

formation
Gamete production 4 spermatids 1 ovum + 3 polar

per meiosis bodies
Gamete production 100-200 million 1 ovum per

per ejaculate menstrual cycle
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FIGURE 3.14 Stages of oogenesis and spermatogenesis. n, haploid number.

mutations (p. 69) is consistent with the concept that many
mutations arise as a consequence of DNA copy errors occurring
during mitosis.

Chromosome Abnormalities

Specific disorders caused by chromosome abnormalities are
considered in Chapter 17. In this section, discussion is restricted
to a review of the different types of abnormality that may
occur. These can be divided into numerical and structural, with
a third category consisting of different chromosome constitu-
tions in two or more cell lines (Box 3.1).

Numerical Abnormalities

Numerical abnormalities involve the loss or gain of one or more
chromosomes, referred to as aneuploidy, or the addition of one
or more complete haploid complements, known as polyploidy.
Loss of a single chromosome results in monosomy. Gain of one
or two homologous chromosomes is referred to as trisomy or
tetrasomy, respectively.

Trisomy

The presence of an extra chromosome is referred to as trisomy.
Most cases of Down syndrome are due to the presence of an
additional number 21 chromosome; hence, Down syndrome is
often known as trisomy 21. Other autosomal trisomies compat-
ible with survival to term are Patau syndrome (trisomy 13)
(p. 238) and Edwards syndrome (trisomy 18) (p. 238). Most
other autosomal trisomies result in early pregnancy loss, with
trisomy 16 being a particularly common finding in first-trimester

spontaneous miscarriages. The presence of an additional
sex chromosome (X or Y) has only mild phenotypic effects
(p. 123).

Trisomy 21 is usually caused by failure of separation of one
of the pairs of homologous chromosomes during anaphase of

Box 3.1 Types of Chromosome Abnormality

Numerical
Aneuploidy
Monosomy
Trisomy
Tetrasomy
Polyploidy
Triploidy
Tetraploidy
Structural
Translocations
Reciprocal
Robertsonian
Deletions
Insertions
Inversions
Paracentric
Pericentric
Rings
Isochromosomes
Different Cell Lines (Mixoploidy)
Mosaicism
Chimerism
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FIGURE 3.15 Segregation at meiosis of a single pair of chromosomes in, A, normal meiosis, B, non-disjunction in meiosis I, and,

€, non-disjunction in meiosis II.

maternal meiosis 1. This failure of the bivalent to separate is
called non-disjunction. Less often, trisomy can be caused by
non-disjunction occurring during meiosis II when a pair of sister
chromatids fails to separate. Either way the gamete receives
two homologous chromosomes (disomy); if subsequent fertil-
ization occurs, a trisomic conceptus results (Figure 3.15).

The Origin of Non-Disjunction

The consequences of non-disjunction in meiosis I and meiosis
II differ in the chromosomes found in the gamete. An error in
meiosis I leads to the gamete containing both homologs of one
chromosome pair. In contrast, non-disjunction in meiosis II
results in the gamete receiving two copies of one of the homo-
logs of the chromosome pair. Studies using DNA markers have
shown that most children with an autosomal trisomy have
inherited their additional chromosome as a result of non-
disjunction occurring during one of the maternal meiotic divi-
sions (Table 3.4).

Non-disjunction can also occur during an early mitotic divi-
sion in the developing zygote. This results in the presence of
two or more different cell lines, a phenomenon known as
mosaicism (p. 40).

Table 3.4 Parental Origin of Meiotic Error Leading

to Aneuploidy

Chromosome Abnormality  Paternal (%) Maternal (%)

Trisomy 13 15 85
Trisomy 18 10 90
Trisomy 21 5 95
45X 80 20
47,XXX 5 95
47, XXY 45 55
47, XYY 100 0

The Cause of Non-Disjunction

The cause of non-disjunction is uncertain. The most favored
explanation is that of an aging effect on the primary oocyte,
which can remain in a state of suspended inactivity for up to
50 years (p. 32). This is based on the well-documented associa-
tion between advancing maternal age and increased incidence
of Down syndrome in offspring (see Table 17.4; see p. 237).
A maternal age effect has also been noted for trisomies 13
and 18.

It is not known how or why advancing maternal age predis-
poses to non-disjunction, although research has shown that
absence of recombination in prophase of meiosis I predisposes
to subsequent non-disjunction. This is not surprising, as the
chiasmata that are formed after recombination are responsible
for holding each pair of homologous chromosomes together
until subsequent separation occurs in diakinesis. Thus failure
of chiasmata formation could allow each pair of homologs
to separate prematurely and then segregate randomly to
daughter cells. In the female, however, recombination occurs
before birth whereas the non-disjunctional event occurs any
time between 15 and 50 years later. This suggests that at least
two factors can be involved in causing non-disjunction: an
absence of recombination between homologous chromosomes
in the fetal ovary, and an abnormality in spindle formation
many years later.

Monosomy

The absence of a single chromosome is referred to as mono-
somy. Monosomy for an autosome is almost always incompat-
ible with survival to term. Lack of contribution of an X or a Y
chromosome results in a 45,X karyotype, which causes the
condition known as Turner syndrome (p. 240).

As with trisomy, monosomy can result from non-disjunction
in meiosis. If one gamete receives two copies of a homologous
chromosome (disomy), the other corresponding daughter
gamete will have no copy of the same chromosome (nullisomy).
Monosomy can also be caused by loss of a chromosome as it
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moves to the pole of the cell during anaphase, an event known
as anaphase lag.

Polyploidy

Polyploid cells contain multiples of the haploid number of
chromosomes such as 69, triploidy, or 92, tetraploidy. In
humans, triploidy is found relatively often in material grown
from spontaneous miscarriages, but survival beyond mid-
pregnancy is rare. Only a few triploid live births have been
described and all died soon after birth.

Triploidy can be caused by failure of a maturation meiotic
division in an ovum or sperm, leading, for example, to retention
of a polar body or to the formation of a diploid sperm. Alter-
natively it can be caused by fertilization of an ovum by two
sperm: this is known as dispermy. When triploidy results from
the presence of an additional set of paternal chromosomes, the
placenta is usually swollen with what are known as hydatidi-
form changes (p. 121). In contrast, when triploidy results from
an additional set of maternal chromosomes, the placenta is
usually small. Triploidy usually results in early spontaneous
miscarriage (Figure 3.16). The differences between triploidy
due to an additional set of paternal chromosomes or maternal
chromosomes provide evidence for important ‘epigenetic’ and
‘parent of origin’ effects with respect to the human genome.
These are discussed in more detail in Chapter 6.

Structural Abnormalities

Structural chromosome rearrangements result from chromo-
some breakage with subsequent reunion in a different configu-
ration. They can be balanced or unbalanced. In balanced
rearrangements the chromosome complement is complete,
with no loss or gain of genetic material. Consequently, balanced
rearrangements are generally harmless with the exception
of rare cases in which one of the breakpoints damages an im-
portant functional gene. However, carriers of balanced re-
arrangements are often at risk of producing children with an
unbalanced chromosomal complement.
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FIGURE 3.16 Karyotype from products of conception of a
spontaneous miscarriage showing triploidy.
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FIGURE 3.17 Types of translocation.

When a chromosome rearrangement is unbalanced the
chromosomal complement contains an incorrect amount of
chromosome material and the clinical effects are usually
serious.

Translocations

A translocation refers to the transfer of genetic material from
one chromosome to another. A reciprocal translocation is
formed when a break occurs in each of two chromosomes with
the segments being exchanged to form two new derivative
chromosomes. A Robertsonian translocation is a particular type
of reciprocal translocation in which the breakpoints are located
at, or close to, the centromeres of two acrocentric chromo-
somes (Figure 3.17).

Reciprocal Translocations

A reciprocal translocation involves breakage of at least two
chromosomes with exchange of the fragments. Usually the
chromosome number remains at 46 and, if the exchanged
fragments are of roughly equal size, a reciprocal translocation
can be identified only by detailed chromosomal banding studies
or FISH (see Figure 3.9). In general, reciprocal translocations
are unique to a particular family, although, for reasons that are
unknown, a particular balanced reciprocal translocation involv-
ing the long arms of chromosomes 11 and 22 is relatively
common. The overall incidence of reciprocal translocations in
the general population is approximately 1 in 500.

Segregation at Meiosis. The importance of balanced reciprocal
translocations lies in their behavior at meiosis, when they can
segregate to generate significant chromosome imbalance. This
can lead to early pregnancy loss or to the birth of an infant with
multiple abnormalities. Problems arise at meiosis because the
chromosomes involved in the translocation cannot pair normally
to form bivalents. Instead they form a cluster known as a
pachytene quadrivalent (Figure 3.18). The key point to note is
that each chromosome aligns with homologous material in the
quadrivalent.
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FIGURE 3.18 How a balanced reciprocal translocation involving
chromosomes 11 and 22 leads to the formation of a quadrivalent

at pachytene in meiosis I. The quadrivalent is formed to maintain
homologous pairing.
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2:2 Segregation. When the constituent chromosomes in the
quadrivalent separate during the later stages of meiosis I, they
can do so in several different ways (Table 3.5). If alternate
chromosomes segregate to each gamete, the gamete will carry
a normal or balanced haploid complement (Figure 3.19) and
with fertilization the embryo will either have normal chromo-
somes or carry the balanced rearrangement. If, however, adja-
cent chromosomes segregate together, this will invariably result
in the gamete acquiring an unbalanced chromosome comple-
ment. For example, in Figure 3.18, if the gamete inherits the
normal number 11 chromosome (A) and the derivative number
22 chromosome (C), then fertilization will result in an embryo
with monosomy for the distal long arm of chromosome 22 and
trisomy for the distal long arm of chromosome 11.

3:1 Segregation. Another possibility is that three chromo-
somes segregate to one gamete with only one chromosome in
the other gamete. If, for example, in Figure 3.18 chromosomes
11 (A), 22 (D) and the derivative 22 (C) segregate together to
a gamete that is subsequently fertilized, this will result in the
embryo being trisomic for the material present in the derivative
22 chromosome. This is sometimes referred to as tertiary
trisomy. Experience has shown that, with this particular recip-
rocal translocation, tertiary trisomy for the derivative 22
chromosome is the only viable unbalanced product. All other
patterns of malsegregation lead to early pregnancy loss. Unfor-
tunately, tertiary trisomy for the derivative 22 chromosome is
a serious condition in which affected children have multiple
congenital abnormalities and severe learning difficulties.

Risks in Reciprocal Translocations. When counseling a carrier
of a balanced translocation it is necessary to consider the par-
ticular rearrangement to determine whether it could result in
the birth of an abnormal baby. This risk is usually somewhere
between 1% and 10%. For carriers of the 11;22 translocation
discussed, the risk has been shown to be 5%.

Robertsonian Translocations

A Robertsonian translocation results from the breakage of two
acrocentric chromosomes (numbers 13, 14, 15, 21, and 22) at
or close to their centromeres, with subsequent fusion of their
long arms (see Figure 3.17). This is also referred to as centric
fusion. The short arms of each chromosome are lost, this being
of no clinical importance as they contain genes only for ribo-
somal RNA, for which there are multiple copies on the various
other acrocentric chromosomes. The total chromosome number
is reduced to 45. Because there is no loss or gain of important
genetic material, this is a functionally balanced rearrangement.
The overall incidence of Robertsonian translocations in the
general population is approximately 1 in 1000, with by far the
most common being fusion of the long arms of chromosomes
13 and 14 (13ql4q).

Segregation at Meiosis. As with reciprocal translocations, the

importance of Robertsonian translocations lies in their behavior

at meiosis. For example, a carrier of a 14q21q translocation can

produce gametes with (Figure 3.20):

1. A normal chromosome complement (i.e., a normal 14 and
a normal 21).

2. A balanced chromosome complement (i.e.,
translocation chromosome).

3. An unbalanced chromosome complement possessing both
the translocation chromosome and a normal 21. This will
result in the fertilized embryo having Down syndrome.

a l4q2lq

Table 3.5 Patterns of Segregation of a Reciprocal

Translocation (see and )
Chromosome
Pattern of Segregating Constitution in
Segregation Chromosomes  Gamete
2:2
Alternate A+D Normal
B+C Balanced translocation
Adjacent-1 A+CorB+D Unbalanced, leading to
(non- a combination of
homologous partial monosomy
centromeres and partial trisomy in
segregate the zygote
together)
Adjacent-2 A+BorC+D
(homologous
centromeres
segregate
together)
3:1
Three A+B+C Unbalanced, leading to
chromosomes A+ B+D trisomy in the zygote
A+C+D
B+C+D
One A Unbalanced, leading to
chromosome B monosomy in the
C zygote
D
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FIGURE 3.19 The different patterns of 2: 2 segregation that can
occur from the quadrivalent shown in Figure 3.18. (See Table
3.5.)

4. An unbalanced chromosome complement with a normal 14
and a missing 21.

5. An unbalanced chromosome complement with a normal 21
and a missing 14.

6. An unbalanced chromosome complement with the translo-
cation chromosome and a normal 14 chromosome.

The last three combinations will result in zygotes with mono-

somy 21, monosomy 14, and trisomy 14, respectively. All of

these combinations are incompatible with survival beyond early

pregnancy.

Translocation Down Syndrome. The major practical impor-
tance of Robertsonian translocations is that they can predispose
to the birth of babies with Down syndrome as a result of the
embryo inheriting two normal number 21 chromosomes (one
from each parent) plus a translocation chromosome involving
a number 21 chromosome (Figure 3.21). Translocation Down
syndrome accounts for 2% to 3% of cases and the clinical
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consequences are exactly the same as those seen in pure
trisomy 21. However, unlike trisomy 21, the parents of a child
with translocation Down syndrome have a relatively high risk
of having further affected children if one of them carries the
rearrangement in a balanced form.

Consequently, the importance of performing a chromosome
analysis in a child with Down syndrome lies not only in confirma-
tion of the diagnosis, but also in identification of those children
with a translocation. In roughly two-thirds of these latter chil-
dren with Down syndrome, the translocation will have occurred
as a new (de novo) event in the child, but in the remaining one-
third one of the parents will be a carrier. Other relatives might
also be carriers. Therefore it is regarded as essential that efforts
are made to identify all adult translocation carriers in a family so
that they can be alerted to possible risks to future offspring. This
is sometimes referred to as translocation tracing, or ‘chasing’.

Risks in Robertsonian Translocations. Studies have shown
that the female carrier of either a 13q21q or a 14q21q Robert-
sonian translocation runs a risk of approximately 10% for
having a baby with Down syndrome, whereas for male carriers
the risk is 1% to 3%. It is worth sparing a thought for the
unfortunate carrier of a 21q21q Robertsonian translocation. All
gametes will be either nullisomic or disomic for chromosome
21. Consequently, all pregnancies will end either in spontane-
ous miscarriage or in the birth of a child with Down syndrome.
This is one of the very rare situations in which offspring are at
a risk of greater than 50% for having an abnormality. Other
examples are parents who are both heterozygous for the same
autosomal dominant disorder (p. 69), and parents who are both
homozygous for the same gene mutation causing an autosomal
recessive disorder, such as sensorineural deafness.

Deletions

A deletion involves loss of part of a chromosome and results
in monosomy for that segment of the chromosome. A very
large deletion is usually incompatible with survival to term, and
as a general rule any deletion resulting in loss of more than 2%
of the total haploid genome will have a lethal outcome.
Deletions are now recognized as existing at two levels. A
‘large’ chromosomal deletion can be visualized under the light
microscope. Such deletion syndromes include Wolf-Hirschhorn
and cri du chat, which involve loss of material from the short
arms of chromosomes 4 and 5, respectively (p. 243). Sub-
microscopic microdeletions were identified with the help of
high-resolution prometaphase cytogenetics augmented by
FISH studies and include Prader-Willi and Angelman syndromes

(p. 78).

Insertions

An insertion occurs when a segment of one chromosome
becomes inserted into another chromosome. If the inserted
material has moved from elsewhere in another chromosome
then the karyotype is balanced. Otherwise an insertion causes
an unbalanced chromosome complement. Carriers of a bal-
anced deletion—insertion rearrangement are at a 50% risk of
producing unbalanced gametes, as random chromosome segre-
gation at meiosis will result in 50% of the gametes inheriting
either the deletion or the insertion, but not both.

Inversions

An inversion is a two-break rearrangement involving a single
chromosome in which a segment is reversed in position (i.e.,
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FIGURE 3.20 Formation of a 14g21q Robertsonian translocation and the possible gamete chromosome patterns that can be produced

at meiosis.

inverted). If the inversion segment involves the centromere it
is termed a pericentric inversion (Figure 3.22A). If it involves
only one arm of the chromosome it is known as a paracentric
inversion (Figure 3.22B).

Inversions are balanced rearrangements that rarely cause
problems in carriers unless one of the breakpoints has disrupted
an important gene. A pericentric inversion involving

FIGURE 3.21 Chromosome painting showing a 14g21q Robert-
sonian translocation in a child with Down syndrome. Chromo-
some 21 is shown in blue and chromosome 14 in yellow.
(Courtesy Meg Heath, City Hospital, Nottingham, UK.)

chromosome number 9 occurs as a common structural variant
or polymorphism, also known as a heteromorphism, and is not
thought to be of any functional importance. However, other
inversions, although not causing any clinical problems in bal-
anced carriers, can lead to significant chromosome imbalance
in offspring, with important clinical consequences.

Segregation at Meiosis

Pericentric Inversions. An individual who carries a pericentric
inversion can produce unbalanced gametes if a crossover occurs
within the inversion segment during meiosis I, when an inver-
sion loop forms as the chromosomes attempt to maintain
homologous pairing at synapsis. For a pericentric inversion, a
crossover within the loop will result in two complementary
recombinant chromosomes, one with duplication of the distal
non-inverted segment and deletion of the other end of the
chromosome, and the other having the opposite arrangement
(Figure 3.234).

If a pericentric inversion involves only a small proportion of
the total length of a chromosome then, in the event of crossing
over within the loop, the duplicated and deleted segments will
be relatively large. The larger these are, the more likely it is
that their effects on the embryo will be so severe that miscar-
riage ensues. For a large pericentric inversion, the duplicated
and deleted segments will be relatively small so that survival
to term and beyond becomes more likely. Thus, in general, the
larger the size of a pericentric inversion the more likely it
becomes that it will result in the birth of an abnormal infant.

The pooled results of several studies have shown that a
carrier of a balanced pericentric inversion runs a risk of approxi-
mately 5% to 10% for having a child with viable imbalance if
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FIGURE 3.22 A, Pericentric and, B, paracentric inversions.
(Courtesy Dr. |. Delhanty, Galton Laboratory, London.)

that inversion has already resulted in the birth of an abnormal
baby. The risk is nearer 1% if the inversion has been ascertained
because of a history of recurrent miscarriage.

Paracentric Inversions. If a crossover occurs in the inverted
segment of a paracentric inversion, this will result in recombi-
nant chromosomes that are either acentric or dicentric (Figure
3.23B). Acentric chromosomes, which strictly speaking should
be known as chromosomal fragments, cannot undergo mitotic
division, so that survival of an embryo with such a rearrange-
ment is extremely uncommon. Dicentric chromosomes are
inherently unstable during cell division and are, therefore, also
unlikely to be compatible with survival of the embryo. Thus,
overall, the likelihood that a balanced parental paracentric
inversion will result in the birth of an abnormal baby is
extremely low.

Ring Chromosomes

A ring chromosome is formed when a break occurs on each
arm of a chromosome leaving two ‘sticky’ ends on the central
portion that reunite as a ring (Figure 3.24). The two distal
chromosomal fragments are lost so that, if the involved chro-
mosome is an autosome, the effects are usually serious.

Ring chromosomes are often unstable in mitosis so that it
is common to find a ring chromosome in only a proportion of
cells. The other cells in the individual are usually monosomic
because of the absence of the ring chromosome.

Isochromosomes

An isochromosome shows loss of one arm with duplication of
the other. The most probable explanation for the formation of
an isochromosome is that the centromere has divided trans-
versely rather than longitudinally The most commonly
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FIGURE 3.23 Mechanism of production of recombinant unbal-
anced chromosomes from, A, pericentric and, B, paracentric
inversions by crossing over in an inversion loop. (Courtesy Dr. |.
Delhanty, Galton Laboratory, London.)
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FIGURE 3.24 Partial karyotype showing a ring chromosome 9.
(Courtesy Meg Heath, City Hospital, Nottingham.)

encountered isochromosome is that which consists of two long
arms of the X chromosome. This accounts for up to 15% of all
cases of Turner syndrome (p. 240).

Mosaicism and Chimerism (Mixoploidy)
Mosaicism

Mosaicism can be defined as the presence in an individual, or
in a tissue, of two or more cell lines that differ in their genetic
constitution but are derived from a single zygote, that is, they
have the same genetic origin. Chromosome mosaicism usually
results from non-disjunction in an early embryonic mitotic
division with the persistence of more than one cell line. If, for
example, the two chromatids of a number 21 chromosome
failed to separate at the second mitotic division in a human
zygote (Figure 3.25), this would result in the four-cell zygote
having two cells with 46 chromosomes, one cell with 47
chromosomes (trisomy 21), and one cell with 45 chromosomes
(monosomy 21). The ensuing cell line with 45 chromosomes
would probably not survive, so that the resulting embryo would
be expected to show approximately 33% mosaicism for trisomy
21. Mosaicism accounts for 1% to 2% of all clinically recognized
cases of Down syndrome.

Mosaicism can also exist at a molecular level if a new muta-
tion arises in a somatic or early germline cell division (p. 76).
The possibility of germline or gonadal mosaicism is a particular

1 cell zygote

1st mitotic division

2nd mitotic division Non-disjunction

W 4 W0

Normal disomy  Normal disomy Trisomy Monosomy

FIGURE 3.25 Generation of somatic mosaicism caused by
mitotic non-disjunction.

concern when counseling the parents of a child in whom a
condition such as Duchenne muscular dystrophy (p. 281) is an
isolated case.

Chimerism

Chimerism can be defined as the presence in an individual of
two or more genetically distinct cell lines derived from more
than one zygote; that is, they have a different genetic origin.
The word chimera is derived from the mythological Greek
monster that had the head of a lion, the body of a goat and the
tail of a dragon. Human chimeras are of two kinds: dispermic
chimeras and blood chimeras.

Dispermic Chimeras

These are the result of double fertilization whereby two geneti-
cally different sperm fertilize two ova and the resulting two
zygotes fuse to form one embryo. If the two zygotes are of dif-
ferent sex, the chimeric embryo can develop into an individual
with true hermaphroditism (p. 123) and an XX/XY karyotype.
Mouse chimeras of this type can now be produced experimen-
tally in the laboratory to facilitate the study of gene transfer.

Blood Chimeras

Blood chimeras result from an exchange of cells, via the placenta,
between non-identical twins in utero. For example, 90% of one
twin’s cells can have an XY karyotype with red blood cells
showing predominantly blood group B, whereas 90% of the
cells of the other twin can have an XX karyotype with red blood
cells showing predominantly blood group A. It has long been
recognized that, when twin calves of opposite sex are born, the
female can have ambiguous genitalia. This is because the female
calf, known as a freemartin, has acquired the XY component in
utero via vascular connections between the placentas and
becomes masculinized through exposure to male hormones.
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ELEMENTS

1 The normal human karyotype is made up of 46 homologous chromosomes pair, exchange segments, and

chromosomes consisting of 22 pairs of autosomes and a
pair of sex chromosomes, XX in the female and XY in the
male.

Each chromosome consists of a short (p) and long (q) arm
joined at the centromere. Chromosomes are analyzed using
cultured cells, and specific banding patterns can be
identified by means of special staining techniques.
Molecular cytogenetic techniques, such as fluorescence
in-situ hybridization (FISH) can be used to detect and
characterize subtle chromosome abnormalities.

During mitosis in somatic cell division the two sister
chromatids of each chromosome separate, with one
chromatid passing to each daughter cell. During meiosis,
which occurs during the final stage of gametogenesis,

then segregate independently to the mature daughter
gametes.

Chromosome abnormalities can be structural or

numerical. Numerical abnormalities include trisomy and
polyploidy. In trisomy a single extra chromosome is present,
usually as a result of non-disjunction in the first or second
meiotic division. In polyploidy, three or more complete
haploid sets are present instead of the usual diploid
complement.

Structural abnormalities include translocations, inversions,
insertions, rings, and deletions. Translocations can be
balanced or unbalanced. Carriers of balanced translocations
are at risk of having children with unbalanced
rearrangements; these children are often severely affected.
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Chapter 4

Finding the Cause of

Monogenic Disorders

by ldentifying Disease
Genes

A disease or disorder is defined as rare in Europe when it
affects less than 1 in 2000. In the United States the definition
is that fewer than 200,000 Americans are affected at any given
time. It is estimated that there are more than 6000 rare disor-
ders, which means that, collectively, these rare diseases are not
uncommon and they affect up to 1 in 17 of the European
population. More than 80% have a genetic basis, whilst others
result from infections, allergies, and environmental causes, or
are degenerative and proliferative.

Identification of the gene associated with an inherited
single-gene (monogenic) disorder, as well as having immediate
clinical diagnostic application, will enable an understanding of
the developmental basis of the pathology with the prospect of
possible therapeutic interventions. The molecular basis for
more than 4500 disease phenotypes is now known and the rate
at which single-gene disorder genes are being identified contin-
ues to increase exponentially.

The first human disease genes identified were those with a
biochemical basis where it was possible to purify and sequence
the gene product. The development of recombinant DNA
techniques in the 1980s enabled physical mapping strategies
and led to a new approach, positional cloning. This describes
the identification of a gene purely on the basis of its location,
without any prior knowledge of its function. Notable early
successes were the identification of the dystrophin gene
(mutated in Duchenne muscular dystrophy) and the cystic
fibrosis transmembrane regulatory gene. Patients with chromo-
some abnormalities or rearrangements have often provided
important clues by highlighting the likely chromosomal region
of a gene associated with disease (Table 4.1).

In the 1990s a genome-wide set of microsatellites was
constructed with approximately one marker per 10 centimor-
gans (cM). These 350 markers could be amplified by polymerase
chain reaction (PCR) and facilitated genetic mapping studies
that led to the identification of thousands of genes. This
approach was superseded by DNA microarrays or ‘single
nucleotide polymorphism (SNP) chips’. Although SNPs (p. 50)
are less informative than microsatellites, they can be scored
automatically and microarrays are commercially available with
several million SNPs distributed throughout the genome.

The common step for all approaches to identify human
disease genes is the identification of a candidate gene (Figure
4.1). Candidate genes may be suggested from animal models
of disease or by homology, either to a paralogous human gene
(e.g., where multigene families exist) or to an orthologous gene
in another species. With the sequencing of the human genome
now complete, it is also possible to find new disease genes by
searching through genetic databases (i.e., ‘in silico’).

Recent developments in sequencing technology mean that
exome sequencing (analysis of the coding regions of all known
42

genes) or whole genome sequencing are now feasible strategies
for identifying disease genes by direct identification of the
causal mutation in a family (or families) with one or more
affected individuals. Consequently, the timescale for identify-
ing human disease genes has decreased dramatically from a
period of years (e.g., the search for the cystic fibrosis gene in
the 1980s) to weeks or even days.

Position-Independent Identification of
Human Disease Genes

Before genetic mapping techniques were developed, the first
human disease genes were identified through knowledge of the
protein product. For disorders with a biochemical basis, this
was a particularly successful strategy.

Functional Cloning

Functional cloning describes the identification of a human
disease gene through knowledge of its protein product. From
the amino-acid sequence of a protein, oligonucleotide probes
could be synthesized to act as probes for screening complemen-
tary DNA (cDNA) libraries (p. 44).

An alternative approach was to generate an antibody to the
protein for screening of a cDNA expression library.

Use of Animal Models

The recognition of phenotypic features in a model organism,
such as the mouse, which are similar to those seen in persons
affected with an inherited disorder, allowed the possibility of
cloning the gene in the model organism to lead to more rapid

Table 4.1 Historical Strategies for Disease
Gene |dentification

Year Strategy Examples of Application

1985 Patients with DMD mutations causing
chromosome Duchenne muscular
abnormalities dystrophy

1989 Linkage mapping CFTR mutations causing

cystic fibrosis

1990s  Autozygosity Many recessive disease
mapping genes identified in

consanguineous pedigrees

1992 Animal models PAX3 mutations causing

Waardenburg syndrome

1999 RAPID cloning of CTG repeat expansion
trinucleotide causing spinocerebellar
repeat expansion ataxia type 8

2010 Exome sequencing DHOD mutations causing

Miller syndrome
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FIGURE 4.1 Pathways toward human disease gene identification.

identification of the gene responsible in humans. An example
of this approach was the mapping of the gene responsible for
the inherited disorder of pigmentation and deafness known as
Waardenburg syndrome (p. 109) to the long arm of human
chromosome 2. This region of chromosome 2 shows extensive
homology, or what is known as synteny, to the region of mouse
chromosome 1 to which the gene for the murine pigmentary
mutant known as Splotch had been assigned. The mapping of
the murine Pax3 gene, which codes for a transcription factor
expressed in the developing nervous system, to this region
suggested it as a positional candidate gene for the disorder. It
was suggested that the pigmentary abnormalities could arise on
the basis that melanocytes, in which melanin synthesis takes
place, are derived from the neural crest. Identification of muta-
tions in PAX3, the human homolog, confirmed it as the gene
responsible for Waardenburg syndrome.

Mapping Trinucleotide Repeat Disorders

A number of human diseases are attributable to expansions of
trinucleotide repeats (see Table 2.5), and in particular CAG
repeat expansions which cause extended polyglutamate tracts
in Huntington disease and many forms of spinocerebellar
ataxia. A method developed to seek novel trinucleotide repeat
expansions in genomic DNA from affected patients led to the
successful identification of a CTG repeat expansion in patients
with spinocerebellar ataxia type 8.

Positional Cloning

Positional cloning describes the identification of a disease gene
through its location in the human genome, without prior
knowledge of its function. It is also described as reverse genet-
ics as it involves an approach opposite to that of functional
cloning, in which the protein is the starting point.

Linkage Analysis

Genetic mapping, or linkage analysis (p. 90), is based on genetic
distances that are measured in centimorgans (cM). A genetic

distance of 1 cM is the distance between two genes that
show 1% recombination, that is, in 1% of meioses the genes
will not be co-inherited and is equivalent to approximately
1 Mb (1 million bases). Linkage analysis is the first step in
positional cloning that defines a genetic interval for further
analysis.

Linkage analysis can be performed for a single, large family
or for multiple families, although this assumes that there is no
genetic heterogeneity (p. 317). The use of genetic markers
located throughout the genome is described as a genome-wide
scan. In the 1990s, genome-wide scans used microsatellite
markers (a commercial set of 350 markers was popular), but
were replaced with microarrays where analysis of several
million SNPs provided greater statistical power.

Autozygosity mapping (also known as homozygosity
mapping) is a powerful form of linkage analysis used to map
autosomal recessive disorders in consanguineous pedigrees
(p- 320). Autozygosity occurs when affected members of a
family are homozygous at particular loci because they are
identical by descent from a common ancestor.

In the mid-1980s, linkage of cystic fibrosis (CF) to chromo-
some 7 was found by testing nearly 50 Caucasian families with
hundreds of DNA markers. The gene was mapped to a region
of 500 kilobases (kb) between markers MET and D7S8 at
chromosome band 7q31-32, when it became evident that the
majority of CF chromosomes had a particular set of alleles for
these markers (shared haplotype) that was found in only 25%
of non-CF chromosomes. This finding is described as linkage
disequilibrium and suggests a common mutation from a
founder effect (p. 92). Extensive physical mapping studies
eventually led to the identification of four genes within the
genetic interval identified by linkage analysis, and in 1989 a
3-bp deletion was found within the cystic fibrosis transmem-
brane receptor (CFTR) gene. This mutation (p.Phe508del) was
present in approximately 70% of CF chromosomes and 2% to
3% of non-CF chromosomes, consistent with the carrier fre-
quency of 1 in 25 in Caucasians.
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Contig Analysis

The aim of linkage analysis is to reduce the region of linkage
as far as possible to identify a candidate region. Before publica-
tion of the human genome sequence, the next step was to
construct a contig. This contig would contain a series of over-
lapping fragments of cloned DNA representing the entire
candidate region. These cloned fragments were then used to
screen cDNA libraries, to search for CpG islands (which are
usually located close to genes), for zoo blotting (selection based
on evolutionary conservation) and exon trapping (to identify
coding regions via functional splice sites). The requirement for
cloning the region of interest led to the phrase ‘cloning the
gene’ for a particular disease.

Chromosome Abnormalities

Occasionally, individuals are recognized with single-gene disor-
ders that are also found to have structural chromosomal abnor-
malities. The first clue that the gene responsible for Duchenne
muscular dystrophy (DMD) (p. 281) was located on the short
arm of the X chromosome was the identification of a number of
females with DMD who were also found to have a chromosomal
rearrangement between an autosome and a specific region of the
short arm of one of their X chromosomes. Isolation of DNA
clones spanning the region of the X chromosome involved in the
rearrangement led in one such female to more detailed gene-
mapping information as well as to the eventual cloning of the
DMD or dystrophin gene (p. 281).

At the same time as these observations, a male was reported
with three X-linked disorders: DMD, chronic granulomatous
disease, and retinitis pigmentosa. He also had an unusual
X-linked red cell group known as the McLeod phenotype. It
was suggested that he could have a deletion of a number of
genes on the short arm of his X chromosome, including the
DMD gene, or what is now termed a contiguous gene syn-
drome. Detailed prometaphase chromosome analysis revealed
this to be the case. DNA from this individual was used in vast
excess to hybridize in competitive reassociation, under special
conditions, with DNA from persons with multiple X chromo-
somes to enrich for DNA sequences that he lacked, the
so-called phenol enhanced reassociation technique, or pERT,
which allowed isolation of DNA clones containing portions of
the DMD gene.

Candidate Genes

Searching databases for genes with a function likely to be
involved in the pathogenesis of the inherited disorder can also
suggest what are known as candidate genes. If a disease has
been mapped to a particular chromosomal region, any gene
mapping to that region is a positional candidate gene. Data on
the pattern of expression, the timing, and the distribution of
tissue and cells types may suggest that a certain positional
candidate gene or genes is more likely to be responsible for the
phenotypic features seen in persons affected with a particular
single-gene disorder. Software tools are used to search genomic
DNA sequence databases for sequence homology to known
genes, as well as DNA sequences specific to all genes, such as
the conserved intron—exon splice junctions, promoter
sequences, polyadenylation sites and stretches of open reading
frames (ORFs).

Identification of a gene with homology to a known gene
causing a recognized inherited disorder can suggest it as a
possible candidate gene for other inherited disorders with a

similar phenotype. For example, the identification of mutations
in the connexin 26 gene, which codes for one of the proteins
that constitute the gap junctions between cells causing senso-
rineural hearing impairment or deafness, has led to the identi-
fication of other connexins responsible for inherited hearing
impairment or deafness.

Confirmatory Testing That a Candidate Gene
Is a Disease Gene

Finding loss-of-function mutations or multiple different muta-
tions that result in the same phenotype provides supporting
evidence that a potential candidate gene is associated with a
disorder. For example, in the absence of functional data to
demonstrate the effect of the p.Phe508del mutation on the
CFTR protein, confirmation that mutations in the CFTR gene
caused cystic fibrosis was provided by the nonsense mutation
p.Gly542X.

Further evidence is sought from gene expression studies to
check that the candidate gene is expressed in the appropriate
tissues and at the relevant stages of development. The produc-
tion of a transgenic animal model by the targeted introduction
of the mutation into the homologous gene in another species
that is shown to exhibit phenotypic features similar to those
seen in persons affected with the disorder, or restoration of the
normal phenotype by transfection of the normal gene into a
cell line, provides final proof that the candidate gene and the
disease gene are one and the same.

Generating transgenic animal models is a lengthy and
expensive process but a new genome editing technology,
CRISPR/Cas9 (clustered regularly interspaced short palin-
dromic repeat/CRISPR-associated 9), provides a powerful tool
to investigate gene mutations identified in patients either in
cellular systems or animal models (Figure 4.2). This system
uses a guide RNA (gRNA) to recruit Cas9 nuclease to the
target locus by sequence complementarity and induces double
strand breaks (DSBs). These DSBs can be used to introduce
specific sequence modifications through a homology-dependent
repair mechanism. By microinjecting synthesized RNAs and
donor DNA sequences into mouse zygotes it is possible to
introduce a mouse model with a specific gene mutation within
a few months.

The Human Genome Project
Beginning the Human Genome Project

The concept of a map of the human genome was first proposed
in 1969 by Victor McKusick (see Figure 1.5, p. 5), one of the
founding fathers of medical genetics. Human gene mapping
workshops were held regularly from 1973 to collate the
mapping data. The idea of a dedicated human genome project
came from a meeting in 1986. The US Human Genome Project
started in 1991 and is estimated to have cost approximately
2.7 billion US dollars. Other nations, notably France, the UK,
and Japan, soon followed with their own major national human
genome programs and were subsequently joined by a number
of other countries. These individual national projects were
coordinated by the Human Genome Organization (HUGO),
an international organization created to foster collaboration
between genome scientists.

Although the key objective of the Human Genome Project
was to sequence all 3 x 10° base pairs of the human genome,
this was just one of the six main objectives/areas of work of
the Human Genome Project.
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FIGURE 4.2 Schematic illustration of genome editing using
CRISPR/Cas 9 technology. A guide RNA (gRNA) is designed
to match the genomic sequence of interest. The gRNA is
designed to target the genomic sequence of 19-23 bp at the 5’
side of the PAM (NGG sequence). The gRNA recruits Cas9
nuclease to the target locus and induces double strand
breaks (indicated by scissors). The donor DNA sequence is
introduced by homology-dependent repair. CRISPR/Cas 9 tech-
nology can be used to generate modified bacterial or human
cells for in vitro studies or a range of different animal models for
in vivo investigation.

Human Gene Maps and Mapping of Human
Inherited Diseases

Designated genome mapping centers were involved in the
coordination and production of genetic or recombination and
physical maps of the human genome. The genetic maps initially
involved the production of fairly low-level resolution maps
based on polymorphic variable-number di-, tri-, and tetranu-
cleotide tandem repeats (p. 11) spaced at approximately
10-cM intervals throughout the genome.

The mapping information from these genetic maps was
integrated with high-resolution physical maps (Figure 4.3).
Access to the detailed information from these high-resolution
genetic and physical maps allowed individual research groups,
often interested in a specific or particular inherited disease or
group of diseases, rapidly and precisely to localize or map a
disease gene to a specific region of a chromosome.

Development of New DNA Technologies

A second major objective was the development of new DNA
technologies for human genome research. For example, at the
outset of the Human Genome Project, the technology involved
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FIGURE 4.3 A summary map of human chromosome 3, esti-
mated to be 210 Mb in size, which integrates physical mapping
data covered by 24 YAC contigs and the Genethon genetic map
with cumulative map distances. (From Gemmill RM, Chumakov |,
Scott P, et al 1995 A second-generation YAC contig map of human
chromosome 3. Nature 377:299-319; with permission.)
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in DNA sequencing was very time consuming, laborious and
relatively expensive. The development of high-throughput
automated capillary sequencers and robust fluorescent sequenc-
ing kits transformed the ease and cost of large-scale DNA
sequencing projects.

Sequencing of the Human Genome

Although sequencing of the entire human genome would have
been seen to be the obvious main focus of the Human Genome
Project, initially it was not the straightforward proposal it
seemed. The human genome contains large sections of repeti-
tive DNA (p. 11) that were technically difficult to clone and
sequence. In addition, it would seem a waste of time to collect
sequence data on the entire genome when only a small propor-
tion is made up of expressed sequences or genes, the latter
being most likely to be the regions of greatest medical and
biological importance. Furthermore, the sheer magnitude of
the prospect of sequencing all 3 x 10° base pairs of the human
genome seemed overwhelming. With conventional sequencing
technology, as was carried out in the early 1990s, it was esti-
mated that a single laboratory worker could sequence up to
approximately 2000 bp per day.

Projects involving sequencing of other organisms with
smaller genomes showed how much work was involved as well
as how the rate of producing sequence data increased with the
development of new DNA technologies. For example, with
initial efforts at producing genome sequence data for yeast, it
took an international collaboration involving 35 laboratories in
17 countries from 1989 until 1995 to sequence just 315,000 bp
of chromosome 3, one of the 16 chromosomes that make up
the 14 million base pairs of the yeast genome. Advances in
DNA technologies meant, however, that by the middle of 1995
more than half of the yeast genome had been sequenced, with
the complete genomic sequence being reported the following
year.

Further advances in DNA sequencing technology led to
publication of the full sequence of the nematode Caenorhab-
ditis elegans in 1998 and the 50 million base pairs of the DNA
sequence of human chromosome 22 at the end of 1999. As a
consequence of these technical developments, the ‘working
draft’ sequence, covering 90% of the human genome, was
published in February 2001. The finished sequence (more than
99% coverage) was announced more than 2 years ahead of
schedule in April 2003, the 50th anniversary of the discovery
of the DNA double helix. Researchers now have access to the
full catalog of approximately 20,000 genes, and the human
genome sequence will underpin biomedical research for
decades to come.

Ethical, Legal, and Social Issues of the Human
Genome Project

The rapid advances in the science and application of develop-
ments from the Human Genome Project presented complex
ethical issues for both the individual and society. These issues
included ones of immediate practical relevance, such as who
owns and should control genetic information with respect to
privacy and confidentiality; who is entitled to access to it and
how; whether it should be used by employers, schools, etc.;
the psychological impact and potential stigmatization of persons
positive for genetic testing; and the use of genetic testing in
reproductive decision making. Other issues include the concept
of disability/differences that have a genetic basis in relation to
the treatment of genetic disorders or diseases by gene therapy

and the possibility of genetic enhancement (i.e., using gene
therapy to supply certain characteristics, such as height). Last,
issues needed to be resolved with regard to the appropriateness
and fairness of the use of the new genetic and genomic tech-
nologies with prioritization of the use of public resources and
commercial involvement and property rights, especially with
regard to patenting.

Development of Bioinformatics

Bioinformatics was essential to the overall success of the
Human Genome Project. This is an interdisciplinary field that
develops methods and software tools for understanding biologi-
cal data. Bioinformaticians were responsible for the establish-
ment of facilities for collecting, storing, organizing, interpreting,
analyzing, and communicating the data from the project to the
scientific community at large. It was vital for anyone involved
in any aspect of the Human Genome Project to have rapid and
easy access to the data/information arising from it. This dis-
semination of information was met by the establishment of a
large number of electronic databases available on the World
Wide Web on the Internet (see Appendix). These include
protein and DNA sequence databases (e.g., GenBank, EMBL),
annotated genome data (Ensembl and UCSC Genome Bioin-
formatics) and the catalog of inherited diseases in humans
(Online Mendelian Inheritance in Man, or OMIM).

Comparative Genomics

In addition to the Human Genome Project, there were separate
genome projects for a number of other species, for what
are known as ‘model organisms’. These included various pro-
karyotic organisms such as the bacteria Escherichia coli and
Haemophilus influenzae, as well as eukaryotic organisms such
as Saccharomyces cerevisiae (yeast), C. elegans (flatworm),
Drosophila melanogaster (fruit fly), Mus musculus (mouse),
Rattus norvegicus (rat), Fugu rubripes rubripes (puffer fish),
mosquito, and zebrafish. These comparative genomics projects
identified many novel genes and were of vital importance in
the Human Genome Project because mapping the human
homologs provided new ‘candidate’ genes for inherited diseases
in humans.

Functional Genomics

The second major way in which model organisms proved to be
invaluable in the Human Genome Project was by providing the
means to follow the expression of genes and the function of
their protein products in normal development as well as their
dysfunction in inherited disorders. This is referred to as func-
tional genomics.

Beyond the Human Genome Project

The goal of functional genomics is to understand the relation-
ship between an organism’s genome and its phenotype. There
are many different possible approaches. For example the
ability to introduce targeted mutations in specific genes allows
the production of animal models to study the pathodevelop-
mental basis for inherited human disorders, as well as serve as
a test system for the safety and efficacy of gene therapy and
other treatment modalities (p. 207). Functional genomics
includes a number of “-omics” such as transcriptomics (gene
expression), proteomics (protein expression), and metabolo-
mics (metabolites).

The activity and expression of protein-coding genes is
modulated by the regulome, a collection of DNA elements that
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includes regulatory sequences (promoters, enhancers and
silencers) together with regions of chromatin structure and
histone modification. The international ENCODE (Encyclope-
dia of DNA Elements) project aims to identify all the functional
elements of genomic DNA, in both coding and non-coding
regions. In 2012 the project simultaneously published 30
papers in Nature, Genome Biology and Genome Research. They
reported that over 80% of the human genome is involved in
the regulation of gene expression and showed enrichment
of GWAS SNPs (Chapter 10) within non-coding functional
elements.

Understanding the link between gene expression and DNA
variation through transcriptome profiling in greater than 40
different tissues from 900 postmortem donors is the focus of
the Genotype-Tissue Expression (GTEx) Project. Early results
have demonstrated that some variants affect gene expression
in a single or restricted set of tissues, whereas other variants
can affect gene expression of multiple tissues but to a variable
degree across those different tissues.

Identifying the Genetic Etiology
of Monogenic Disorders by
Next-Generation Sequencing

This new sequencing technology (described in Chapter 5) has
revolutionized the identification of human disease genes. In the
last 5 years the number of disease phenotypes with a known
molecular basis has increased from 2700 to 4500. Each month
more than 10 new disease genes are reported and we anticipate
that the genetic etiology of the approximately 25% remaining
single-gene disorders will be elucidated during the next few
years.

Exome Sequencing

The first successful use of next-generation sequencing technol-
ogy for disease gene identification used the strategy of exome
sequencing (Figure 4.4). This enabled researchers to identify
mutations in the DHODH gene as the cause of Miller syn-
drome. Approximately 164,000 regions encompassing exons
and their conserved splice sites (a total of 27 Mb) were
sequenced in a pair of affected siblings and probands from two
additional families. Non-synonymous variants, splice donor/
acceptor, or coding insertion/deletion mutations were identi-
fied in nearly 5000 genes in each of the two affected siblings.
Filtering these variants against public databases (dbSNP and
HapMap) yielded novel variants in less than 500 genes. Analysis
of pooled data from the four affected patients revealed just
one gene, DHODH, which contained two mutated alleles in
each of the four individuals.

Before embarking on exome sequencing in an attempt to
identify the cause of a monogenic disease, it is important to
identify a suitable strategy with regard to pedigree structure,
selection of cases for exome sequencing and likely mode of
inheritance (Figure 4.5). An extremely successful strategy is
the “trio-analysis” approach for the detection of de novo het-
erozygous mutations causing disorders with reduced biological
fitness (where patients do not survive to reproductive age or
do not reproduce). An affected patient and their unaffected,
unrelated parents are sequenced and the variants filtered to
identify heterozygous potentially deleterious variants present
only in the proband. If parental samples are not available it is
possible to use a cohort analysis of unrelated, affected individu-
als who share a distinctive phenotype to identify heterozygous

Family (or families) with
multiple affected individuals

l

Exome sequencing in one or
several family members

l

Identify non-synonymous variants, splice
donor/acceptor, and insertion/deletion mutations
by comparison with reference sequence

I

Identify novel variants by comparing to
dbSNP, HapMap, and ExAC data

l

Prioritise novel variants for follow-up according
to known function and/or expression data

|

Test for co-segregation with disease
phenotype within family (or families)

Functional studies if appropriate |

FIGURE 4.4 A strategy for disease gene identification using
exome sequencing.

De novo

Shared heterozygous

Homozygous

Compound

heterozygous heterozygous

FIGURE 4.5 Strategies for disease gene identification by exome
or genome sequencing. The red dashed boxes indicate individu-
als within pedigrees whose samples are analyzed by exome or
genome sequencing. (A) Trio analysis of an affected patient and
their unrelated, unaffected parents to detect heterozygous de
novo mutations. (B) Linkage approach of sequencing the two
most distantly related affected individuals in a dominant pedi-
gree to identify shared heterozygous variants that include the
pathogenic mutation. (C) Analysis of a proband from a consan-
guineous pedigree to identify homozygous variants in a gene
within a homozygous region. (D) Analysis of a proband born to
unaffected, unrelated parents to identify compound heterozy-
gous mutations in a single gene. (E) Cohort analysis of unrelated,
affected individuals who share a distinctive phenotype to identify
heterozygous mutations in the same gene.
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mutations in the same gene. In a dominant pedigree with
multiple affected patients a linkage approach can be employed
where the two most distantly related affected individuals
are sequenced to identify shared heterozygous variants that
include the pathogenic mutation. Given that each individual
has approximately 100 heterozygous potentially deleterious
protein-coding variants, sequencing two family members sepa-
rated by four meioses will yield a shortlist of approximately 12
gene variants. Sequencing a single affected individual to identify
a recessive disorder caused by compound heterozygous muta-
tions is also possible. For consanguineous pedigrees, sequencing
of a single affected person may identify a homozygous mutation
in a gene located within a homozygous region. Application of
these strategies has led to the identification of hundreds of new
disease genes (Table 4.2).

Having selected the most appropriate patients for exome or
genome sequencing, the critical next step is to filter the identi-
fied variants to leave only a shortlist that includes the causative
gene mutation or mutations. This relies upon bioinformatics
selection of variants according to functional effect and exclu-
sion of common variants using public databases. Bioinformatics
as a specialty has expanded rapidly since the implementation
of next-generation sequencing due to both the volume and
complexity of data generated.

As the cost of next-generation sequencing falls, sequencing
the genome instead of the exome becomes more feasible.
Genome sequencing requires less hands-on laboratory prepara-
tion time and is able to detect nearly all types of mutations,
including intronic mutations, regulatory mutations, and bal-
anced chromosome rearrangements. There is, however, an
increased burden from the perspective of data storage and
analysis with 3—4 million variants per genome compared to
approximately 30,000 variants per exome (Figure 4.6). Whereas
our current understanding of the clinical significance of non-
coding variants is limited, much research effort is focused in
this area.

Table 4.2 Strategies for Disease Gene Identification

by Exome Sequencing

Examples of Disorders with
New Disease Genes

Strategy Identified

Trio analysis to identify de novo
heterozygous mutations

Intellectual disability, autism
and developmental

disorders
Linkage approach of Charcot-Marie-Tooth disease
sequencing most distantly (DYNCTHT)

related individuals within a
dominant pedigree to
identify heterozygous
mutations

Proband sequencing in a
consanguineous pedigree to
identify homozygous
mutations

Proband sequencing to
identify compound
heterozygous mutations in
an outbred family

Cohort sequencing of affected
individuals with a distinctive
phenotype

Oculocutaneous albinism
and neutropenia (in a
single patient)

Miller syndrome and
Sensenbrenner syndrome

Kabuki syndrome

3-4,000,000
variants

l

Exclude common

Approximately 30,000
variants

Exclude common

variants variants
Approximately 400 Approximately 600,000

rare variants rare variants

Shortlist Shortlist
of potential of potential
mutation(s) mutation(s)

Mutation(s)
causing disease

FIGURE 4.6 Filtering variants identified by exome and genome
sequencing to identify pathogenic mutations causing rare
disease.
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ELEMENTS
1 Position-independent methods for the identification of the ‘anatomy of the human genome’ is continually being
monogenic disorders include functional cloning to identify unraveled.

genes from knowledge of the protein sequence and the use

of animal models. One of the goals of the Human Genome Project was to

sequence the human genome. The sequencing was

2 Positional cloning describes the identification of a gene on completed by an international consortium in 2003,
the basis of its location in the human genome. and has greatly facilitated the identification of human disease
Chromosome abnormalities may assist this approach by genes.

highlighting particular chromosome regions of interest.
Genetic databases with human genome sequence data now
make it possible to identify disease genes in silico.

5 Next-generation sequencing has hugely accelerated the pace
of new disease gene discovery and the genetic basis of
approximately 75% of an estimated 6000 monogenic

3 Confirmation that a specific gene is responsible for a disorders is now known.
particular inherited disorder can be obtained by tissue and
developmental expression studies, in vitro cell culture
studies, or the introduction and analysis of mutations in a
homologous gene in another species. As a consequence,

6 Research efforts are now focused on understanding the role
of non-coding DNA in the control of gene expression and
how this contributes to human disease.
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Chapter 5

Laboratory Techniques
for Diagnosis of
Monogenic Disorders

In the history of medical genetics, the ‘chromosome break-
through’ in the mid-1950s was revolutionary. In the past 4
decades, DNA technology has had a profound effect, not only
in medical genetics but also in many areas of biological science
(Box 5.1).The seminal developments in the field are summa-
rized in Table 5.1. One of the most revolutionary developments
is the technique first developed in the mid-1980s known as the
polymerase chain reaction or PCR which can be used to
produce vast quantities of a target DNA fragment provided
that the DNA sequence of that region is known.

PCR (Polymerase Chain Reaction)

DNA sequence information is used to design two oligonucleo-
tide primers (amplimers) of approximately 20 bp in length
complementary to the DNA sequences flanking the target
DNA fragment. The first step is to denature the double-
stranded DNA by heating. The primers then bind to the
complementary DNA sequences of the single-stranded DNA
templates. DNA polymerase extends the primer DNA in
the presence of the deoxynucleotide triphosphates (dATP,
dCTP, dGTP, and dTTP) to synthesize the complementary
DNA sequence. Subsequent heat denaturation of the double-
stranded DNA, followed by annealing of the same primer
sequences to the resulting single-stranded DNA, will result in
the synthesis of further copies of the target DNA. Some 30-35
successive repeated cycles result in more than 1 million copies
(amplicons) of the DNA target, sufficient for direct visualiza-
tion by ultraviolet fluorescence after ethidium bromide stain-
ing, without the need to use indirect detection techniques
(Figure 5.1). PCR is mostly used to amplify DNA fragments
up to 1 kb, although long-range PCR allows the amplification
of larger DNA fragments of up to 20 kb to 30 kb.

Box 5.1 Applications of DNA Technology

Gene structure/mapping/function
Population genetics
Clinical genetics
Preimplantation genetic diagnosis
Prenatal diagnosis
Presymptomatic diagnosis
Carrier detection
Diagnosis and pathogenesis of disease
Genetic
Acquired—infective, malignant
Biosynthesis (e.g., insulin, growth hormone, interferon,
immunization)
Treatment of genetic disease
Gene therapy
Agriculture (e.g., nitrogen fixation)
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PCR allows analysis of DNA from any cellular source con-
taining nuclei; in addition to blood, this can include less invasive
samples, such as saliva, buccal scrapings, or pathological archival
material. It is also possible to start with quantities of DNA as
small as that from a single cell, as is the case in pre-implantation
genetic diagnosis (p. 313). Great care has to be taken with
PCR, however, because DNA from a contaminating extraneous
source, such as desquamated skin from a laboratory worker,
will also be amplified. This can lead to false-positive results
unless the appropriate control studies are used to detect this
possible source of error.

Another advantage of PCR is the rapid turnaround time of
samples for analysis. Use of the heat-stable Tag DNA poly-
merase isolated from the bacterium Thermophilus aquaticus,
which grows naturally in hot springs, generates PCR products
in a matter of hours. Real-time PCR machines have reduced
this time to less than 1 hour, and fluorescence technology is
used to monitor the generation of PCR products during each
cycle, thus eliminating the need for gel electrophoresis.

Application of DNA Sequence
Polymorphisms

There is an enormous amount of DNA sequence variation in
the human genome (p. 9). Two main types, SNPs and hyper-
variable tandem repeat DNA length polymorphisms, are pre-
dominantly used in genetic analysis.

Single Nucleotide Polymorphisms

Approximately 1 in 1000 bases within the human genome
shows variation. SNPs are most frequently biallelic and occur

Table 5.1 Development of DNA Technology

Decade Development Examples of Application
1980s Recombinant DNA Recombinant erythropoietin
technology, (1987), DNA

Southern blot, fingerprinting (1984),
and Sanger and DNA sequence of
sequencing Epstein-Barr virus
genome (1984)

1990s Polymerase chain Diagnosis of genetic
reaction (PCR) disorders

2000s Capillary sequencing  Human genome sequence
and microarray (2003)
technology

2010s Next-generation First acute myeloid leukemia
sequencing (AML) cancer genome

sequenced (2008)

Human genome sequenced
at a cost of approx.
$1000 (2014)
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FIGURE 5.1 Diagram of the polymerase chain reaction showing
serial denaturation of DNA, primer annealing, and extension
with doubling of the target DNA fragment numbers in each
cycle.

in coding and non-coding regions. An early way of using SNPs
as genetic markers was the analysis of restriction fragment
length polymorphisms, or RFLPs. In the 1970s, it was recog-
nized that certain microbes contain enzymes that cleave
double-stranded DNA in or near a particular sequence of
nucleotides. These enzymes restrict the entry of foreign DNA
into bacterial cells and were therefore called restriction
enzymes. They recognize a palindromic nucleotide sequence of
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Table 5.2 Some Examples of Restriction

Endonucleases With Their Nucleotide Recognition
Sequence and Cleavage Sites

Cleavage Site

Enzyme  Organism 5 3’
BamH]I Bacillus amyloliquefaciens H ~ G- GATCC

EcoRl Escherichia coli RY 13 G-AATTC

Haelll Haemophilus aegyptius GG-CC

Hindlll Haemophilus influenzae Rd A-AGCTT

Hpal Haemophilus parainfluenzae  GTT-AAC

Pstl Providencia stuartii CTGCA-G

Smal Serratia marcescens cCCC-GGG

Sall Streptomyces albus G G- TCGAC

DNA of between four and eight nucleotides in length (i.e., the
same sequence of nucleotides occurring on the two comple-
mentary DNA strands when read in one direction of polarity,
e.g., 5 to 3') (Table 5.2). The longer the nucleotide recognition
sequence of the restriction enzyme, the less frequently that
particular nucleotide sequence will occur by chance and there-
fore the larger the average size of the DNA fragments
generated.

More than 3000 different restriction enzymes have been
isolated from various bacterial organisms. Restriction endonu-
cleases are named according to the organism from which they
are derived (e.g., EcoRI is from Escherichia coli and was the
first restriction enzyme isolated from that organism).

The complementary pairing of bases in the DNA molecule
means that cleavage of double-stranded DNA by a restriction
endonuclease always creates double-stranded breaks, which,
depending on the cleavage points of the particular restriction
enzyme used, results in either a staggered or a blunt end (Figure
5.2). Digestion of DNA from a specific source with a particular
restriction enzyme will produce the same reproducible collec-
tion of DNA fragments each time the process is carried out.

If a SNP lies within the recognition sequence of a restriction
enzyme, the DNA fragments produced by that restriction
enzyme will be of different lengths in different people. This
can be recognized by the altered mobility of the restriction
fragments on gel electrophoresis, so-called RFLPs. Early

——GAATTC-
~CTTAAG--

¥
~--CCC|GGG- -

--GGG[cCC--
1

FIGURE 5.2 The staggered and blunt ends generated by restric-
tion digest of double-stranded DNA by EcoRI and Smal. Sites of
cleavage of the DNA strands are indicated by arrows.
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genetic mapping studies used Southern blotting to detect
RFLPs, but current technology enables the detection of
any SNP. DNA microarrays have led to the creation of a dense
SNP map of the human genome and assist genome searches
for linkage studies in mapping single-gene disorders (see
Chapter 4) and association studies in common diseases.

Variable Number Tandem Repeats

Variable number tandem repeats (VNTRs) are highly polymor-
phic and are due to the presence of variable numbers of tandem
repeats of a short DNA sequence that have been shown to be
inherited in a mendelian co-dominant fashion (p. 69). The
advantage of using VNTRs over SNPs is the large number of
alleles for each VNTR compared with SNPs, which are mostly
biallelic.

Minisatellites

Alec Jeffreys identified a short 10-bp to 15-bp ‘core’ sequence
with homology to many highly variable loci spread throughout
the human genome (p. 13). Using a probe containing tandem
repeats of this core sequence, a pattern of hypervariable DNA
fragments could be identified. The multiple variable-size repeat
sequences identified by the core sequence are known as mini-
satellites. These minisatellites are highly polymorphic, and a
profile unique to an individual (unless they have an identical
twin!) is described as a DNA fingerprint. The technique of
DNA fingerprinting is used widely in paternity testing and for
forensic purposes.

Microsatellites

The human genome contains some 50,000 to 100,000 blocks
of a variable number of tandem repeats of the dinucleotide
CA:GT, so-called CA repeats or microsatellites (p. 13). The
difference in the number of CA repeats at any one site between

Unaffected
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individuals is highly polymorphic and these repeats have been
shown to be inherited in a mendelian co-dominant manner. In
addition, highly polymorphic trinucleotide and tetranucleotide
repeats have been identified, and can be used in a similar way
(Figure 5.3). These microsatellites can be analyzed by PCR and
the use of fluorescent detection systems allows relatively high-
throughput analysis. Consequently, microsatellite analysis has
replaced DNA fingerprinting for paternity testing and estab-
lishing zygosity.

Clinical Applications of Gene Tracking

If a gene has been mapped by linkage studies but not identified,
it is possible to use the linked markers to ‘track’ the mutant
haplotype within a family. This approach may also be used for
known genes where a familial mutation has not been found.
Closely flanking or intragenic microsatellites are used most
commonly, because of the lower likelihood of finding informa-
tive SNPs within families. Figure 5.4 illustrates a family in
which gene tracking has been used to determine carrier risk in
the absence of a known mutation. There are some pitfalls
associated with this method: recombination between the
microsatellite and the gene may give an incorrect risk estimate,
and the possibility of genetic heterogeneity (where mutations
in more than one gene cause a disease) should be borne in
mind.

Nucleic Acid Hybridization Techniques

Many methods of DNA analysis involve the use of nucleic acid
probes and the process of nucleic acid hybridization.

Nucleic Acid Probes

Nucleic acid probes are usually single-stranded DNA sequences
that have been radioactively or non-radioactively labeled and

son

e

Unaffected
mother 184, 200 184, 188
|
Affected A A 184, 188 188, 200
father
Affected
daughter

FIGURE 5.3 Analysis of a tetranucleotide microsatellite marker in a family with a dominant disorder. Genotyper software was used
to label the peaks with the size of the polymerase chain reaction (PCR) products. The 200-bp allele is segregating with the disorder
in the affected members of the family. (Courtesy M. Owens, Department of Molecular Genetics, Royal Devon and Exeter Hospital, Exeter,

UK.)
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a nitrocellulose filter that binds the single-stranded DNA, the
@ so-called Southern blot. A particular target DNA fragment of
interest from the collection on the filter can be visualized by
adding a single-stranded **P radioactively labeled DNA probe

1.1
that will hybridize with homologous DNA fragments in the
) Southern blot, which can then be detected by autoradiography

N

(Figure 5.5). Non-radioactive Southern blotting techniques

TR] .2 .3 have been developed with the DNA probe labeled with digoxi-

Marker A 3 genin and detected by chemiluminescence. This approach is
Marker B 2 E safer and generates results more rapidly. An example of the use
Marker C 1 of Southern blotting for clinical diagnostic fragile X testing in

| | ‘ patients is shown in Figure 5.6.

.1 .2 .3 .4

Marker A 3 3
Marker B 2 2
Marker C 1 1

FIGURE 5.4 Gene tracking in a family with Duchenne muscular
dystrophy where no mutation has been found in the affected
proband, Ill.4. Analysis of markers A, B, and C has enabled the
construction of haplotypes; the affected haplotype is shown by
an orange box. Both of the proband’s sisters were at 50% prior
risk of being carriers. Gene tracking shows that lll.1 has inherited
the low-risk haplotype and is unlikely to be a carrier, but IIl.3

%

Restriction enzyme

Electrophoresis
on agarose gel

I gg ‘
nuwuoun @
»

. . . . . . = Denaturation
has inherited the high-risk haplotype and is therefore likely to = with alkali
be a carrier of Duchenne muscular dystrophy. The risk of recom- =
bination should not be forgotten. M =
Blotting
can be used to detect DNA or RNA fragments with sequence ‘ Dry paper towels

homology. DNA probes can come from a variety of sources, 7 Cellulose -nl-trate filter
including random genomic DNA sequences, specific genes, e g:*g&?gnl'jn’\%
cDNA sequences or oligonucleotide DNA sequences produced l I )

synthetically based on knowledge of the protein amino-acid L Jﬁ Filter paper
sequence. A DNA probe can be labeled by a variety of pro- Buffer

cesses, including isotopic labeling with 3P and non-isotopic $

methods using modified nucleotides containing fluorophores S

(e.g., fluorescein or rhodamine). Hybridization of a radioac- Hggrldlzatlon with Denat
tively labeled DNA probe with cDNA sequences on a nitrocel- X -PDNA pﬂx ﬁa e x
lulose filter can be detected by autoradiography, whereas DNA

fragments that are fluorescently labeled can be detected by
exposure to the appropriate wavelength of light, for example
fluorescent in-situ hybridization (p. 27).

—

hd

Nucleic Acid Hybridization

Nucleic acid hybridization involves mixing DNA from two
sources that have been denatured by heat or alkali to make
them single stranded and then, under the appropriate condi-
tions, allowing complementary base pairing of homologous
sequences. If one of the DNA sources has been labeled in some |
way (i.e., is a DNA probe), this allows identification of specific $
DNA sequences in the other source.

) ¢ Expose to
X-ray film

Southern Blotting Autoradiograph

Southern blotting, named after Edwin Southern (who devel- TTTTTTTX| showing band(s)

oped the technique), involves digesting DNA by a restriction
enzyme that is then subjected to electrophoresis on an agarose
gel. This separates the DNA or restriction fragments by size, FIGURE 5.5 Diagram of the Southern blot technique showing
the smaller fragments migrating faster than the larger ones. The size fractionation of the DNA fragments by gel electrophoresis,
DNA fragments in the gel are then denatured with alkali, denaturation of the double-stranded DNA to become single
making them single stranded. A ‘permanent’ copy of these  stranded, and transfer to a nitrocellulose filter that is hybridized
single-stranded fragments is made by transferring them on to  with a *?P radioactively labeled DNA probe.
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B 5.2 kb (inactive X)

FIGURE 5.6 Southern blot to detect methylation of the FMRT
promoter in patients with fragile X. DNA digested with EcoR1
and the methylation sensitive enzyme Bst Z1 was probed with
0x1.9, which hybridizes to a CpG island within the FMRT pro-
moter. Lanes 1-6 show samples from Patient 1, a female with a
methylated expansion, Patients 2, 3, and 6 who are unaffected
females, Patient 4 who is an affected male and Patient 5 who is
an unaffected male. (Courtesy A. Gardner, formerly at the Bristol
Genetics Laboratory, Southmead Hospital, Bristol, UK.)

2.8 kb (active X)

Northern Blotting

Northern blotting differs from Southern blotting by the use of
mRNA as the target nucleic acid in the same procedure; mRNA
is very unstable because of intrinsic cellular ribonucleases. Use
of ribonuclease inhibitors allows isolation of mRNA that, if run
on an electrophoretic gel, can be transferred to a filter. Hybrid-
izing the blot with a DNA probe allows determination of the
size and quantity of the mRNA transcript, a so-called Northern
blot. With the advent of real-time reverse transcriptase PCR,
microarray technology for gene expression studies and next
generation RNA sequencing, Northern blotting is now rarely
used.

DNA Microarrays

DNA microarrays are based on the same principle of hybridiza-
tion but on a miniaturized scale, which allows simultaneous

Table 5.3 Methods for Detecting Mutations

analysis of several million targets. Short, fluorescently labeled
oligonucleotides attached to a glass microscope slide can be
used to detect hybridization of target DNA under appropriate
conditions. The color pattern of the microarray is then analyzed
automatically by computer. Four classes of application have
been described: (1) expression studies to look at the differential
expression of thousands of genes at the mRNA level; (2) analy-
sis of DNA variation for mutation detection and single nucleo-
tide polymorphism (SNP) typing; (3) testing for genomic gains
and losses by array comparative genomic hybridization (CGH);
and (4) a combination of the latter two, SNP-CGH, which
allows the detection of copy-neutral genetic anomalies such as
uniparental disomy (p. 77).

Array CGH

Array CGH involves the hybridization of fluorescently labelled
patient and reference DNA to large numbers of DNA sequences
bound to glass slides (Figure 5.7). The DNA target sequences
are oligonucleotides (up to 1 million) spotted onto the micro-
scope slides using robotics to create a microarray in which each
DNA target has a unique location. Following hybridization and
washing to remove unbound DNA, the relative levels of fluo-
rescence are measured using computer software.

Array CGH is able to detect copy number changes at a level
of 5-10 kb DNA. It is faster and more sensitive than conven-
tional metaphase analysis for the identification of constitutional
rearrangements (but cannot detect balanced translocations or
inversions). Array CGH is the first-line test in the investigation
of patients with severe developmental delay/learning difficul-
ties and/or congenital abnormalities and is now being used in
the prenatal setting when abnormalities are detected by ultra-
sound scanning.

Mutation Detection

The choice of method depends primarily on whether the
test is for a known sequence change or to identify the presence
of any mutation within a particular gene. A number of tech-
niques can be used to screen for mutations that differ in their
ease of use and reliability (Table 5.3). Some of the most
common techniques in current use are described in the follow-
ing section.

Method Known/Unknown Mutations Example Advantages/Disadvantages
Southern blot Known (or unknown Trinucleotide expansions in Laborious
rearrangement) fragile X and myotonic

dystrophy
Sizing of PCR products Known p.Phe508del CFTR mutation; Simple, cheap

trinucleotide expansions

in HTT and SCA genes
ARMS-PCR Known CFTR mutations Multiplex possible
Oligonucleotide ligation Known CFTR mutations Multiplex possible
Real-time PCR Known Factor V Leiden Expensive equipment
Droplet digital PCR Known Any gene Expensive equipment
Sanger sequencing Known or unknown Any gene Gold standard
Pyrosequencing Known or unknown Any gene Expensive equipment
Next-generation sequencing Known or unknown Any gene Expensive equipment, enormous

capacity but vast amount of data
to analyze and interpretation of
novel variants can be difficult

ARMS, Amplification-refractory mutation system; PCR, polymerase chain reaction.
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Steps 1-3
Patient and control DNA are labeled with fluorescent dyes
and applied to the microarray.

Step 4
Patient and control compete to attach, or hybridize,
to the microarray.

Step 5
The microarray scanner measures the fluorescent signals.

Step 6
Computer software analyzes the data and generates a plot.

GOIDXERE D

DNA dosage loss

A 1

AAERA AL,

b N W‘\ -
ol

Data plot

Computer software (chromosome 7)

FIGURE 5.7 Diagram of array CGH (comparative genomic hybridization) to detect copy number changes across the genome to a

resolution of 5-10 kb.

PCR-Based Methods

Many PCR-based mutation detection methods have been
developed over the past 3 decades to detect known
mutations.

Size Analysis of PCR Products

Deletion or insertion mutations can sometimes be detected
simply by determining the size of a PCR product. For example,
the most common mutation that causes cystic fibrosis,
p.Phe508del, is a 3-bp deletion that can be detected on a
polyacrylamide gel. Some trinucleotide repeat expansion muta-
tions can be amplified by PCR (Figure 5.8).

Restriction Fragment Length Polymorphism

If a base substitution creates or abolishes the recognition site
of a restriction enzyme, it is possible to test for the mutation
by digesting a PCR product with the appropriate enzyme and
separating the products by electrophoresis (Figure 5.9).

Amplification-Refractory Mutation System

(ARMS) PCR

Allele-specific PCR uses primers specific for the normal and
mutant sequences. The most common design is a two-tube
assay with normal and mutant primers in separate reactions
together with control primers to ensure that the PCR reaction

FIGURE 5.8 Amplification of the GAA repeat expansion muta-
tion by polymerase chain reaction (PCR) to test for Friedreich
ataxia. Products are stained with ethidium bromide and electro-
phoresed on a 1.5% agarose gel. Lanes 1 and 8 show 500-bp
ladder-size standards, Lanes 2 and 4 show patients with homo-
zygous expansions, Lanes 3 and 6 show unaffected controls,
Lane 5 shows a heterozygous expansion carrier, and Lane 7 is
the negative control. (Courtesy K. Thomson, formerly at the
Department of Molecular Genetics, Royal Devon and Exeter Hospi-
tal, Exeter, UK.)
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FIGURE 5.9 Detection of the HFE gene mutation C282Y by
restriction fragment length polymorphisms (RFLP). The normal
387-bp polymerase chain reaction (PCR) product is digested
with Rsal to give products of 247 bp and 140 bp. The C282Y
mutation creates an additional recognition site for Rsal, giving
products of 247 bp, 111 bp, and 29 bp. Lane 1 shows a 100-bp
ladder-size standard. Lanes 2-4 show patients homozygous,
heterozygous, and normal for the C282Y mutation, respectively.
Lane 5 is the negative control. (Courtesy N. Goodman, Depart-
ment of Molecular Genetics, Royal Devon and Exeter Hospital,
Exeter, UK.)

has worked. An example of a multiplex ARMS assay to detect
12 different cystic fibrosis mutations is shown in Figure 5.10.

Oligonucleotide Ligation Assay

A pair of oligonucleotides is designed to anneal to adjacent
sequences within a PCR product. If the pair is perfectly hybrid-
ized, they can be joined by DNA ligase. Oligonucleotides
complementary to the normal and mutant sequences are dif-
ferentially labeled and the products identified by computer
software (Figure 5.11).

Patient 1 2
Tube

1717-1G >A>

p.Phe508del (M) >
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Real-Time PCR

There are multiple hardware platforms for real-time PCR and
‘fast’ versions that can complete a PCR reaction in less than 30
minutes. TagMan and LightCycler use fluorescence technology
to detect mutations by allelic discrimination of PCR products.
Figure 5.12 illustrates the factor V Leiden mutation detected
by TagMan methodology.

Real-time PCR platforms are very popular in clinical micro-
biology laboratories where an array of commercial kits has been
developed to provide rapid testing for many different viral
infections. PCR can be used to detect the presence of DNA
sequences specific to a particular infectious organism before
conventional evidence such as an antibody response or the
results of cultures is available. Real-time PCR techniques
generate rapid results, with some test results being available
within 1 hour of a sample being taken. This is particularly
useful in the fight against methicillin-resistant Staphylococcus
aureus (MRSA), as patients can be rapidly tested on admission
to hospital. Anyone found to be MRSA-positive can be isolated
to minimize the risk of infection to other patients.

PCR may assist in the diagnosis of lymphomas and leukemias
by identifying translocations, for example t(9;22), which is
characteristic of chronic myeloid leukemia (CML). The
extreme sensitivity of PCR means that minimal residual disease
may be detected after treatment for these disorders, and early
indication of impending relapse will inform treatment options.

Droplet Digital PCR

This technique involves PCR performed within thousands of
nanoliter-sized droplets to achieve highly precise, absolute
nucleic acid quantification. A genomic DNA sample is diluted
to incorporate either one molecule or zero DNA in each droplet
and mixed with PCR primers, TagMan allelic discrimination
probes (as per conventional real-time PCR) and reagents. After
PCR amplification the fluorescence is measured in each droplet
and the droplets counted to measure the number with a signal
from either the normal or mutant allele. This provides an
extremely sensitive method for identifying very low levels of
mutation such as mosaic or acquired mutations, or paternally
inherited mutations in cell free fetal DNA samples.

< ApoB

< p-Phe508del (N)

< ODC

FIGURE 5.10 Detection of CFTR mutations by two-tube amplification-refractory mutation system (ARMS)-polymerase chain reaction
(PCR). Patient 1 is heterozygous for AF508 (p.Phe508del). Patient 2 is a compound heterozygote for p.Phe508del and c.1717-1G > A.
Patient 3 is homozygous normal for the 12 mutations tested. Primers for two internal controls (ApoB and ODC) are included in each

tube.
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FIGURE 5.11 Detection of CFTR mutations using an oligonucleotide ligation assay. Multiplex polymerase chain reaction (PCR)
amplifies 15 exons of the CFTR gene. Oligonucleotides are designed to anneal to the PCR products such that two oligonucleotides
anneal to adjacent sequences for each mutation and are then joined by ligation. The 32 mutations (at 29 positions) are discriminated

using a combination of size and differently colored fluorescent

labels. This patient is a compound heterozygote for the AF508

(p-Phe508del; c.1521_1523delCTT) and c.1585-1G > A mutations. Gray bars indicate the normal alleles and orange bars indicate
the mutant alleles. (Courtesy Karen Stals, Department of Molecular Genetics, Royal Devon and Exeter Hospital, Exeter, UK.)

Sequencing-Based Methods

Sequencing methods are the most frequently used technique
for mutation ‘screening’ where a patient is suspected of having
a mutation within a specific gene or genes, but the disease could
be caused by many different mutations within that gene (or
genes).

Sanger Sequencing

The ‘gold standard’ method of mutation screening is DNA
sequencing using the dideoxy chain termination method devel-
oped in the 1970s by Fred Sanger. This method originally
employed radioactive labeling with manual interpretation of
data. The use of fluorescent labels detected by computerized
laser systems has improved ease of use and increased through-
put and accuracy. Today’s capillary sequencers can sequence
approximately 1 Mb (1 million bases) per day.

Dideoxy sequencing involves using a single-stranded
DNA template (e.g., denatured PCR products) to synthesize
new complementary strands using a DNA polymerase and an
appropriate oligonucleotide primer. In addition to the four
normal deoxynucleotides, a proportion of each of the four
respective dideoxynucleotides is included, each labeled with a
different fluorescent dye. The dideoxynucleotides lack a
hydroxyl group at the 3’ carbon position; this prevents

phosphodiester bonding, resulting in each reaction container
consisting of a mixture of DNA fragments of different lengths
that terminate in their respective dideoxynucleotide, owing to
chain termination occurring at random in each reaction mixture
at the respective nucleotide. When the reaction products are
separated by capillary electrophoresis, a ladder of DNA
sequences of differing lengths is produced. The DNA sequence
complementary to the single-stranded DNA template is gener-
ated by the computer software and the position of a mutation
may be highlighted with an appropriate software package
(Figure 5.13).

Pyrosequencing

Pyrosequencing uses sequencing by synthesis approach in
which modified nucleotides are added and removed one at a
time, with chemiluminescent signals produced after the addi-
tion of each nucleotide. This technology generates quantitative
sequence data rapidly and an example of its application in the
identification of KRAS mutations in patients with colorectal
cancer is shown in Figure 5.14.

Next-Generation Sequencing

The demand for low-cost sequencing has driven the develop-
ment of high-throughput sequencing technologies that produce
millions of sequences at once. Next (or second) generation
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FIGURE 5.12 Real-time polymerase chain reaction (PCR) to detect the factor V Leiden mutation. A, TagMan technique. The sequence
encompassing the mutation is amplified by PCR primers, P1 and P2. A probe, P3, specific to the mutation is labelled with two fluo-
rophores. A reporter fluorophore, R, is attached to the 5" end of the probe and a quencher fluorophore, Q, is attached to the 3’
end. During the PCR reaction, the 5" exonuclease activity of the polymerase enzyme progressively degrades the probe, separating
the reporter and quencher dyes, which results in fluorescent signal from the reporter fluorophore. B, TagMan genotyping plot. Each
sample is analyzed with two probes, one specific for the wild-type and one for the mutation. The strength of fluorescence from each
probe is plotted on a graph (wild-type on X-axis, mutant on Y-axis). Each sample is represented by a single point. The samples fall
into three clusters representing the possible genotypes; homozygous wild-type, homozygous mutant or heterozygous. (Courtesy
Dr. E. Young, formerly of the Department of Molecular Genetics, Royal Devon and Exeter Hospital, Exeter, UK.)

‘clonal’ sequencers use an in vitro cloning step to amplify indi-
vidual DNA molecules by emulsion or bridge PCR (Figure 5.15).
The cloned DNA molecules are then sequenced in parallel,
either by using sequencing by synthesis or sequencing by ligation
approach where incorporated fluorescent bases are detected by
laser scanning. The sequence reads are relatively short (100~
250 bp) and need to be aligned to a reference sequence in
order to identify variants that may be causative of disease
(Figure 5.16). A comparison with Sanger sequencing is shown in
Table 5.4 and examples of mutations identified by next genera-
tion sequencing is shown in Figure 5.16. Another sequencing by
synthesis technology utilizes ion semiconductor sequencing
based on the detection of hydrogen ions that are released during
the polymerization of DNA. So-called ‘third-generation’
sequencers generate long sequence reads (kilobases in length)
from single molecules in real-time due to their extremely

Table 5.4 Sanger Sequencing Compared to
Next-Generation ‘Clonal” Sequencing

Next-Generation ‘Clonal’

Sanger Sequencing Sequencing

One sequence read per
sample

500-1000 bases per read

Approx. 1 million bases per
day per machine

Approx. $1 per 1000 bases

Massively parallel sequencing

100-400 bases per read

Approx. 2 billion bases per day
per machine

Approx. $1 per 5,000,000 bases

sensitive lasers. They are better able to sequence through repeti-
tive regions where alignment of short reads is difficult.

The sequencing by synthesis method was developed in the
mid-1990s by Cambridge scientists Shankar Balasubramanian
and David Klenerman. Their ideas of using clonal arrays and
massively parallel sequencing of short reads using solid-phase
sequencing by reversible terminators created the basis for the
technology that enables sequencing of a human genome in just
a few days at a cost of approximately $1000. By comparison,
the first human genome took over a decade to sequence and
was estimated to have cost $2.7 billion!

In the clinical diagnostic setting, next generation sequencing
is particularly useful for the genetic diagnosis of rare diseases
that exhibit genetic heterogeneity. Rather than sequencing
single genes sequentially, all the genes in which mutations have
been reported to cause the disease can be analyzed simultane-
ously in a single test. This can be achieved either through
physical targeting where a defined set of genes is selected for
capture by hybridization or PCR amplification, or through
virtual gene panel analysis of exome (p. 47) or genome sequence
data. These gene panel tests range from two genes (BRCAI
and BRCA? for familial breast and ovarian cancer), to approxi-
mately 100 (for example, congenital cataract) to >1400 genes
(DDDG2P panel for developmental disorders). Exome
sequencing is increasingly being used as a clinical diagnostic test
where variants are filtered on the basis of a genetic strategy
rather than by a gene list, for example trio sequencing (p. 47)
to identify de novo mutations in an affected proband born to
unaffected, unrelated parents.
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FIGURE 5.13 Fluorescent dideoxy DNA sequencing. The sequencing primer (shown in red) binds to the template and primes synthesis
of a complementary DNA strand in the direction indicated (A). The sequencing reaction includes four dNTPs and four ddNTPs, each
labeled with a different fluorescent dye. Competition between the dNTPs and ddNTPs results in the production of a collection of
fragments (B), which are then separated by electrophoresis to generate an electropherogram (C). A heterozygous mutation,
p.Gly44Cys (GGC > TGC; glycine > cysteine), is identified by the software.
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FIGURE 5.14 Detection of a KRAS mutation in a colorectal tumor

by pyrosequencing. The upper panel shows a normal control,

sequence A GGT CAA GAG G. In the lower panel is the tumor sample with the KRAS mutation p.GIn61Leu (c.182A > T). (Courtesy
Dr. L. Meredith, formerly at the Institute of Medical Genetics, University Hospital of Wales, Cardiff.)

Dosage Analysis

Most of the methods described previously will detect point
mutations, small insertions, and deletions. Deletions of one or
more exons are common in boys with Duchenne muscular
dystrophy and may be identified by a multiplex PCR that
reveals the absence of one or more PCR products. However,

Fragmentation Ligation of
of gDNA — adapters
—~
—_ = —>
-

m

' Spatial separation of DNA
.fragments, (e.g., on slide or
beads in nanowells)

. Clonal amplification of
_"individual DNA fragments
i on slide of nanobead

these mutations are more difficult to detect in carrier females
as the normal gene on the other X chromosome ‘masks’ the
deletion. Large deletion and duplication mutations have been
reported in a number of disorders and may encompass a single
exon, several exons, or an entire gene (e.g., HNPP [p. 276];
HMSN type 1 [p. 275]). Several techniques have been devel-
oped to identify such mutations (see Table 5.5).

Enrichment for sequences
of interest (optional)

Sequence reactions and image analysis—
incorporated bases detected by direct
light emission or laser scanning

of fluorophores

VAN

Ay

Bioinformatic analysis—base calling
and alignment of individual reads to
reference sequence

FIGURE 5.15 Next-generation ‘clonal’ sequencing. DNA is fragmented and adaptors ligated before clonal amplification on a bead
or glass slide. Sequencing takes place in situ and incorporated bases are detected by direct light emission or scanning of fluorophores.
Data analysis includes base calling and alignment to a reference sequence in order to identify mutations or polymorphisms. (Courtesy

Dr. R. Caswell, University of Exeter Medlical School, Exeter.)
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FIGURE 5.16 A, Aligning individual paired-end reads to the reference genome. Nucleotides in the reads that differ from the reference
sequence are marked. (a) A region with poor coverage. (b) The variants at these positions are most likely sequencing errors. (c) At
this position the subject is homozygous for the A alleles. A real example would have longer reads and greater read depth. B, Aligned
reads with a heterozygous deletion. Reads with an 8-bp deletion identified are marked with a black bar. Images produced using the
IGV software package. (Courtesy Dr M. Wakeling, University of Exeter Medical School, UK.)

Table 5.5 Methods for Detecting Copy Number Changes

Known/Unknown
Method Copy Number Change Example Advantages/Disadvantages
Multiplex ligation- ~ Known Gene-specific or subtelomere Suited to the clinical diagnostic setting, but
dependent probe deletion analysis labor-intensive and requires good quality DNA
amplification
Quantitative Known Prenatal aneuploidy testing Rapid but requires informative microsatellite
fluorescent PCR markers
Droplet digital PCR  Known Confirming deletions or duplications Flexible; can use standard PCR primers but
found by a different method gene-centric approach
Array CGH Known/unknown Testing for severe developmental Detects any deletion or duplication but
delay, learning difficulties, interpretation of novel variants can be difficult
congenital abnormalities
Next-generation Known/unknown Expensive equipment, enormous capacity but
sequencing vast amount of data to analyze and

interpretation of novel variants can be difficult
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Multiplex Ligation-Dependent Probe
Amplification (MLPA)

This is a high-resolution method used to detect deletions and
duplications (Figure 5.17). Each MLPA probe consists of two
fluorescently labeled oligonucleotides that can hybridize,
adjacent to each other, to a target gene sequence. When hybrid-
ized, the two oligonucleotides are joined by a ligase and the
probe is then amplified by PCR (each oligonucleotide includes
a universal primer sequence at its terminus). The probes
include a variable-length stuffer sequence that enables separa-
tion of the PCR products by capillary electrophoresis. Up to
40 probes can be amplified in a single reaction.

Quantitative Fluorescent PCR (QF-PCR)

Dosage analysis by quantitative fluorescent PCR (QF-PCR) is
routinely used for rapid aneuploidy screening; for example, in
prenatal diagnosis (p. 303). Microsatellites (see the following
section) located on chromosomes 13, 18, and 21 may be ampli-
fied within a multiplex and trisomies detected, either by the
presence of three alleles or by a dosage effect where one allele
is overrepresented (Figure 5.18).

Microarray Comparative Genomic
Hybridization (CGH)

Array CGH provides a way to detect deletions and duplications
on a genome-wide scale (Figure 5.19). Arrays used in clinical
diagnostic laboratories include both genome wide probes to

62 Laboratory Techniques for Diagnosis of Monogenic Disorders

detect novel mutations and probes targeted to known deletion/
duplication syndromes. A comprehensive knowledge of normal
copy number variation is essential for interpreting novel
mutations.

Next-Generation Sequencing

It is also possible to obtain copy number data from next genera-
tion sequencing if the target DNA is enriched by hybridization
capture rather than PCR amplification. This is the first meth-
odology where it is possible to detect base substitutions, small
insertions and deletions, as well as copy number changes at the
level of an exon or entire gene.

Droplet Digital PCR

This technique is most useful for confirming deletion or dupli-
cation mutations identified by other methods. It involves PCR
performed within thousands of nanoliter-sized droplets to
achieve highly precise, absolute nucleic acid quantification. A
genomic DNA sample is diluted to incorporate either one
molecule or zero DNA in each droplet and mixed separately
with PCR primers for the gene of interest and a reference
housekeeping gene. After PCR amplification the fluorescence
is measured in each droplet and the concentration of target
DNA is calculated as copies per microliter from the fraction
of positive reactions using Poisson statistics. The ratio of target
DNA copies compared to the reference gene provides an
estimate of copy number for the gene with suspected abnormal
dosage.

Amplification of probes using

' fluorescent-labeled primers A and B

A Fragment analysis

FIGURE 5.17 A, lllustration of multiplex ligation-dependent probe amplification (MLPA) method.
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FIGURE 5.17, cont’d B, Detection of a whole gene deletion encompassing exons 1-9 of the HNF1B gene (lower panel) compared
with a normal reference sample (upper panel). This MLPA kit also includes probes for the GCK, HNF1A, and HNF4A genes. C, Peak
ratio plots showing in graphical form the ratio of normalized peak intensities between the normal reference and patient sample.
Each point represents one peak: green or purple = peak within the normal range (0.75-1.25), red = peak either deleted (ratio <0.75)
or duplicated (>1.25). The data were analyzed using GeneMarker, SoftGenetics LLC. (Courtesy M. Owens, Department of Molecular
Genetics, Royal Devon and Exeter Hospital, Exeter, UK.)
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FIGURE 5.18 Quantitative fluorescent (QF)-polymerase chain reaction (PCR) for rapid prenatal aneuploidy testing. The upper panel

shows a normal control, with two alleles for each microsatellite marker. The lower panel illustrates trisomy 21 with either three alleles

(microsatellites D2151435, D21S1270) or a dosage effect (D21S11). Microsatellite markers for chromosomes 13 and 18 show a

normal profile. (Courtesy of C. Anderson, Institute of Medical Genetics, University Hospital of Wales, Cardiff, UK.)
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FIGURE 5.19 Identification of copy number changes by array comparative genomic hybridization (CGH) (this array includes 135,000
oligonucleotide probes). A, A patient with the 1p36 microdeletion syndrome. B, An MECP2 duplication of chromosome Xq28.
(Courtesy of R. Palmer, North East Thames Regional Genetics Service Laboratories, Great Ormond Street Hospital for Children, London.)

Towards Genome Sequencing as a
Clinical Diagnostic Test

It is now possible to sequence a human genome in just a few
days at a cost of less than $1000. Compared to exome sequenc-
ing, in the clinical setting genome sequencing offers a higher
diagnostic yield through the detection of deep intronic muta-
tions that cause aberrant splicing, mutations in regulatory ele-
ments and balanced chromosome rearrangements (Table 5.6).
Although the mean read depth is generally lower than that
obtained by exome sequencing, coverage is more even and this
is expected to increase the sensitivity for detecting copy
number changes. The major challenge is data storage and pro-
cessing of the vast volume of genome sequence data. Whilst
much of the non-coding sequence is currently not interpretable
in the context of human disease, scientific understanding of the
‘regulome’ is gathering pace as initiatives such as the ENCODE

Table 5.6 The Advantages and Disadvantages of

Genome Compared to Exome Sequencing

Advantages Disadvantages

Faster library preparation

Includes introns

Includes regulatory elements

Better detection of CNVs

Detection of structural
variants

Greater cost of sequencing
Greater cost of data storage
Many more variants to analyze
Difficulty in interpreting
non-coding variants

(Encyclopedia of DNA Elements) project identify novel regula-
tory elements. In the future it may be possible to analyze the
entire genome of a person and detect all known disease-asso-
ciated variants in addition to variants that determine drug
response. The unanswered question is to what degree it will be
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possible to implement predictive medicine strategies based on de Ligt, J., Willemsen, M.H., van Bon, B.W,, et al., 2012. Diagnostic

this knowledge. Will genome sequencing become so routine
that all babies have their genomes sequenced at birth? There
are many ethical and social issues to debate around autonomy,
genetic discrimination, data sharing and privacy.
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sequencing techniques allow genome wide analysis of single
nucleotide polymorphisms, copy number variants, and
sequence variants. These methods have changed the scale of
genetic analysis and provided novel insights into genetic
disease.

Next-generation sequencing allows simultaneous testing for
all genes in which mutations are known to cause a
monogenic disorder. The gene panel may be targeted
physically by hybridization capture or PCR of selected
genes, or it may be a virtual panel where the entire

exome is sequenced but only specific genes are analyzed.
The ability to sequence a genome for $1000 sets the stage
for genome sequencing to become a clinical diagnostic test
to detect base substitutions, small insertions or deletions,
copy number changes, and chromosomal rearrangements in
a single test.
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Chapter 6

Patterns of Inheritance

That the fundamental aspects of heredity should
have turned out to be so extraordinarily simple
supports us in the hope that nature may, after all,
be entirely approachable.

THOMAS MORGAN (1919)

Family Studies

To investigate whether a particular trait or disorder in humans
is genetic and hereditary, we have traditionally relied either on
observation of the way in which it is transmitted within a
family, or on study of its frequency among relatives. This
enables advice to be given to family members regarding the
likelihood of their developing it or passing it on to their children
(i.e., genetic counseling; see Chapter 21). In all clinical medi-
cine good history taking is vital, and a good family history can
sometimes provide a diagnosis. For example, a child may attend
a doctor with a fracture after a minor injury. A family history
of relatives with a similar tendency to fracture and blue sclerae
would suggest the diagnosis of osteogenesis imperfecta, but the
absence of a positive family history would prompt consideration
of other diagnoses.

Pedigree Drawing and Terminology

A family tree, or pedigree, is a shorthand system of recording
pertinent family information. It usually begins with the person
through whom the family came to medical attention: the index
case, proband, or propositus; or, if female, the proposita. The
position of the proband in the pedigree is indicated by an arrow.
Information about the health of the rest of the family is
obtained by asking direct questions about brothers, sisters,
parents, and maternal and paternal relatives, with the relevant
information about the sex of the individual, affection status,
and relationship to other individuals being carefully recorded
on the chart (Figure 6.1). Attention to detail can be crucial
because patients do not always appreciate the importance
of miscarriages, or the difference between siblings and half-
siblings, for example.

Mendelian Inheritance

More than 16,000 traits or disorders in humans exhibit single
gene unifactorial or mendelian inheritance. However, charac-
teristics such as height, and many common familial disorders,
such as diabetes or hypertension, do not usually follow a simple
pattern of mendelian inheritance (see Chapter 10).

A trait or disorder that is determined by a gene on an
autosome is said to show autosomal inheritance, whereas a
trait or disorder determined by a gene on one of the sex
chromosomes is said to show sex-linked inheritance.

66

Autosomal Dominant Inheritance

An autosomal dominant trait is one that manifests in the het-
erozygous state, that is, in a person possessing both an abnormal
or mutant allele and the normal allele. It is often possible to
trace a dominantly inherited trait or disorder through many
generations of a family (Figure 6.2). In South Africa, the vast
majority of cases of porphyria variegata can be traced back to
one couple in the late seventeenth century. This is a metabolic
disorder characterized by skin blistering as a result of increased
sensitivity to sunlight (Figure 6.3), and urine that becomes
‘port wine’ colored on standing as a result of the presence of
porphyrins (p. 266). This pattern of inheritance is sometimes
referred to as ‘vertical’ transmission and is confirmed when
male-male (i.e., father to son) transmission is observed.

Genetic Risks

Each gamete from an individual with a dominant trait or dis-
order will contain either the normal allele or the mutant allele.
If we represent the dominant mutant allele as ‘D’ and the
normal allele as ‘d’, then the possible combinations of the
gametes is seen in Figure 6.4. Any child born to a person
affected with a dominant trait or disorder has a 1 in 2 (50%)
chance of inheriting it and being similarly affected. These
diagrams are often used in the genetic clinic to explain segrega-
tion to patients and are more user-friendly than a Punnett
square (see Figures 1.3 and 7.1).

Pleiotropy

Autosomal dominant traits may involve only one organ or part
of the body, for example the eye in congenital cataracts. It is
common, however, for autosomal dominant disorders to mani-
fest in different systems of the body in a variety of ways. This
is pleiotropy—a single gene that may give rise to two or more
apparently unrelated effects. In tuberous sclerosis, affected
individuals can present with a range of problems including
learning difficulties, epilepsy, a facial rash known as adenoma
sebaceum (histologically composed of blood vessels and fibrous
tissue known as angiokeratoma) or subungual fibromas (Figure
6.5); some affected individuals have all features, whereas
others may have almost none. Some discoveries are challenging
our conceptual understanding of the term pleiotropy on
account of the remarkably diverse syndromes that can result
from different mutations in the same gene—for example, the
LMNA gene (which encodes lamin A/C) and the X-linked
filamin A (FLNA) gene. Mutations in LMNA may cause
Emery-Dreifuss muscular dystrophy, a form of limb girdle
muscular dystrophy, a form of Charcot-Marie-Tooth disease
(p. 275), dilated cardiomyopathy (p. 290) with conduction
abnormality, Dunnigan-type familial partial lipodystrophy
(Figure 6.6), mandibuloacral dysplasia, and a very rare condi-
tion that has always been a great curiosity—Hutchinson-Gilford
progeria. These are due to heterozygous mutations, with the
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FIGURE 6.1 Symbols used to represent individuals and relationships in family trees.
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FIGURE 6.2 Family tree of an autosomal dominant trait. Note
the presence of male-to-male transmission.

FIGURE 6.3 Blistering skin lesions on the hand in porphyria
variegata.

Affected parent

/Dd dd\
Dd d d Dd d d

Affected Affected

FIGURE 6.4 Segregation of alleles in autosomal dominant
inheritance. D represents the mutated allele, whereas d repre-
sents the normal allele.

Normal parent

Normal Normal

FIGURE 6.5 The facial rash (A) of angiokeratoma (adenoma
sebaceum) in a male with tuberous sclerosis, and a typical
subungual fibroma of the nail bed (B).

exception of Charcot-Marie-Tooth disease and mandibuloacral
dysplasia, which are recessive—affected individuals are there-
fore homozygous for LMNA mutations. Sometimes an indi-
vidual with a mutation is entirely normal. Mutations in the
filamin A gene have been implicated in the distinct, though
overlapping, X-linked dominant dysmorphic conditions
oto-palato-digital syndrome, Melnick-Needles syndrome and
frontometaphyseal dysplasia. However, it could not have been
foreseen that a form of X-linked dominant epilepsy in women,
called periventricular nodular heterotopia, is also due to muta-
tions in this gene.

Variable Expressivity

The clinical features in autosomal dominant disorders can show
striking variation from person to person, even in the same
family. This difference between individuals is referred to as
variable expressivity. In autosomal dominant polycystic kidney
disease, for example, some affected individuals develop renal
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FIGURE 6.6 Dunnigan-type familial partial lipodystrophy due to
a mutation in the lamin A/C gene. The patient lacks adipose
tissue, especially in the distal limbs. A wide variety of clinical
phenotypes is associated with mutations in this one gene.

failure in early adulthood whereas others have just a few renal
cysts that do not affect renal function significantly.

Reduced Penetrance

In some individuals heterozygous for gene mutations giving rise
to certain autosomal dominant disorders, there may be very
few abnormal clinical features and they demonstrate reduced
penetrance. This may be the result of the modifying effects of
other genes, as well as interaction of the gene with environ-
mental factors. An individual with no features of a disorder
despite being heterozygous for a particular gene mutation is
said to demonstrate non-penetrance; in lay terms the condition
‘skips a generation’ (see also p. 95).

Reduced penetrance and variable expressivity, together with
the pleiotropic effects of a mutant allele, all need to be taken
into account when trying to interpret family history informa-
tion for autosomal dominant disorders. A good example is
Treacher-Collins syndrome. In its most obvious manifestation
the facial features are unmistakable (Figure 6.7). However,
the mother of the child illustrated is also known to harbor the
gene (TCOFI) mutation as she has close relatives with the
condition.

New Mutations

In autosomal dominant disorders an affected person usually has
an affected parent. However, this is not always the case and it
is not unusual for a trait to appear in an individual when there
is no family history of the disorder. A striking example is
achondroplasia, a form of short-limbed dwarfism (pp. 114-115),
in which the parents usually have normal stature. The sudden
unexpected appearance of a genetic condition arising as a result
of a pathogenic heterozygous gene variant is called a new muta-
tion. Dominant inheritance in achondroplasia was confirmed
by the observation that the offspring of an affected individual
had a 50% chance of also being affected. In less dramatic condi-
tions other explanations for the ‘sudden’ appearance of a dis-
order must be considered. This includes non-penetrance and
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variable expression, as previously mentioned. However, the
astute clinician also needs to be aware that the family relation-
ships may not be as stated—i.e., there may be undisclosed
non-paternity (or, occasionally, non-maternity).

New dominant mutations, in certain instances, have been
associated with an increased age of the father. Traditionally, this
is believed to be a consequence of the large number of mitotic
divisions that male gamete stem cells undergo during a man’s
reproductive lifetime (p. 32). However, this may well be a
simplistic view. In relation to mutations in FGFR2 (craniosyn-
ostosis syndromes), Wilkie’s group in Oxford demonstrated
that causative gain-of-function mutations confer a selective
advantage to spermatogonial stem cells, so that mutated cell
lines accumulate in the testis.

Co-Dominance

Co-dominance is the term used for two allelic traits that are
both expressed in the heterozygous state. In persons with blood
group AB it is possible to demonstrate both A and B blood
group substances on the red blood cells, so the A and B blood
groups are therefore co-dominant (p. 174).

Homozygosity for Autosomal Dominant Traits

The rarity of most autosomal dominant disorders and diseases
means that they usually occur only in the heterozygous state.
Occasionally, however, children are born to couples where both
parents are heterozygous for a dominantly inherited disorder.

FIGURE 6.7 The baby in this picture has Treacher-Collins syn-
drome, resulting from a mutation in TCOF1. The mandible is
small, the palpebral fissures slant downward, there is usually a
defect (coloboma) of the lower eyelid, the ears may show
microtia, and hearing impairment is common. The condition
follows autosomal dominant inheritance but is very variable—the
baby’s mother also has the mutation but she shows no obvious
signs of the condition.
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FIGURE 6.8 Family tree of an autosomal recessive trait.

Such offspring are at risk of being homozygous for the gene
mutations. In some instances, affected individuals appear
either to be more severely affected, as has been reported with
achondroplasia, or to have an earlier age of onset, as in familial
hypercholesterolemia (p. 262). Conversely, with other domi-
nantly inherited disorders, homozygous individuals are not
more severely affected than heterozygotes—e.g., Huntington
disease (p. 273) and myotonic dystrophy (p. 285). These dif-
ferent phenotypic effects may be explained by the nature of
the mutation—whether they are gain-of-function (p. 20) or
loss-of-function (p. 20).

Autosomal Recessive Inheritance

Recessive traits and disorders are manifest only when the
mutant allele is present in a double dose (i.e., homozygosity).
Individuals heterozygous for such mutant alleles show no fea-
tures of the disorder and are perfectly healthy; they are carriers.
The family tree for recessive traits (Figure 6.8) differs mark-
edly from that seen in autosomal dominant traits. It is not
possible to trace an autosomal recessive trait or disorder
through the family, as all the affected individuals in a family
are usually in a single sibship (i.e., brothers and sisters). This
was sometimes referred to as ‘horizontal’ transmission, but this
is an inappropriate and misleading term.

Consanguinity

Enquiry into the family history of individuals affected with rare
recessive traits or disorders might reveal that their parents are
related (i.e., consanguineous). The rarer a recessive trait or
disorder, the greater the frequency of consanguinity among the
parents of affected individuals. In cystic fibrosis, the most
common ‘serious’ autosomal recessive disorder in western
Europeans (p. 286), the frequency of parental consanguinity is
only slightly greater than that seen in the general population.
By contrast, when Bateson and Garrod originally described the
very rare alkaptonuria, they observed that one-quarter or more
of the parents were first cousins, and rightly reasoned that rare
alleles are more likely to ‘meet up’ in the offspring of cousins
than unrelated parents. In large inbred kindreds, an autosomal
recessive condition may be present in more than one branch of
the family.

Genetic Risks

If we represent the normal dominant allele as ‘R’ and the
recessive mutant allele as ‘r’, then each parental gamete carries
either the mutant or the normal allele (Figure 6.9). The various
possible combinations of gametes mean that the offspring of
two heterozygotes have a 1 in 4 (25%) chance of being homo-
zygous affected, a 1 in 2 (50%) chance of being heterozygous

Carrier mother

R r\
R r ror
Affected

FIGURE 6.9 Segregation of alleles in autosomal recessive inheri-
tance. R represents the normal allele, r the mutated allele.

Carrier father

@)

>
<

Normal

r

Carrier Carrier

unaffected, and a 1 in 4 (25%) chance of being homozygous
unaffected.

Pseudodominance

If an individual who is homozygous for an autosomal recessive
disorder has children with a carrier of the same disorder, their
offspring have a 1 in 2 (50%) chance of being affected. Such a
pedigree is said to exhibit pseudodominance (Figure 6.10).

Locus Heterogeneity

Some clinical conditions can be due to mutations in more than
one gene, thus demonstrating locus heterogeneity. For example,
sensorineural hearing loss/deafness most commonly follows
autosomal recessive inheritance. Deaf persons, by virtue of
their schooling and involvement in the deaf community, often
choose to have children with another deaf person. If two deaf
persons are homozygous for the same recessive gene, all of their
children will be similarly affected. However, there are families
in which all the children born to parents who both have auto-
somal recessive deafness have had perfectly normal hearing

. Homozygous

I:I Heterozygous

FIGURE 6.10 A pedigree with a woman (l;) homozygous for an
autosomal recessive disorder whose husband is heterozygous for
the same disorder. They have a homozygous affected daughter
so that the pedigree shows pseudodominant inheritance.
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because they are double heterozygotes. The parents are there-
fore homozygous for mutant genes at different loci. In fact,
there are more than 80 genes or gene loci known to be impli-
cated in recessively inherited deafness, and a similar story
applies to autosomal recessive retinitis pigmentosa.

Disorders with the same phenotype from different genetic
loci are known as genocopies, whereas when the same pheno-
type results from environmental causes it is known as a
phenocopy.

Mutational Heterogeneity

Heterogeneity can also occur at the allelic level. In the majority
of single-gene disorders (e.g., B-thalassemia) a large number of
different mutations have been identified as being responsible
(p. 160). There are individuals who have two different muta-
tions at the same locus and are known as compound heterozy-
gotes, constituting what is known as allelic or mutational
heterogeneity. Most individuals affected with an autosomal
recessive disorder are probably compound heterozygotes rather
than true homozygotes, unless their parents are related, in
which case they are likely to be homozygous for the same
mutation by descent, inherited from a common ancestor.

Sex-Linked Inheritance

Sex-linked inheritance refers to the pattern of inheritance
shown by genes that are located on either of the sex chromo-
somes. Genes carried on the X chromosome are referred to as
being X-linked, and those carried on the Y chromosome are
referred to as exhibiting Y-linked or holandric inheritance.

X-Linked Recessive Inheritance

An X-linked recessive trait is one determined by a gene carried
on the X chromosome and usually manifests only in males. A
male with a mutant allele on his single X chromosome is said
to be hemizygous for that allele. Diseases inherited in an
X-linked recessive manner are transmitted by (usually) healthy
heterozygous female carriers to affected males, as well as by
affected males to their obligate carrier daughters, with a con-
sequent risk to male grandchildren through these daughters
(Figure 6.11). This was sometimes referred to as ‘diagonal’ or
a ‘knight’s move’ pattern of transmission.

The mode of inheritance whereby only males are affected
by a disease that is transmitted by normal females was appreci-
ated by the Jews nearly 2000 years ago. They excused from
circumcision the sons of all the sisters of a mother who had
sons with the ‘bleeding disease’, in other words, hemophilia
(p. 300). The sons of the father’s siblings were not excused.
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FIGURE 6.11 Family tree of an X-linked recessive trait in which
affected males reproduce.
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FIGURE 6.12 Segregation of alleles in X-linked recessive inheri-
tance, relating to the offspring of an affected male. r represents
the mutated allele.

Queen Victoria was a carrier of hemophilia, and her carrier
daughters, who were perfectly healthy, introduced the gene
into the Russian and Spanish royal families. In the British royal
family Queen Victoria’s son, Edward VII, did not inherit the
gene (see Figure 19.26).

Genetic Risks

A male transmits his X chromosome to each of his daughters
and his Y chromosome to each of his sons. If a male affected
with hemophilia has children with a normal female, then all of
his daughters will be obligate carriers but none of his sons will
be affected (Figure 6.12). A male cannot transmit an X-linked
trait to his son, with the very rare exception of uniparental
heterodisomy (p. 77).

For a carrier female of an X-linked recessive disorder having
children with a normal male, each son hasa 1 in 2 (50%) chance
of being affected and each daughter has a 1 in 2 (50%) chance
of being a carrier (Figure 6.13).

Some X-linked disorders are not compatible with survival
to reproductive age and are not, therefore, transmitted by
affected males. Duchenne muscular dystrophy is the common-
est severe muscle disease (p. 281). The first sign is delayed
walking followed by a waddling gait, difficulty in climbing stairs
unaided, and frequent falls. By approximately 10 years of age
affected boys usually require a wheelchair. The muscle weak-
ness is progressive and affected males become bed-bound and
often die in their early 20s, though survival has improved sig-
nificantly with steroids and respiratory support (Figure 6.14).
Because affected boys rarely survive to reproduce, the disease
is transmitted by healthy female carriers (Figure 6.15), or may
arise as a new mutation.

Variable Expression in Heterozygous Females

In humans, several X-linked disorders are known in which
heterozygous females have a mosaic phenotype with a mixture
of features of the normal and mutant alleles. In X-linked ocular
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FIGURE 6.13 Segregation of alleles in X-linked recessive inheri-
tance, relating to the offspring of a carrier female. r represents
the mutated allele.

FIGURE 6.14 Boy with Duchenne muscular dystrophy; note the
enlarged calves and wasting of the thigh muscles.
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FIGURE 6.15 Family tree of Duchenne muscular dystrophy with
the disorder being transmitted by carrier females and affecting
males, who do not survive to transmit the disorder.

albinism, the iris and ocular fundus of affected males lack
pigment. Careful examination of the ocular fundus in females
heterozygous for ocular albinism reveals a mosaic pattern of
pigmentation (see Figure 11.1, p. 144). This is explained by
the random process of X-inactivation (p. 122); in the pigmented
areas the normal gene is on the active X chromosome, and
in depigmented areas the mutant allele is on the active X
chromosome.

Females Affected With X-Linked Recessive Disorders

Occasionally a woman might manifest features of an X-linked
recessive trait. There are several explanations for how this can
happen.

Homozygosity for X-Linked Recessive Disorders. A common
X-linked recessive trait is red-green color blindness—the
inability to distinguish between the colors red and green.
Approximately 8% of males are red-green color blind and,
although it is unusual, because of the high frequency of this
allele in the population approximately 1 in 150 women are
red-green color blind by virtue of both parents having the allele
on the X chromosome. Therefore, a female can be affected
with an X-linked recessive disorder as a result of homozygosity
for an X-linked allele, although the rarity of most X-linked
conditions means that the phenomenon is uncommon. A
female could also be homozygous if her father was affected and
her mother was normal, but a new mutation occurred on the
X chromosome transmitted to the daughter; vice versa, it could
happen if her mother was a carrier and her father was normal,
but a new mutation occurred on the X chromosome he trans-
mitted to his daughter—but these scenarios are rare.

Skewed X-Inactivation. The process of X-inactivation (p. 122)
usually occurs randomly, there being an equal chance of either
of the two X chromosomes in a heterozygous female being
inactivated in any one cell. After X-inactivation in embryogen-
esis, therefore, in roughly half the cells one of the X chromo-
somes is active, whereas in the other half it is the other X
chromosome that is active. Sometimes this process is not
random, allowing for the possibility that the active X chromo-
some in most of the cells of a heterozygous female carrier is the
one bearing the mutant allele. If this happens, a carrier female
would exhibit some of the symptoms and signs of the disease and
be a so-called manifesting heterozygote or carrier. This occa-
sionally occurs in Duchenne muscular dystrophy and hemophilia
A, for example (pp. 281, 300). In addition, there are reports of
X-linked disorders in which a number of manifesting carriers
cluster in the same family, consistent with the coincidental
inheritance of an abnormality of X-inactivation (p. 174).
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Numerical X-Chromosome Abnormalities. A female could
manifest an X-linked recessive disorder if she carries an X-linked
recessive mutation and has a single X chromosome (i.e., Turner
syndrome, see p. 240). Women with Turner syndrome and
hemophilia A, or Duchenne muscular dystrophy, have been
reported.

X-Autosome Translocations. Females with a translocation
involving one of the X chromosomes and an autosome can be
affected with an X-linked recessive disorder. If the breakpoint
of the translocation disrupts a gene on the X chromosome, then
a female can be affected. This is because the X chromosome
involved in the translocation survives preferentially so as to
maintain functional disomy of the autosomal genes (Figure
6.16). The observation of females affected with Duchenne
muscular dystrophy, and having X-autosome translocations
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FIGURE 6.16 Generation of an X-autosome translocation with
breakpoint in a female and how this results in the development
of Duchenne muscular dystrophy.
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involving the same region of the short arm of the X, helped to
map the Duchenne muscular dystrophy gene (p. 283).

X-Linked Dominant Inheritance

Although uncommon, there are disorders that are manifest in
the heterozygous female, as well as in the male who has the
mutant allele on his single X chromosome. This is known as
X-linked dominant inheritance (Figure 6.17). Superficially this
resembles an autosomal dominant trait because both the daugh-
ters and sons of an affected female have a 1 in 2 (50%) chance
of being affected. However, in X-linked dominant inheritance
an affected male transmits the trait to all his daughters but to
none of his sons, resulting in an excess of affected females and
no direct male-to-male transmission of the disorder.

X-linked dominant traits include X-linked hypophosphat-
emia, also known as vitamin D-resistant rickets. Rickets can be
due to a dietary deficiency of vitamin D, but in vitamin
D-resistant rickets the disorder occurs even when there is an
adequate dietary intake of vitamin D. In the X-linked dominant
form of vitamin D-resistant rickets, both males and females are
affected with short stature due to short, and often bowed, long
bones, although the females usually have less severe skeletal
changes than males. The X-linked form of Charcot-Marie-Tooth
disease (hereditary motor and sensory neuropathy, p. 275) is
another example.

A mosaic pattern of involvement can be demonstrated in
females heterozygous for some X-linked dominant disorders.
An example is the mosaic pattern of abnormal pigmentation of
the skin that follows developmental lines seen in females
heterozygous for the X-linked dominant disorder incontinentia
pigmenti (Figure 6.18). This is also an example of a disorder
that is usually lethal for male embryos that inherit the mutated
allele. Others include the neurological conditions Rett syn-
drome and periventricular nodular heterotopia due to muta-
tions in FLNA.

Paradoxical X-Linked Inheritance

Recently it has become clear that patients who are hemizygous
for mutations in the X-linked gene PCDH19 demonstrate the
complete reversal of what is expected—males are unaffected
and females are severely affected with a form of early infantile
epileptic encephalopathy (EIEE-type 9). This is totally counter-
intuitive to our understanding of X-linked inheritance and
several possible explanations have been proposed. This includes
the theory that the heterozygous state produces a harmful
effect due to ‘metabolic interference’ between the protein
product of the mutated allele and that of the normal allele,
whereas the mutated allele alone is benign. Another possibility
is that X-inactivation is disturbed by the mutant allele, giving
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FIGURE 6.18 Mosaic pattern of skin pigmentation in a female
with the X-linked dominant disorder, incontinentia pigmenti.
The patient has a mutation in a gene on one of her X chromo-
somes; the pigmented areas indicate tissue in which the normal
X chromosome has been inactivated. This developmental
pattern follows Blaschko’s lines (see Chapter 17, p. 239).

rise in females to ‘functional disomy’ for genes not inactivated.
This parallels the situation in learning disabled, dysmorphic
females with a ring X-chromosome, which is not activated
because there is no functional X-inactivation center.

Y-Linked Inheritance

Y-linked or holandric inheritance implies that only males are
affected. An affected male transmits Y-linked traits to all of his
sons but to none of his daughters. In the past it has been
suggested that bizarre-sounding conditions such as porcupine
skin, hairy ears and webbed toes are Y-linked traits. With the
possible exception of hairy ears, these claims of holandric
inheritance can be dismissed. Evidence clearly indicates,
however, that the H-Y histocompatibility antigen (p. 170) and
genes involved in spermatogenesis are carried on the Y chromo-
some and, therefore, manifest holandric inheritance. The latter,
if deleted, leads to infertility from azoospermia in males. The
recent advent of techniques of assisted reproduction, particu-
larly the technique of intracytoplasmic sperm injection (ICSI),
means that, if a pregnancy with a male conceptus results after
the use of this technique, the child will also necessarily be
infertile.

Partial Sex-Linkage

Partial sex-linkage has been used in the past to account for
certain disorders that appear to exhibit autosomal dominant
inheritance in some families and X-linked inheritance in others.
In fact, this is because of genes present on the tip of Xp which
share homology with the Y chromosome (which escapes
X-inactivation). During meiosis, pairing occurs between the

homologous Xp and Yp chromosomal regions, the so-called
pseudoautosomal region (p. 122; Figure 9.28). As a result of
a meiotic cross-over, a gene could be transferred from the X
to the Y chromosome, or vice versa, allowing the possibility of
male-to-male transmission. The latter instances would be
consistent with autosomal dominant inheritance. A rare skeletal
dysplasia, Leri-Weil dyschondrosteosis, in which affected
individuals have short stature and a characteristic wrist defor-
mity (Madelung deformity), shows both autosomal dominant
and X-linked inheritance, and is due to deletions of, or muta-
tions in, the short stature homeobox (SHOX) gene, located in
the pseudoautosomal region (p. 122).

Sex Influence

Some autosomal traits are expressed more frequently in one
sex than in another—so-called sex influence. In males, gout
and presenile baldness are examples of sex-influenced autoso-
mal dominant traits, probably through the effect of male hor-
mones. Gout is very rare in women before the menopause but
more frequent later; baldness does not occur in males who have
been castrated. In hemochromatosis (p. 267), the most
common autosomal recessive disorder in Western society,
homozygous females are much less likely than homozygous
males to develop iron overload and associated symptoms; the
explanation usually given is that women have a form of natural
blood loss through menstruation.

Sex Limitation

Sex limitation refers to the appearance of certain features only
in individuals of a particular sex. Examples include virilization
of female infants affected with the autosomal recessive endo-
crine disorder, congenital adrenal hyperplasia (p. 261).

Establishing the Mode of Inheritance of a
Genetic Disorder

In human and clinical genetics, when a likely genetic condition
is being assessed, the geneticist relies heavily on pedigree
information, and subsequently molecular genetic testing, to try
and establish the inheritance pattern. This is not necessarily
straightforward with a single family and may be greatly helped
by studying several families with the same condition or pheno-
type (Box 6.1).

Autosomal Dominant Inheritance

Three specific features are looked for: (1) the condition affects
both males and females in equal proportions; (2) it is transmit-
ted from one generation to the next; (3) all forms of transmis-
sion between the sexes are observed (i.e., male to male, female
to female, male to female, and female to male). Male-to-male
transmission excludes the possibility of the gene being on the
X chromosome.

Autosomal Recessive Inheritance

Again, three features suggest the possibility of autosomal reces-
sive inheritance: (1) the disorder affects males and females
in equal proportions; (2) it usually affects only individuals
in one generation in a single sibship (i.e., brothers and sisters)
and does not occur in previous and subsequent generations;
(3) consanguinity in the parents provides further support.

X-Linked Recessive Inheritance

Three main features are necessary to establish X-linked reces-
sive inheritance: (1) the trait or disorder should affect males
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Box 6.1 Features That Support the
Single-Gene or Mendelian
Patterns of Inheritance

Autosomal Dominant

Males and females affected in equal proportions

Affected individuals in multiple generations

Transmission by individuals of both sexes (i.e., male to male,
female to female, male to female, and female to male)

Autosomal Recessives

Males and females affected in equal proportions

Affected individuals usually in only a single generation

Parents can be related (i.e., consanguineous)

X-Linked Recessive

Only males usually affected

Transmitted through unaffected females

Males cannot transmit the disorder to their sons (i.e., no
male-to-male transmission)

X-Linked Dominant

Males and females affected but often an excess of females

Females less severely affected than males

Affected males can transmit the disorder to their daughters but
not to sons

Y-Linked Inheritance

Affected males only

Affected males must transmit it to their sons

almost exclusively; (2) the disorder is transmitted through
unaffected carrier females to their sons, and affected males, if
they survive to reproduce, can have affected grandsons through
their daughters who are obligate carriers; (3) male-to-male
transmission is not observed.

X-Linked Dominant Inheritance

Again, three key features: (1) males and females are affected
but there are more affected females than males; (2) females
are usually less severely affected than males; (3) although
affected females can transmit the disorder to both male and
female offspring, affected males transmit the disorder only to
their daughters (except in partial sex-linkage; see p. 74), all of
whom will be affected. In the case of X-linked dominant dis-
orders that are almost invariably lethal in male embryos (e.g.,
incontinentia pigmenti; see pp. 73-74), only females will be
affected and families may show an excess of females over males
as well as a number of male gender miscarriages.

Y-Linked Inheritance

Here, two features help to establish Y-linked inheritance: (1)
it affects only males; (2) affected males must transmit the
disorder only to their sons.

Multiple Alleles and Complex Traits

So far, we have considered traits involving only two alleles—the
normal, and the mutant, or variant. However, some traits and
diseases are neither monogenic nor polygenic. Some genes have
more than two allelic forms (i.e., multiple alleles). Multiple
alleles are the result of a normal gene having mutated to
produce various different alleles, some of which can be domi-
nant and others recessive to the normal allele. In the ABO
blood group system (p. 174) there are at least four alleles (A,
A,, B, and O). An individual can possess any two of these
alleles, which may be the same or different (AO, A,;B, OO, and
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so on). Alleles are carried on homologous chromosomes and
therefore a person transmits only one allele for a certain trait
to any particular offspring. For example, a person with the
genotype AB will transmit either the A allele or the B allele to
offspring, but never both (Table 6.1). This relates only to
autosomal genes, not those on the X chromosome, where males
have only one allele to transmit.

Modern genome-wide scanning techniques, whole exome
and whole genome sequencing, are making it possible to inves-
tigate so-called complex traits—conditions that are usually
much more common than mendelian disorders and likely to be
due to the interaction of more than one gene. The effects may
be additive, one may be rate limiting over the action of another,
or one may enhance or multiply the effect of another (see
Chapter 10). The possibility of a small number of gene loci
being implicated in some disorders has given rise to the concept
of oligogenic inheritance, examples of which include the
following.

Digenic Inheritance

This refers to the situation where a disorder has been shown
to be due to the additive effects of heterozygous mutations at
two different gene loci. This is seen in certain transgenic mice.
Mice that are homozygotes for rv (rib-vertebrae) or DIlI
(Delta-like-1) manifest abnormal phenotypes, whereas their
respective heterozygotes are normal. However, mice that are
double heterozygotes for rv and DIl show vertebral defects.
In humans, one form of retinitis pigmentosa, a disorder of
progressive visual impairment, is caused by double heterozygos-
ity for mutations in two unlinked genes, ROMI and PRPH2
(Peripherin), which both encode proteins present in photore-
ceptors. Individuals with only one of these mutations are not
affected. In the field of inherited cardiac arrhythmias and
cardiomyopathies (p. 290), it is becoming clear that digenic
inheritance may be essential to causing the phenotype, thus
complicating genetic counseling. Inherited deafness, Bardet-
Biedl syndrome, and Joubert syndrome are all further examples
of a growing list of conditions sometimes demonstrating digenic
inheritance.

Other patterns of inheritance that are not classically men-
delian are also recognized and explain some unusual
phenomena.

Anticipation

In some autosomal dominant traits or disorders, such as myo-
tonic dystrophy, the onset of the disease occurs at an earlier

Table 6.1 Possible Genotypes, Phenotypes, and

Gametes Formed From the Four Alleles A,, A,, B,
and O at the ABO Locus

Genotype Phenotype Gametes
A1A1 A1 A1

AA; A, A,

BB B B

(0]0] (6] @)

AA, A A, or A,
A]B A]B A-| or B
A1O A1 A1 or O
A,B A,B A, orB
Azo AZ AZ or O
BO B BorO
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age in the offspring than in the parents, or the disease occurs
with increasing severity in subsequent generations. This is
called anticipation. Prior to the modern era many believed this
observation was due to bias of ascertainment, i.e. the way
families were collected. It was argued that persons in whom
the disease begins earlier, or is more severe, are more likely to
be ascertained, and only those individuals who are less severely
affected tend to have children. In addition, it was thought that,
because the observer is in the same generation as the affected
presenting probands, many individuals who at present are unaf-
fected will, by necessity, develop the disease later in life.

However, anticipation was shown to have a real biological
basis, occurring as a result of the expansion of unstable triplet
repeat sequences (p. 18). An expansion of the CTG triplet
repeat in the 3 untranslated end of the myotonic dystrophy
gene, occurring predominantly in maternal meiosis, appears to
be the explanation for the severe neonatal form of myotonic
dystrophy that usually only occurs when the gene is transmit-
ted by the mother (Figure 6.19). Fragile X syndrome (CGG
repeats) (p. 241) behaves in a similar way, with major instabil-
ity in the expansion occurring during maternal meiosis. A
similar expansion—in this case CAG repeats—in the 5" end of
the Huntington disease gene (Figure 6.20) in paternal meiosis
accounts for the increased risk of early onset Huntington
disease, occasionally in childhood or adolescence, when the
gene is transmitted by the father. The inherited spinocerebellar
ataxia group of conditions (p. 274) is another example.

Mosaicism

An individual, or a particular tissue of the body, can consist of
more than one cell type or line, through an error occurring
during mitosis at any stage after conception. This is known as
mosaicism (p. 40). Mosaicism of either somatic tissues or germ
cells can account for some instances of unusual patterns of
inheritance or phenotypic features in an affected individual.

FIGURE 6.19 Newborn baby with severe hypotonia requiring
ventilation as a result of having inherited myotonic dystrophy
from his mother.
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FIGURE 6.20 Silver staining of a 5% denaturing gel of the
polymerase chain reaction products of the CAG triplet in the
coding sequence of the Huntingtin (HTT) gene from an affected
male and his wife, showing her to have two similar-sized repeats
in the normal range (20 and 24 copies) and him to have one
normal-sized triplet repeat (18 copies) and an expanded triplet
repeat (44 copies). The bands in the left lane are standard
markers to allow sizing of the CAG repeat. (Courtesy Alan Dodge,
Regional DNA Laboratory, St. Mary’s Hospital, Manchester, UK.)

Somatic Mosaicism

The possibility of somatic mosaicism is suggested by the fea-
tures of a single-gene disorder being less severe in an individual
than is usual, or by being confined to a particular part of the
body in a segmental distribution; for example, as occurs occa-
sionally in neurofibromatosis type I (p. 278). The timing of the
mutation event in early development may determine whether
it is transmitted to the next generation with full expression—
this will depend on the mutation being present in all or some
of the gonadal tissue, and hence germline cells.

Gonadal Mosaicism

There have been many reports of families with autosomal
dominant disorders, such as achondroplasia and osteogenesis
imperfecta, and X-linked recessive disorders, such as Duchenne
muscular dystrophy and hemophilia, in which the parents are
phenotypically normal, and the results of genetic tests also
normal, but in which more than one of their children has been
affected. The most favored explanation for these observations
is gonadal, or germline, mosaicism in one of the parents, i.e.,
the mutation is present in a proportion of the gonadal or
germline cells. An elegant example of this was provided by the
demonstration of a mutation in the collagen gene responsible
for osteogenesis imperfecta in a proportion of individual sperm
from a clinically normal father who had two affected infants
with different partners. It is important to keep germline
mosaicism in mind when providing recurrence risks in genetic
counseling for apparently new autosomal dominant and
X-linked recessive mutations.
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Uniparental Disomy

An individual normally inherits one of a pair of homologous
chromosomes from each parent. Occasionally, however, indi-
viduals inherit both homologs of a chromosome pair from only
one parent, so-called uniparental disomy (UPD). If an indi-
vidual inherits two copies of the same homolog from one
parent, through an error in meiosis II (p. 32), this is called
uniparental isodisomy (Figure 6.21). If, however, the individual
inherits the two different homologs from one parent through
an error in meiosis I (p. 30), this is termed uniparental het-
erodisomy. In either instance, it is presumed that the conceptus
would originally be trisomic, with early loss of a chromosome
leading to the ‘normal’ disomic state. One-third of such chro-
mosome losses, if they occurred with equal frequency, would
result in UPD. Alternatively, it is postulated that UPD could
arise as a result of a gamete from one parent that does not
contain a particular chromosome homolog (i.e., a gamete that
is nullisomic), being ‘rescued’ by fertilization with a gamete
that, through a second separate chance error in meiosis, is
disomic.

UPD has been shown to be the cause of a father with
hemophilia having an affected son, and of a child with cystic
fibrosis being born to a couple in which only the mother was a
carrier (with proven paternity). UPD for chromosome 15 gives
rise to either Prader-Willi syndrome (maternal UPD) or Angel-
man syndrome (paternal UPD), and paternal UPD for chromo-
some 11 is one of the causes of the overgrowth condition
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known as the Beckwith-Wiedemann syndrome (see the follow-
ing section).

Genomic Imprinting

Genomic imprinting is an epigenetic phenomenon, referred to
in Chapter 9 (p. 121). Epigenetics and genomic imprinting
give the lie to Thomas Morgan’s quotation at the start of
this chapter! Although it was originally thought that genes on
homologous chromosomes were expressed equally, it is now
recognized that different clinical features can result, depending
on whether a gene is inherited from the father or from the
mother. This ‘parent of origin’ effect is referred to as genomic
imprinting, and methylation of DNA is the main mechanism
by which expression is modified. Methylation is the imprint
applied to certain DNA sequences in their passage through
gametogenesis, although only a small proportion of the human
genome is in fact subject to this process. The differential allele
expression (i.e., maternal or paternal) may occur in all somatic
cells, or in specific tissues or stages of development. Thus far,
at least 80 human genes are known to be imprinted and the
regions involved are known as differentially methylated regions
(DMRs). These DMRs include imprinting control regions
(ICRs) that control gene expression across imprinted domains.

Evidence of genomic imprinting has been observed in two
pairs of well-known dysmorphic syndromes: Prader-Willi and
Angelman syndromes (chromosome 15q), and Beckwith-
Wiedemann and Russell-Silver syndromes (chromosome 11p).
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FIGURE 6.21 Mechanism of origin of uniparental disomy. A, Uniparental isodisomy occurring through a disomic gamete arising
from non-disjunction in meiosis Il fertilizing a monosomic gamete with loss of the chromosome from the parent contributing the
single homolog. B, Uniparental heterodisomy occurring through a disomic gamete arising from non-disjunction in meiosis | fertilizing
a monosomic gamete with loss of the chromosome from the parent contributing the single homolog.
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FIGURE 6.22 Female child with Prader-Willi syndrome.

The mechanisms giving rise to these conditions, although
complex, reveal much about imprinting and will therefore now
be considered in a little detail.

Prader-Willi Syndrome

Prader-Willi syndrome (PWS) (p. 244) occurs in approximately
1 in 20,000 births and is characterized by short stature, obesity,
hypogonadism, and learning difficulty (Figure 6.22). Fifty to
sixty percent of individuals with PWS can be shown to have
an approximate 2 Mb interstitial deletion of the proximal
region of chromosome 15ql1-ql3, visible by conventional
cytogenetic means, and in a further 15% a submicroscopic
deletion can be demonstrated by fluorescent in-situ hybridiza-
tion (see p. 27) or molecular means. DNA analysis has revealed
that the chromosome deleted is almost always the paternally
derived homolog. Most of the remaining 25% to 30% of indi-
viduals with PWS, without a chromosome deletion, have been
shown to have maternal uniparental disomy. Functionally, this

is equivalent to a deletion in the paternally derived chromo-
some 15.

It is now known that only the paternally inherited allele of
this critical region of 15q11-q13 is expressed. The molecular
organization of the region is shown in Figure 6.23. PWS is a
multigene disorder and in the normal situation the small
nuclear ribonucleoprotein polypeptide N (SNRPN) and adja-
cent genes (MKRN 3, etc.) are paternally expressed. Expression
is under the control of a specific ICR. Analysis of DNA from
patients with PWS and various submicroscopic deletions
enabled the ICR to be mapped to a segment of approximately
4 kb, spanning the first exon and promoter of SNRPN and
upstream reading frame (SNURF). The 3" end of the ICR is
required for expression of the paternally expressed genes and
also the origin of the long SNURF/SNRPN transcript. The
maternally expressed genes are not differentially methylated
but they are silenced on the paternal allele, probably by an
antisense RNA generated from SNURF/SNRPN. In normal
cells, the 5" end of the ICR, needed for maternal expression
and involved in Angelman syndrome (see hereafter), is methyl-
ated on the maternal allele.

Angelman Syndrome

Angelman syndrome (AS) (p. 244) occurs in approximately 1
in 15,000 births and is characterized by epilepsy, severe learn-
ing difficulties, an unsteady or ataxic gait, and a happy affect
(Figure 6.24). Approximately 70% of individuals with AS have
been shown to have an interstitial deletion of the same 15q11-
ql3 region as is involved in PWS, but in this case on the
maternally derived homolog. In a further 5% of individuals
with AS, the syndrome can be shown to have arisen through
paternal uniparental disomy. Unlike PWS, the features of AS
arise through loss of a single gene, UBE3A. In up to 10% of
individuals with AS, mutations have been identified in UBE3A,
a ubiquitin ligase gene, which appears to be preferentially or
exclusively expressed from the maternally derived chromo-
some 15 in brain. How mutations in UBE3A lead to the features
seen in persons with AS is not clear, but could involve ubiquitin-
mediated destruction of proteins in the central nervous system
in development, particularly where UBE3A is expressed most
strongly, namely the hippocampus and Purkinje cells of the
cerebellum. UBE3A is under control of the AS ICR (see Figure
6.23), which was mapped slightly upstream of SNURF/SNRPN

Paternal allele

Centromere - Telomere
- PWS ICR -
UBE3A
Antisense
5 ﬂlﬂl — 3
SNURF/SNRPN UBE3A

( ‘ )
MKRN3 NDN

MAGE-L2  ASICR

Maternal allele

FIGURE 6.23 Molecular organization (simplified) at 15q11-q13: Prader-Willi syndrome (PWS) and Angelman syndrome (AS). The
imprinting control region (ICR) for this locus has two components. The more telomeric acts as the PWS ICR and contains the promoter
of SNURF/SNRPN. SNURF/SNRPN produces several long and complex transcripts, one of which is believed to be an RNA antisense
inhibitor of UBE3A. The more centromeric ICR acts as the AS ICR on UBE3A, which is the only gene whose maternal expression is
lost in AS. The AS ICR also inhibits the PWS ICR on the maternal allele. The PWS ICR also acts on the upstream genes MKRN3,
MAGE-L2, and NDN, which are unmethylated (o) on the paternal allele but methylated (e) on the maternal allele.
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through analysis of patients with AS who had various different
microdeletions.

Approximately 2% of individuals with PWS, and approxi-
mately 5% of those with AS, have abnormalities of the ICR
itself; these patients tend to show the mildest phenotypes.
Patients in this last group, unlike the other three, have a risk
of recurrence. In the case of AS, if the mother carries the same
mutation as the child, the recurrence risk is 50%, but even if
she tests negative for the mutation, there is an appreciable
recurrence risk from gonadal mosaicism.

Rare families have been reported in which a translocation
of the proximal portion of the long arm of chromosome 15 is
segregating. Depending on whether the translocation is trans-
mitted by the father or mother, affected offspring within the
family have had either PWS or AS. In approximately 10% of
AS cases the molecular defect is unknown—but it may well be
that some of these alleged cases have a different, albeit pheno-
typically similar, diagnosis.

In most laboratories a simple DNA test is used to diagnose
both PWS and AS, exploiting the differential DNA methyla-
tion characteristics at the 15q11-q13 locus (Figure 6.25).

Beckwith-Wiedemann Syndrome

Beckwith-Wiedemann syndrome (BWS) is a clinically hetero-
geneous condition whose main underlying characteristic is
overgrowth. First described in 1963 and 1964, the main fea-
tures are macrosomia (prenatal and/or postnatal overgrowth),
macroglossia (large tongue), abdominal wall defect (omphalo-
cele, umbilical hernia, diastasis recti), and neonatal hypoglyce-
mia (Figure 6.26). Hemihyperplasia may be present, as well
as visceromegaly, renal abnormalities, ear anomalies (anterior
earlobe creases, posterior helical pits) and cleft palate, and
there may be embryonal tumors (particularly Wilms tumor).
BWS is known for the multiple different (and complex)
molecular mechanisms that underlie it. Genomic imprinting,
somatic mosaicism, and multiple genes are involved, all within
a1 Mb region at chromosome 11p15 (Figure 6.27). Within this
region lie two independently regulated imprinted domains. The
more telomeric (differentially methylated region 1 [DMRI1]
under control of ICR1) contains paternally expressed IGF2
(insulin growth factor 2) and maternally expressed HI19. The

s #

FIGURE 6.24 A & B, Two young girls with Angelman syndrome. €, Adult male with Angelman syndrome.
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more centromeric imprinted domain (DMR2, under control of
ICR2) contains the maternally expressed KCNQI (previously
known as KvLQTI) and CDKNIC genes, and the paternally
expressed antisense transcript KCNQI1OT1, the promoter for
which is located within the KCNQI gene.

Disruption to the normal regulation of methylation can give
rise to altered gene expression dosage and, consequentially,
features of BWS. In DMR1, gain of methylation on the mater-
nal allele leads to loss of H19 expression and biallelic IGF2
expression (i.e., effectively two copies of the paternal epigeno-
type). This occurs in up to 7% of BWS cases and is usually

4.2 kb Maternal band

0.9 kb Paternal band

FIGURE 6.25 Southern blot to detect methylations of SNRPN.
DNA digested with Xba I and Not | was probed with KB17, which
hybridizes to a CpG island within exon a of SNRPN. Patient 1
has Prader-Willi syndrome, patient 2 has Angelman syndrome,
and patients 3 and 4 are unaffected. (Courtesy A. Gardner,
Department of Molecular Genetics, Southmead Hospital, Bristol.)
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FIGURE 6.26 Baby girl with Beckwith-Wiedemann syndrome.
Note the large tongue and umbilical hernia.

sporadic. In DMR2, loss of methylation results in two copies
of the paternal epigenotype and a reduction in expression of
CDKNIC; this mechanism is implicated in 50% to 60% of
sporadic BWS cases. CDKNI1C may be a growth inhibitory
gene and mutations have been found in 5% to 10% of cases of
BWS. Approximately 15% of BWS cases are familial, and
CDKN1C mutations are found in approximately half of these.
In addition to imprinting errors in DMR1 and DMR2, other
mechanisms may account for BWS: (1) paternally derived
duplications of chromosome 11pl15.5 (these cases were the
first to identify the BWS locus); (2) paternal uniparental
disomy for chromosome 11—invariably present in mosaic
form—often associated with neonatal hypoglycemia and hemi-
hypertrophy, and associated with the highest risk (approxi-
mately 25%) of embryonal tumors, particularly Wilms tumor;
and (3) maternally inherited balanced translocations involving
rearrangements of 11p15.

T DMR2 1 Paternal allele

Centromere

Russell-Silver Syndrome

This well-known condition has ‘opposite’ characteristics to
BWS by virtue of marked prenatal and postnatal growth retar-
dation. The head circumference is relatively normal, the face
rather small and triangular, giving rise to a ‘pseudohydroce-
phalic’ appearance (Figure 6.28), and there may be body
asymmetry. Approximately 10% of cases appear to be due to
maternal uniparental disomy, indicating that this chromosome
is subject to imprinting. In contrast to paternally derived
duplications of 11p15, which give rise to overgrowth and BWS,
maternally derived duplications of this region are associated
with growth retardation. Recently it has been shown that
approximately one third of Russell-Silver syndrome (RSS)
cases are due to abnormalities of imprinting at the 11p15.5
locus. Whereas hypermethylation of DMRI1 leads to upregu-
lated IGF2 and overgrowth, hypomethylation of H19 leads to
downregulated IGF2, the opposite molecular and biochemical
consequence, and these patients have features of RSS. Interest-
ingly, in contrast to BWS, there are no cases of RSS with altered
methylation of the more centromeric DMR2 region.

Mitochondrial Inheritance

Each cell contains thousands of copies of mitochondrial DNA
with more being found in cells that have high energy require-
ments, such as brain and muscle. Mitochondria, and therefore
their DNA, are inherited almost exclusively from the mother
through the oocyte (p. 32). Mitochondrial DNA has a higher
rate of spontaneous mutation than nuclear DNA, and the
accumulation of mutations in mitochondrial DNA has been
proposed as being responsible for some of the somatic effects
seen with aging.

In humans, cytoplasmic or mitochondrial inheritance
explains the pattern of inheritance observed in some rare dis-
orders that affect both males and females but are transmitted
only through females, so-called maternal or matrilineal inheri-
tance (Figure 6.29).

A number of rare disorders with unusual combinations of
neurological and myopathic features, sometimes occurring in
association with other conditions such as cardiomyopathy and
conduction defects, diabetes, or deafness, have been character-
ized as being due to mutations in mitochondrial genes (p. 269).
Because mitochondria are crucial to cellular metabolism

DMR1 ]
ICR1 Telomere
)
Enhancer

KCNQ10T1

Maternal allele

FIGURE 6.27 Molecular organization (simplified) at 11p15.5: Beckwith-Wiedemann and Russell-Silver syndromes. The region contains
two imprinted domains (DMR1 and DMR2) that are regulated independently. The ICRs are differentially methylated (e methylated;
o unmethylated). CCCTC-binding factor (CTCF) binds to the unmethylated alleles of both ICRs. In DMR1, coordinated regulation
leads to expression of /GF2 only on the paternal allele and H79 expression only on the maternal allele. In DMR2, coordinated regula-
tion leads to maternal expression of KCNQ1 and CDKN1C (plus other genes), and paternal expression of KCNQ1OTT (a non-coding
RNA with antisense transcription to KCNQT). Angled black arrows show the direction of the transcripts.
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FIGURE 6.28 Girl with Russell-Silver syndrome. Note the
bossed forehead, triangular face, and ‘pseudohydrocephalic’
appearance.

through oxidative phosphorylation, it is not surprising that the
organs most susceptible to mitochondrial mutations are the
central nervous system, skeletal muscle and heart.

In most persons, the mitochondrial DNA from different
mitochondria is identical, or shows what is termed homo-
plasmy. If a mutation occurs in the mitochondrial DNA of an
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No disease
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FIGURE 6.29 Family tree consistent with mitochondrial
inheritance.

individual, initially there will be two populations of mitochon-
drial DNA, so-called heteroplasmy. The proportion of mito-
chondria with a mutation in their DNA varies between cells
and tissues, and this, together with mutational heterogeneity,
explains the range of phenotypic severity seen in persons
affected with mitochondrial disorders (Figure 6.30).

Whilst matrilineal inheritance applies to disorders that are
directly due to mutations in mitochondrial DNA, it is also
important to appreciate that mitochondrial proteins are
encoded mainly by nuclear genes. Mutations in these genes can
have a devastating impact on respiratory chain functions within
mitochondria. Examples include genes encoding proteins
within the cytochrome ¢ (COX) system, for example SURFI,
which follow autosomal recessive inheritance, and the G4.5
(TAZ) gene that is X-linked and causes Barth syndrome (endo-
cardial fibroelastosis) in males. Mitochondrial myopathy fol-
lowing autosomal dominant inheritance, in which multiple
mitochondrial DNA deletions can be detected, may be caused
by mutations in POLG genes. Further discussion of mitochon-
drial disorders can be found in Chapter 18 (p. 269).

()
QD

No disease
S %Q

Severe disease

FIGURE 6.30 Progressive effects of heteroplasmy on the clinical severity of disease from mutations in the mitochondrial genome.
Low proportions of mutant mitochondria are tolerated well, but as the proportion increases different thresholds for cellular, and
hence tissue, dysfunction are breached (mauve circle represents the cell nucleus).
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1 Family studies are usually necessary to determine the mode
of inheritance of a trait or disorder and to give appropriate
genetic counseling. A standard shorthand convention exists
for pedigree documentation of the family history.

2 Mendelian, or single-gene, disorders can be inherited in
five ways: autosomal dominant, autosomal recessive,
X-linked dominant, X-linked recessive and, rarely, Y-linked
inheritance.

3 Autosomal dominant alleles are manifest in the
heterozygous state and are usually transmitted from one
generation to the next but also arise as a new mutation.
They usually affect both males and females equally. Each
offspring of a parent with an autosomal dominant gene has
a 1in 2 chance of inheriting it from the affected parent.
Autosomal dominant alleles can exhibit reduced
penetrance, variable expressivity, and sex limitation.

4 Autosomal recessive disorders are manifest only in the
homozygous state and normally only affect individuals in
one generation, usually in one sibship in a family. They
affect both males and females equally. Offspring of parents
who are heterozygous for the same autosomal recessive

Heinig, R.M., 2000. The monk in the garden: the lost and found genius
of Gregor Mendel. Houghton Mifflin, London.
The life and work of Gregor Mendel as the history of the birth of
genetics.
Kingston, H.M., 1994. An ABC of clinical genetics, second ed. British
Medical Association, London.
A simple outline primer of the basic principles of clinical genetics.
Reik, W,, Surami, A. (Eds.), 1997. Genomic imprinting (frontiers in
molecular biology). IRL Press, London.
Detailed discussion of examples and mechanisms of genomic
imprinting.
Schiffer, A.A., 2013. Digenic inheritance in medical genetics. J. Med.
Genet. 50, 641-652.

allele have a 1 in 4 chance of being homozygous for that
allele. The less common an autosomal recessive allele, the
greater the likelihood that the parents of a homozygote are
consanguineous.

5 X-linked recessive alleles are normally manifest only in males.
Offspring of females heterozygous for an X-linked recessive
allele have a 1 in 2 chance of inheriting the allele from their
mother. Daughters of males with an X-linked recessive allele
are obligate heterozygotes but sons cannot inherit the allele.
Rarely, females manifest an X-linked recessive trait because
they are homozygous for the allele, have a single X
chromosome, have a structural rearrangement of one of their
X chromosomes, or are heterozygous but show skewed or
non-random X-inactivation.

6 Some disorders are inherited in an X-linked dominant
manner. In X-linked dominant disorders, hemizygous males
are usually more severely affected than heterozygous females.

7 Unusual features in single-gene patterns of inheritance can
be explained by phenomena such as genetic heterogeneity,
mosaicism, anticipation, imprinting, uniparental disomy, and
mitochondrial inheritance.
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In this chapter some of the more mathematical aspects of gene

inheritance are considered, together with how genes are distrib-

uted and maintained at particular frequencies in populations.

This subject constitutes what is known as population genetics.

Genetics lends itself to a numerical approach, with many of the

most influential and pioneering figures in human genetics having

come from a mathematical background, attracted by the chal-

lenges of trying to determine the frequencies of genes in popula-

tions and the rates at which they mutate. This still has relevance

for clinical genetics, particularly genetic risk counseling, and by

the end of this chapter it is hoped that the reader will have

gained an understanding of the following.

1. Why a dominant trait does not increase in a population at
the expense of a recessive one.

2. How the carrier frequency and mutation rate can be deter-
mined from the disease incidence.

3. Why a particular genetic disorder can be more common in
one population or community than another.

4. How it can be confirmed that a genetic disorder shows a
particular pattern of inheritance.

5. The concept of genetic linkage and how this differs from
linkage disequilibrium.

6. The potential effects of medical intervention on gene
frequencies.

Allele Frequencies in Populations

On first reflection, it would be reasonable to predict that
dominant genes and traits in a population would tend to
increase at the expense of recessive ones. On average, three-
quarters of the offspring of two heterozygotes will manifest the
dominant trait, but only one-quarter will have the recessive
trait. It might be thought, therefore, that eventually almost
everyone in the population would have the dominant trait.
However, it can be shown that in a large randomly mating
population, in which there is no disturbance by outside influ-
ences, dominant traits do not increase at the expense of reces-
sive ones. In fact, in such a population, the relative proportions
of the different genotypes (and phenotypes) remain constant
from one generation to another. This is known as the Hardy-
Weinberg principle, proposed independently by the English
mathematician, G. H. Hardy, and a German physician, W.
Weinberg, in 1908, and it remains important.

The Hardy-Weinberg Principle

Consider an ‘ideal’ population in which there is an autosomal
locus with two alleles, A and a, that have frequencies of p and
q, respectively. These are the only alleles found at this locus,
so that p + q = 100%, or 1. The frequency of each genotype in
the population can be determined by construction of a Punnett
square, which shows how the different genes can combine
(Figure 7.1).

Chapter 7

Population and
Mathematical Genetics

Do not worry about your difficulties in
mathematics. | can assure you mine are
still greater.

ALBERT EINSTEIN

From Figure 7.1, it can be seen that the frequencies of the
different genotypes are:

Genotype Phenotype Frequency
AA A p?

Aa A 2pq

Aa A q?

If there is random mating of sperm and ova, the frequencies
of the different genotypes in the first generation will be as
shown. If these individuals mate with one another to produce
a second generation, a Punnett square can again be used to
show the different matings and their frequencies (Figure 7.2).
From Figure 7.2 the total frequency for each genotype in
the second generation can be derived (Table 7.1). This shows
that the relative frequency or proportion of each genotype is
the same in the second generation as in the first. In fact, no
matter how many generations are studied, the relative frequen-
cies will remain constant. The actual numbers of individuals
with each genotype will change as the population size increases
or decreases, but their relative frequencies or proportions
remain constant—the fundamental tenet of the Hardy-Weinberg
principle. When epidemiological studies confirm that the rela-
tive proportions of each genotype remain constant with fre-
quencies of p?, 2pq, and g2, then that population is said to be
in Hardy-Weinberg equilibrium for that particular genotype.

Male gametes
(A ) (a)
\\"7\6’/
2| A AA Aa
2| (p) ®9) | (pq)
é a Aa aa
1 (9 (pq) @

FIGURE 7.1 Punnett square showing allele frequencies and
resulting genotype frequencies for a two-allele system in the first
generation.
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FIGURE 7.2 Punnett square showing frequencies of the different
matings in the second generation.

Factors That Can Disturb

Hardy-Weinberg Equilibrium

So far, this relates to an ‘ideal’ population. By definition such a
population is large and shows random mating with no new
mutations and no selection for or against any particular genotype.
For some human characteristics, such as neutral genes for blood
groups or enzyme variants, these criteria can be fulfilled.
However, several factors can disturb Hardy-Weinberg equilib-
rium, either by influencing the distribution of genes in the popu-
lation or by altering the gene frequencies. These factors include:
1. Non-random mating

Mutation

Selection

Small population size

Gene flow (migration).

DR WwWN

Non-Random Mating

Random mating, or panmixis, refers to the selection of a
partner regardless of that partner’s genotype. Non-random
mating can lead to an increase in the frequency of affected
homozygotes by two mechanisms, either assortative mating or
consanguinity.

Assortative Mating

This is the tendency for human beings to choose partners who
share characteristics such as height, intelligence, and racial
origin. If assortative mating extends to conditions such as

autosomal recessive (AR) deafness, which accounts for a large
proportion of all congenital hearing loss, this will lead to a small
increase in the relative frequency of affected homozygotes.

Consanguinity

Consanguinity is the term used to describe childbearing
between blood relatives who have at least one common ances-
tor no more remote than a great-great-grandparent. Widespread
consanguinity in a community will lead to a relative increase in
the frequency of affected homozygotes but a relative decrease
in the frequency of heterozygotes.

Mutation

The validity of the Hardy-Weinberg principle is based on the
assumption that no new mutations occur. If a particular locus
shows a high mutation rate, then there will be a steady increase
in the proportion of mutant alleles in a population. In practice,
mutations do occur at almost all loci, albeit at different rates,
but the effect of their introduction is usually balanced by the
loss of mutant alleles due to reduced fitness of affected indi-
viduals. If a population is found to be in Hardy-Weinberg
equilibrium, it is generally assumed that these two opposing
factors have roughly equal effects—discussed further in the
section that follows on the estimation of mutation rates.

Selection

In the ‘ideal’ population there is no selection for or against any
particular genotype. In reality, for deleterious characteristics
there is likely to be negative selection, with affected individuals
having reduced reproductive (= biological = ‘genetic’) fitness.
This implies that they do not have as many offspring as unaf-
fected members of the population. In the absence of new
mutations, this reduction in fitness will lead to a gradual reduc-
tion in the frequency of the mutant gene, and hence disturbance
of Hardy-Weinberg equilibrium.

Selection can act in the opposite direction by increasing
fitness. For some AR disorders there is evidence that hetero-
zygotes show a slight increase in biological fitness compared
with unaffected homozygotes—referred to as heterozygote
advantage. The best understood example is sickle-cell disease,
in which affected homozygotes have severe anemia and often
show persistent ill-health (p. 158). However, heterozygotes are
relatively immune to infection with Plasmodium falciparum
malaria because their red blood cells undergo sickling and are
rapidly destroyed when invaded by the parasite. In areas where
this form of malaria is endemic, carriers of sickle-cell anemia
(sickle cell trait), have a biological advantage compared with
unaffected homozygotes. Therefore, in these regions the

Table 7.1 Frequency of the Various Types of Offspring From the Matings Shown in

Frequency of Offspring

Mating Type Frequency AA Aa aa

AA x AA p* p* — —

AA x Aa 4p’q 2p’q 2pq —

Aa x Aa 4p2q2 p2q2 ZquZ quZ

AA X aa 2p’qg’ — 2pq? —

Aa x aa 4pq? — 2pq? 2pq’

aa x aa q* — — K

Total P*(p* + 2pq + q°) 2pq(p® + 2pq + q°) 9*(p* + 2pq + )
Relative frequency p? 2pq q?
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proportion of heterozygotes tends to increase relative to the
proportions of normal and affected homozygotes, and Hardy-
Weinberg equilibrium is disturbed.

Small Population Size

In a large population, the numbers of children produced by
individuals with different genotypes, assuming no alteration in
fitness for any particular genotype, will tend to balance out, so
that gene frequencies remain stable. However, in a small popu-
lation it is possible that by random statistical fluctuation one
allele could be transmitted to a high proportion of offspring by
chance, resulting in changes in allele frequency from one gen-
eration to the next, resulting in Hardy-Weinberg disequilibrium.
This is known as random genetic drift. In extreme cases one
allele may be lost altogether, and the other ‘fixed’ (Figure 7.3).

Gene Flow (Migration)

If new alleles are introduced into a population through migra-
tion and intermarriage, a change will occur in the relevant allele
frequencies. This slow diffusion of alleles across racial or geo-
graphical boundaries is known as gene flow. The most widely
quoted example is the gradient shown by the incidence of the
B blood group allele throughout the world (Figure 7.4), which
is thought to have originated in Asia and spread slowly west-
ward from admixture through invasion.

Validity of Hardy-Weinberg Equilibrium

It is relatively simple to establish whether a population is in
Hardy-Weinberg equilibrium for a particular trait if all possible
genotypes can be identified. Consider a system with two alleles,
A and a, with three resulting genotypes, AA, Aa/aA, and aa.
Among 1000 individuals selected at random, the following
genotype distributions are observed:

Frequency (%)
0-5
5-10

10-15

15-20

20-25

25-30
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FIGURE 7.3 Possible effects of random genetic drift in large and
small populations.

FIGURE 7.4 Distribution of blood group B throughout the world. (From Mourant AE, Kopéc AC, Domaniewska-Sobczak K 1976 The
distribution of the human blood groups and other polymorphisms, 2nd ed. London: Oxford University Press, with permission.)
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AA 800
Aa/aA 185
Aa 15

From these figures, the incidence of the ‘A’ allele (p) equals [(2
x 800) + 185]/2000 = 0.8925 and the incidence of the ‘a’ allele
(q) equals [185 + (2 x 15)]/2000 = 0.1075.

However, if the population were in Hardy-Weinberg equi-
librium, the expected gene frequencies would be:

Genotype Observed Expected

AA 800 796.5 (p? x 1000)
Aa/aA 185 192 (2pq x 1000)
aa 15 11.5 (g* x 1000)

The observed and expected allele frequencies can be statisti-
cally compared by a y? test, which confirms that they do not
differ significantly.

Next, consider a different system with two alleles, B and b.
Among 1000 randomly selected individuals the observed geno-
type distributions are:

BB 430
Bb/bB 540
Bb 30

From these values, the incidence of the ‘B’ allele (p) equals [(2
x 430) + 540]/2000 = 0.7 and the incidence of the ‘b’ allele
(q) equals [540 + (2 x 30)]/2000 = 0.3.

Using these values for p and q, the observed and expected
genotype distributions can be compared:

Genotype Observed Expected

BB 430 490 (p* x 1000)
Bb/bB 540 420 (2pg x 1000)
bb 30 90 (q* x 1000)

These values differ significantly, with an increased number of
heterozygotes at the expense of homozygotes. Such deviation
from Hardy-Weinberg equilibrium should prompt a search for
factors that could result in increased numbers of heterozygotes,
such as heterozygote advantage or negative assortative mating—
that is, the attraction of opposites!

Despite the number of factors that can disturb Hardy-
Weinberg equilibrium, most populations are in equilibrium for
most genetic traits, and significant deviations from expected
genotype frequencies are unusual.

Applications of Hardy-Weinberg Equilibrium
Estimation of Carrier Frequencies

If the incidence of an AR disorder is known, it is possible to
calculate the carrier frequency using some relatively simple
algebra. For example, if the disease incidence is 1 in 10,000,
then q? = )00 and q={o. Because p + q = 1, therefore
P="%y. The carrier frequency can then be calculated as
2X9% 00X Koo (i-e., 2pq), which approximates to 1 in 50.
Thus, a rough approximation of the carrier frequency can be
obtained by doubling the square root of the disease incidence.
Approximate values for gene frequency and carrier frequency
derived from the disease incidence can be extremely useful
in genetic risk counseling (p. 318) (Table 7.2). However, if
the disease incidence includes cases resulting from a high
proportion of consanguineous relationships, then it is not valid
to use the Hardy-Weinberg principle to calculate heterozygote
frequencies because consanguinity disturbs the equilibrium,

Table 7.2 Approximate Values for Gene Frequency

and Carrier Frequency Calculated From the Disease
Incidence Assuming Hardy-Weinberg Equilibrium

Disease Gene Carrier
Incidence (q?) Frequency (q) Frequency (2pq)
1/1000 1/32 1/16
1/2000 1/45 1/23
1/5000 1/71 1/36
1/10,000 1/100 1/50
1/50,000 1/224 1/112
1/100,000 1/316 1/158

leading to a relative increase in the proportion of affected
homozygotes.

For an X-linked recessive (XLR) disorder, the frequency of
affected males equals the frequency of the mutant allele, g.
Thus, for a trait such as red-green color blindness, which affects
approximately 1 in 12 male western European whites, q =4,
and p =14,. This means that the frequency of affected females
(g%) and carrier females (2pq) is 444 and 2%,,, respectively.

Estimation of Mutation Rates
Direct Method

If an autosomal dominant (AD) disorder shows full penetrance,
and is therefore always expressed in heterozygotes, an estimate
of its mutation rate can be made relatively easily by counting
the number of new cases in a defined number of births. Consider
asample of 100,000 children, 12 of whom have the AD disorder
achondroplasia (pp. 114-115). Only two of these children have
an affected parent, so that the remaining 10 must have acquired
their disorder as a result of new mutations. Therefore 10 new
mutations have occurred among the 200,000 genes inherited by
these children (because each child inherits two copies of each
gene), giving a mutation rate of 1 per 20,000 gametes per gen-
eration. In fact, this example is unusual because all new muta-
tions in achondroplasia occur on the paternally derived
chromosome 4; therefore, the mutation rate is 1 per 10,000 in
spermatogenesis and, as far as we know, zero in oogenesis.

Indirect Method

For an AD disorder with reproductive fitness (f) equal to zero,
all cases must result from new mutations. If the incidence of
a disorder is denoted as I and the mutation rate as W, then as
each child inherits two alleles, either of which can mutate to
cause the disorder, the incidence equals twice the mutation
rate (i.e., I =2u).

If fitness is greater than zero, and the disorder is in Hardy-
Weinberg equilibrium, then genes lost through reduced fitness
must be counterbalanced by new mutations. Therefore, 21 =
I(1 = ) or p = [I(1 - D]/2.

Thus, if an estimate of genetic fitness can be made by
comparing the average number of offspring born to affected
parents, to the average number of offspring born to controls
such as their unaffected siblings, it will be possible to calculate
the mutation rate.

A similar approach can be used to estimate mutation rates
for AR and XLR disorders. With an AR condition, two genes
will be lost for each homozygote that fails to reproduce. These
will be balanced by new mutations. Therefore, 2u = I(1 - f) x

2oru=I(1-1).
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For an XLR condition with an incidence in males equal to
IM, three X chromosomes are transmitted per couple per
generation. Therefore, 3u = IM(1 - f) or pu = [IM(1 - £)]/3.

Why Is It Helpful to Know Mutation Rates?

There is a tendency to either love or hate mathematical for-
mulae but the link between mutation rates, disease incidence,
and fitness does hold practical value.

Estimation of Gene Size

If a disorder has a high mutation rate the gene may be large.
Alternatively, it may contain a high proportion of GC residues
and be prone to copy error, or contain a high proportion of
repeat sequences (p. 16), which could predispose to misalign-
ment in meiosis resulting in deletion and duplication.

Determination of Mutagenic Potential

Accurate methods for determining mutation rates may be
useful in relation to predicted and observed differences in
disease incidence in the aftermath of events such as nuclear
accidents, for example Chernobyl in 1986 (p. 21).

Consequences of Treatment of Genetic Disease

As discussed later, improved treatment for serious genetic
disorders may increase biological fitness, which may result in
an increase in disease incidence.

Why Are Some Genetic Disorders More
Common Than Others?

It follows that if a gene has a high mutation rate, the disease
incidence may be relatively high. However, factors other than
the mutation rate and biological fitness may be involved, as
mentioned previously. These are now considered in the context
of population size.

Small Populations

Several rare AR disorders show a relatively high incidence in
certain population groups (Table 7.3). High allele frequencies
are usually explained by the combination of a founder effect
together with social, religious, or geographical isolation—hence

Population and Mathematical Genetics 87

the term genetic isolates. In some situations, genetic drift may
have played a role.

For example, several very rare AR disorders occur at rela-
tively high frequency in the Old Order Amish living in
Pennsylvania—Christians originating from the Anabaptist
movement who fled Europe during religious persecution in the
eighteenth century. Original founders of the group must have
carried abnormal alleles that became established at relatively
high frequency due to the restricted number of partners avail-
able to members of the community.

Founder effects can also be observed in AD disorders.
Variegate porphyria, which is characterized by photosensitivity
and drug-induced neurovisceral disturbance, has a high inci-
dence in the Afrikaner population of South Africa, traceable to
one of two early Dutch settlers having transmitted the condi-
tion to many descendants (p. 66).

Interestingly, the Hopi Indians of Arizona show a high
incidence of albinism. Affected males were excused from
outdoor farming activities because of the health and visual
problems of bright sunlight, thus providing more opportunity
to reproduce relative to unaffected group members.

Large Populations

When a serious AR disorder, resulting in reduced fitness
in affected homozygotes, has a high incidence in a large
population, the explanation is presumed to lie in either a
very high mutation rate and/or a heterozygote advantage. The
latter explanation is the more probable for most AR disorders

(Table 7.4).

Heterozygote Advantage

For sickle cell (SC) anemia (p. 158) and thalassemia
(p. 159), there is very good evidence that heterozygote advan-
tage results from reduced susceptibility to Plasmodium falci-
parum malaria, as explained in Chapter 12. Americans of
Afro-Caribbean origin are no longer exposed to malaria, so it
would be expected that the frequency of the SC allele in this
group would gradually decline. However, the predicted rate of
decline is so slow that it will be many generations before it is
detectable.

Table 7.3 Rare Autosomal Recessive Disorders That Are Relatively Common in Certain Groups of People

Group Disorder Clinical Features
Finns Congenital nephrotic syndrome Edema, proteinuria, susceptibility to infection
Aspartylglycosaminuria Progressive mental and motor deterioration, coarse features
Mulibrey nanism Muscle, liver, brain and eye involvement
Congenital chloride diarrhea Reduced CI™ absorption, diarrhea
Diastrophic dysplasia Progressive epiphyseal dysplasia with dwarfism and scoliosis
Amish Cartilage-hair hypoplasia Dwarfism, fine, light-colored and sparse hair

Ellis-van Creveld syndrome
Glutaric aciduria type 1
Albinism

Tay-Sachs disease

Gaucher disease
Dysautonomia
Werdnig-Hoffmann disease
Sclerosteosis

Hopi and San Blas Indians
Ashkenazi Jews

Karaite Jews
Afrikaners

Lipoid proteinosis

Ryukyan Islands (off Japan) ‘Ryukyan’ spinal muscular atrophy

Dwarfism, polydactyly, congenital heart disease

Episodic encephalopathy and cerebral palsy-like dystonia

Lack of pigmentation

Progressive mental and motor deterioration, blindness

Hepatosplenomegaly, bone lesions, skin pigmentation

Indifference to pain, emotional lability, lack of tears, hyperhidrosis

Infantile spinal muscular atrophy

Tall stature, overgrowth of craniofacial bones with cranial nerve
palsies, syndactyly

Thickening of skin and mucous membranes

Muscle weakness, club foot, scoliosis
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Table 7.4 Presumed Increased Resistance in Heterozygotes That Could Account for the Maintenance of Various

Genetic Disorders in Certain Populations

Disorder Genetics Region/Population Resistance or Advantage
Sickle-cell disease AR Tropical Africa Falciparum malaria
o- and B-thalassemia AR Southeast Asia and the Mediterranean Falciparum malaria
G6PD deficiency XLR Mediterranean Falciparum malaria
Cystic fibrosis AR Western Europe Tuberculosis?
The plague?
Cholera?
Tay-Sachs disease AR Eastern European Jews Tuberculosis?
Congenital adrenal hyperplasia AR Yupik Eskimos Influenza B
Type 2 diabetes AD Pima Indians and others Periodic starvation
Phenylketonuria AR Western Europe Spontaneous abortion rate lower?

AR, Autosomal recessive; XLR, X-linked recessive; AD, autosomal dominant; G6PD, glucose 6-phosphate dehydrogenase.

For several AR disorders the mechanisms proposed for
heterozygote advantage are largely speculative (see Table 7.4).
The discovery of the cystic fibrosis (CF) gene, with the subse-
quent elucidation of the role of its protein product in membrane
permeability (p. 286), supports the hypothesis of selective
advantage through increased resistance to the effects of gastro-
intestinal infections, such as cholera and dysentery, in the
heterozygote. This relative resistance could result from reduced
loss of fluid and electrolytes. It is likely that this selective
advantage was of greatest value several hundred years ago when
these infections were endemic in Western Europe. If so, a
gradual decline in the incidence of CF would be expected.
However, if this theory is correct one has to ask why CF has
not become relatively common in other parts of the world
where gastrointestinal infections are endemic, particularly the
tropics; in fact, the opposite is the case, for CF is rarer in these
regions.

An alternative, but speculative, mechanism for the high
incidence of a condition such as CF is that the mutant allele is
preferentially transmitted at meiosis. This type of segregation
distortion, whereby an allele at a particular locus is transmitted
more often than would be expected by chance (i.e., in more
than 50% of gametes), is referred to as meiotic drive. Firm
evidence for this phenomenon in CF is lacking, although it
has been demonstrated in the AD disorder myotonic dystrophy
(p. 285).

A major practical problem when studying heterozygote
advantage is that even a tiny increase in heterozygote fitness,
compared with the fitness of unaffected homozygotes, can be
sufficient to sustain a high allele frequency. For example, in CF,
with an allele frequency of approximately 1 in 50, a heterozy-
gote advantage of 2% to 3% would be sufficient to account for
the high allele frequency.

Genetic Polymorphism

Polymorphism is the occurrence in a population of two or more
genetically determined forms (alleles, sequence variants) in
such frequencies that the rarest of them could not be main-
tained by mutation alone. By convention, a polymorphic locus
is one at which there are at least two alleles, each with a fre-
quency greater than 1%. Alleles with frequencies of less than
1% are referred to as rare variants.

In humans, at least 30% of structural gene loci are polymor-
phic, with each individual being heterozygous at between 10%
and 20% of all loci. Known polymorphic protein systems

include the ABO blood groups (p. 174) and many serum
proteins, which may exhibit polymorphic electrophoretic
differences—or isozymes.

DNA polymorphisms, including SNPs, have been crucial to
positional cloning, gene mapping, the isolation of many disease
genes (p. 43), studying population migrations, and forensic
science. They are also used in gene tracking in the clinical
context of preimplantation genetic diagnosis (p. 313) and
exclusion testing. The value of a particular polymorphic system
is assessed by determining its polymorphic information content
(PIC). The higher the PIC value, the more likely it is that a
polymorphic marker will be of value in various applications.

Segregation Analysis

Segregation analysis refers to the study of the way in which a
disorder is transmitted in families so as to establish the underly-
ing mode of inheritance. The mathematical aspects of complex
segregation analysis are far beyond the scope of this book—as
well as many clinical geneticists! However, it is an important
part of human genetics and some understanding of the prin-
ciples involved, and the pitfalls, is relevant for the clinician
meeting families.

Autosomal Dominant Inheritance

For an AD disorder, the simplest approach is to compare the
observed numbers of affected offspring born to affected parents
with what would be expected based on the disease penetrance
(i-e., 50% if penetrance is complete). A ¥? test can be used to
see whether the observed and expected numbers differ signifi-
cantly. Care must be taken to ensure that a bias is not introduced
by excluding parents who were ascertained through an affected

child.

Autosomal Recessive Inheritance

For disorders thought to follow AR inheritance, formal segrega-
tion analysis is much more difficult. This is because some
couples who are both carriers will by chance not have affected
children, and therefore not feature in ascertainment. To illus-
trate this, consider 64 possible sibships of size 3 in which both
parents are carriers, drawn from a large hypothetical population
(Table 7.5). The sibship structure shown in Table 7.5 is that
which would be expected, on average.

In this population, on average, 27 of the 64 sibships will not
contain any affected individuals. This can be calculated simply
by cubing ¥—that is, ¥ x3¥ x¥ =2,. Therefore, when the
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Table 7.5 Expected Sibship Structure in a Hypothetical Population That Contains 64 Sibships, Each of Size 3, in

Which Both Parents Are Carriers of an Autosomal Recessive Disorder

Number of Affected in Sibship Structure of Sibship

Number of Sibships

Number of Affected Total Number of Sibs

3 EEE
2 [ ] [ul
omm
| Iu] |
1 [ [m[u]
omo
oom
0 ooo
Total

3 3
6 9
6 9
6 9
9 27
9 27

9 9 27
27 0 81
64 48 192

O O W WwWw =

If no allowance is made for truncate ascertainment, in that the 27 sibships with no affected cases will not be ascertained, then a falsely high segregation ratio

of 48/111 (= 0.43) will be obtained.

families are analyzed, these 27 sibships containing only healthy
individuals will not be ascertained—referred to as incomplete
ascertainment. If this is not taken into account, a falsely high
segregation ratio of 0.43 will be obtained instead of the correct
value of 0.25.

Mathematical methods have been devised to cater for
incomplete ascertainment, but analysis is usually further com-
plicated by problems associated with achieving full or complete
ascertainment. In practice, ‘proof’ of AR inheritance requires
accurate molecular or biochemical markers for carrier detec-
tion. Affected siblings (especially when at least one is female)
born to unaffected parents usually suggests AR inheritance, but
somatic and germline parental mosaicism (p. 76), non-paternity,
and other possibilities need to be considered. There are some
good examples of conditions originally reported to follow AR
inheritance but subsequently shown to be dominant with
germline or somatic mosaicism; for example, osteogenesis
imperfecta and pseudoachondroplasia. However, a high inci-
dence of parental consanguinity undoubtedly provides strong

A a
Parental
chromosomes
B b
A A a a
Gamete
chromosomes
B b B b
Proportions (%) 25 25 25 25
A

supportive evidence for AR inheritance, as first noted by
Bateson and Garrod in 1902 (p. 4).

Genetic Linkage

Mendel’s third law—the principle of independent assortment—
states that members of different gene pairs assort to gametes
independently of one another (p. 3). Stated more simply, the
alleles of genes at different loci segregate independently.
Although this is true for genes on different chromosomes, it is
not always true for genes that are located on the same chromo-
some (i.e., close together, or syntenic).

Two loci positioned adjacent, or close, to each other on the
same chromosome, will tend to be inherited together, and are
said to be linked. The closer they are, the less likely they will
be separated by a crossover, or recombination, during meiosis
I (Figure 7.5).

Linked alleles on the same chromosome, and a pattern of
associated markers, are known as the linkage phase. Thus in

A aA a A a
B b
B bb B
25 25 25 25 >45 >45 <5 <5
B C

FIGURE 7.5 Segregation at meiosis of alleles at two loci. In A the loci are on different chromosomes and in B they are on the same
chromosome but widely separated. Hence these loci are not linked and there is independent assortment. In € the loci are closely
adjacent so that separation by a cross-over is unlikely (i.e., the loci are linked).
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the parental chromosomes in Figure 7.5, C, A and B, as well
as a and b, are in phase, whereas A and b, as well as a and B,
are unlinked, in trans.

Recombination Fraction

The recombination fraction, usually designated as 6 (Greek
theta), is a measure of the distance separating two loci, or more
precisely an indication of the likelihood that a cross-over will
occur between them. If two loci are not linked then 0 equals
0.5 because, on average, genes at unlinked loci will segregate
together during 50% of all meioses. If 6 equals 0.05, this means
that on average the syntenic alleles will segregate together 19
times out of 20 (i.e., a crossover will occur between them
during, on average, only 1 in 20 meioses).

Centimorgans

The unit of measurement for genetic linkage is known as a map
unit or centimorgan (cM). If two loci are 1 cM apart, a cross-
over occurs between them, on average, only once in every 100
meioses (i.e., © = 0.01). Centimorgans are a measure of the
genetic, or linkage, distance between two loci. This is not
the same as physical distance, which is measured in base pairs
(kb - kilobases: 1000 base pairs; Mb — megabases: 1,000,000
base pairs).

The human genome has been estimated by recombination
studies to be approximately 3000 cM in length in males.
Because the physical length of the haploid human genome
is approximately 3 x 10 bp, 1 cM corresponds to approxi-
mately 10° bp (1 Mb or 1000 kb). However, the relationship
between linkage map units and physical length is not linear.
Some chromosome regions appear to be particularly prone
to recombination—so-called ‘hotspots’—and recombination
occurs less often during meiosis in males than in females, in
whom the genome ‘linkage’ length has been estimated to be
4200 cM. Generally, in humans one or two recombination
events take place between each pair of homologous chromo-
somes in meiosis I, with a total of ~40 across the entire
genome. Recombination events are rare close to the centro-
meres but relatively common in telomeric regions.

Linkage Analysis

Linkage analysis proved invaluable for mapping genes in the
past (see Chapter 4) but is now largely redundant following
complete sequencing of the human genome and next genera-
tion methodologies, though the principles still apply in
genome-wide association studies. It is based on studying the
segregation of the disease with polymorphic markers from each
chromosome—preferably in large families. Eventually a marker
will be identified that co-segregates with the disease more
often than would be expected by chance (i.e., the marker and
disease locus are linked). The mathematical analysis tends to
be very complex, particularly if many closely adjacent markers
are being used, as in multipoint linkage analysis. However, the
underlying principle is relatively straightforward and involves
the use of likelihood ratios, the logarithms of which are known
as LOD scores (logarithm of the odds).

LOD Scores

When studying the segregation of alleles at two loci that could
be linked, a series of likelihood ratios is calculated for different
values of the recombination fraction (), ranging from 6 = 0 to
6 = 0.5. The likelihood ratio at a given value of 6 equals the
likelihood of the observed data, if the loci are linked at

recombination value of 6, divided by the likelihood of the
observed data if the loci are not linked (6 = 0.5). The logarithm
to the base 10 of this ratio is known as the LOD score (Z)—that
is, LOD (0) = log;, [L6/L(0.5)]. Logarithms are used because
they allow results from different families to be added together.

For example, a LOD score (Z) of 4 at recombination frac-

tion (0) 0.05 means that the results, in the families studied,
indicate that it is 10,000 (10") times more likely that the
disease and marker loci are closely linked (i.e., 5 cM apart)
than that they are not linked. A LOD score of +3 or more
would be confirmation of linkage, yielding a ratio of 1000 to 1
in favor of linkage; however, because there is a prior probability
of only 1 in 50 that any two given loci are linked, a LOD score
of +3 means that the overall probability that the loci are linked
is approximately 20 to 1—that is, [1000x %,]:1. The impor-
tance of taking prior probabilities into account in probability
theory is discussed in the section on Bayes’ theorem (p. 94).

1. A ‘Simple’ Example

Consider a three-generation family in which several
members have an AD disorder (Figure 7.6). A and B are
alleles at a locus that is being tested for linkage to the
disease locus.

To establish whether it is likely that these two loci are
linked, the LOD score is calculated for various values of
0. The value of 0 that gives the highest LOD score is
taken as the best estimate of the recombination fraction.
This is known as a maximum likelihood method.

To demonstrate the underlying principle, the LOD score is
calculated for a value of 8 equal to 0.05. If 8 equals 0.05
then the loci are linked, in which case the disease gene
and the B marker must be on the same chromosome in
12, as both of these characteristics have been inherited
from the mother. Thus in II2 the linkage phase is known:
the disease allele and the B allele are linked. Therefore
the probability that III1 will be affected and will also
inherit the B marker equals 0.95 (i.e., 1 — 8). A similar
result is obtained for the remaining three members of
the sibship in generation III, giving a value for the
numerator of (0.95)*. If the loci are not linked, the
likelihood of observing both the disease and marker B in
11 equals 0.5. A similar result is obtained for his three
siblings, giving a value for the denominator of (0.5)*.

Therefore the LOD score for this family, given a value of 8
= 0.05, equals log;y 0.954/0.54 = log;, 13.032 = 1.12.
For a value of 6 = 0, the LOD score equals log;y 14/0.54

AA AB

AA AB

AB ! AA 2 AB 8 AA 4
FIGURE 7.6 Three-generation pedigree showing segregation of
an autosomal dominant disorder and alleles (A and B) at a locus
that may or may not be linked to the disease locus.
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=logjp 16 = 1.20. For a value of 8 = 0.1, the LOD score
equals log; 0.94/0.54 = log;( 10.498 = 1.02. The highest
LOD score is obtained for a value of 6 equals 0, consis-
tent with close linkage of the disease and marker loci,
such that no recombination has occurred between the
two loci in members of generation III.

To confirm linkage other families would have to be studied by
pooling all the results until a LOD score of +3 or greater
was obtained. A LOD score of =2 or less is taken as proof
that the loci are not linked. This less stringent require-
ment for proof of non-linkage (i.e., a LOD score of -2
compared with +3 for proof of linkage) is due to the high
prior probability of that any two loci are not linked.

Multipoint Linkage Analysis

Initial linkage results using a limited number of markers would
be followed up a multipoint linkage analysis using a series of
polymorphic markers known to map to the disease region,
allowing fine tuning of the likely position of the disease locus
within the interval previously defined. A computer program
would then calculate the overall likelihood of the position of
the disease locus in relation to the marker loci, and a graph
constructed of the ‘location score’ against map distance (Figure
7.7). On this graph the peaks represent possible positions of
the disease locus, with the tallest peak being the most probable
location. The troughs represent the positions of the polymor-
phic marker loci.

Once the smallest interval for the disease locus was located,
physical mapping methods were applied to identify the disease
gene (see Chapter 4), though sophisticated sequencing methods
are now used.

Autozygosity Mapping

This form of linkage analysis has been used to map and identify
many rare AR disorders. Autozygosity occurs when individuals
are homozygous at particular loci by descent from a common
ancestor. In an inbred pedigree containing two or more children
with a rare AR disorder, it is very likely that the children will
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FIGURE 7.7 Multipoint linkage analysis. A, B, and C represent
the known linkage relationships of three polymorphic marker
loci. X, Y, and Z represent in descending order of likelihood the
probable position of the disease locus.
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be homozygous not only at the disease locus but also at closely
linked loci. Thus, all affected relatives in an inbred family will
be homozygous for markers close to the disease locus (Figure
7.8). By searching the genome for regions of homozygosity in
the affected members of a sibship, and perhaps other affected
relatives, only a small number of such regions will be identified.
One of these can be expected to harbor the disease locus, and
sequencing of candidate genes can go ahead.

Where more than one branch of a large inbred family can
be studied, autozygosity is very powerful and many rare disease
genes have been found in this way, for example, for AR senso-
rineural hearing loss, various skeletal dysplasias, and primary
microcephalies.

Linkage Disequilibrium

Linkage disequilibrium is defined formally as the association of
two alleles at linked loci more frequently than would be
expected by chance, and is also referred to as allelic association.
The concept and the term relate to the study of diseases in
populations rather than families. In the latter, an association
between specific alleles and the disease in question holds true
only within an individual family; in a separate affected family
a different pattern of alleles, or markers, at the same locus may
show association with the disease—because the alleles them-
selves are polymorphic.

The rationale for studying allelic association in populations
is based on the assumption that a mutation occurred in a
founder case some generations previously and is still causative
of the disease. If this is true, the pattern of markers in a small
region close to the mutation will have been maintained and
thus constitutes what is termed the founder haplotype. The
underlying principles used in mapping are the same as those
for linkage analysis in families, the difference being the degree
of relatedness of the individuals under study. In the pedigree
shown in Figure 7.6, support was obtained for linkage of the
disease gene with the B marker allele. If we assume that further
studies confirm linkage of these loci and that the A and B alleles
have an equal frequency of 0.5, it would be reasonable to
expect that the disease gene is linked with allele A in approxi-
mately 50% of families and with allele B in the remaining 50%.
If, however, the disease allele was found to be linked exclusively
with one particular marker allele, this would be an example of
linkage disequilibrium.

The demonstration of linkage disequilibrium in a particular
disease suggests that the mutation causing the disease has
occurred relatively recently and that the marker locus studied
is very closely linked to the disease locus. There may be pitfalls,
however, in interpreting haplotype data that suggest linkage
disequilibrium. Other possible reasons for linkage disequilib-
rium include: (1) the rapid growth of genetically isolated popu-
lations leading to large regions of allelic association throughout
the genome; (2) selection, whereby particular alleles enhance
or diminish reproductive fitness; and (3) population admixture,
where population subgroups with different patterns of allele
frequencies are combined into a single study. Allowance for the
latter problem can be made by using family-based controls and
analyzing the transmission of alleles using a method called the
transmission/disequilibrium test. This uses the fact that trans-
mitted and non-transmitted alleles from a given parent are
paired observations, and examines the preferential transmission
of one allele over the other in all heterozygous parents. The
method has been applied, for example, to studies of genetic
conditions based on discordant sibling pairs.
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FIGURE 7.8 Autozygosity mapping in a family with spondylocostal dysostosis. The father of individual I1 is the brother of 12's
grandfather. The region of homozygosity is defined by markers D15S155 and D15S127. A mutation in the MESP2 gene was subse-
quently shown to be the cause of spondylocostal dysostosis in this pedigree.

Medical and Societal Intervention

The ability of modern medicine to enable patients with serious
disease to live much longer raises the prospect that biological
fitness may be increased, leading to increased numbers of ‘bad
genes’ in society, potentially adding adversely to humanity’s
future genetic load. Such long-term consequences generally
carry no weight, however, and may in any case be offset by
greater use of prenatal genetic testing, which for many is a
focus of ethical concern (see Chapter 22). The ethical debate
is very important but it is worth considering the possible long-
term effects of artificial selection for or against genetic disor-
ders, according to pattern of inheritance.

AD Disorders

If everyone with an AD disorder were successfully encouraged
not to reproduce, the incidence of that disorder would decline
rapidly, with all future cases being the result only of new
mutations. This would have a particularly striking effect on the
incidence of relatively mild conditions such as familial hyper-
cholesterolemia, in which genetic fitness is close to 1.
Alternatively, if successful treatment became available for
all patients with a serious AD disorder that at present is associ-
ated with a marked reduction in genetic fitness, there would
be an immediate increase in the frequency of the disease gene
followed by a more gradual leveling off at a new equilibrium
level. If, at one time, all those with a serious AD disorder died

in childhood (f = 0), then the incidence of affected individuals
would be 2. If treatment raised the fitness from 0 to 0.9, the
incidence of affected children in the next generation would rise
to 2l due to new mutations plus 1.8 inherited, which equals
3.8u. Eventually a new equilibrium would be reached, by
which time the disease incidence would have risen tenfold to
20u. This can be calculated relatively easily with the formula
w=[I(1-1)]/2 (p. 86), which can also be expressed as I = 2/
(1 —1). The net result would be that the proportion of affected
children who died would be lower (from 100% down to 10%),
but the total number affected would be much greater, although
the actual number who died from the disease would remain
unchanged at 2.

AR Disorders

In contrast to an AD disorder, artificial selection against an
AR condition will have only a very slow effect. The reason
for this difference is that in AR conditions most of the genes
in a population are present in healthy heterozygotes who
would not be affected by selection measures. It can be shown
that if there is complete selection against an AR disorder,
so that no homozygotes reproduce, the number of generations
(n) required for the allele frequency to change from q” to
q" equals 1/q* — 1/q°. Therefore, for a condition with an inci-
dence of approximately 1 in 2000 and an allele frequency of
roughly 1 in 45, if all affected patients refrained from repro-
duction then it would take more than 500 years (18
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generations) to reduce the disease incidence by half, and more
than 1200 years (45 generations) to reduce the gene frequency
by half, assuming an average generation time of 27 years.

Now consider the opposite situation, where selection oper-
ating against a serious AR disorder is relaxed because of
improvement in medical treatment. More affected individuals
will reach adult life and transmit the mutant allele to their
offspring. The result will be that the frequency of the mutant
allele will increase until a new equilibrium is reached. Using
the formula u = I(1 - f), it can be shown that, when the new
equilibrium is eventually reached, an increase in fitness from 0
to 0.9 will have resulted in a tenfold increase in the disease
incidence.

X-Linked Recessive Disorders

Here it is necessary to take into account the fact that a large
proportion of the relevant genes are present in entirely healthy
female carriers, who are often unaware of their carrier status.
For a very serious condition, such as Duchenne muscular dys-
trophy (p. 281), with fitness equal to O in affected males,
selection will have no effect unless female carriers choose to
limit their families. If all female carriers opted not to have any
children, the incidence would be reduced by two-thirds (i.e.,
from 3u to W).

More plausibly, effective treatment for these disorders may
result in a steady increase in the disease incidence. For example,
an increase in fitness from 0 to 0.5 will lead to a doubling of
the disease incidence by the time a new equilibrium has been
established. This can be calculated using the formula p = [IM(1

-0]1/3 (p. 86).

Conclusion

In reality, it is extremely difficult to predict the long-term
impact of medical intervention on the incidence and burden of
genetic disease. Although it is true that improvements in
medical treatment could result in an increased genetic load in
future generations, it is also possible that successful therapies
will ease the overall burden of these disorders in terms of
human suffering. Some of these arguments applied to other
major medical developments, such as immunisation and the
discovery of insulin and antibiotics, which have had immeasur-
able financial implications in terms of the pharmaceutical
industry as well as contributing to an aging population. Ulti-
mately, how society copes with these advances and challenges
provides a measure of civilization.
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1 According to the Hardy-Weinberg principle, the relative
proportions of the possible genotypes at a particular locus
remain constant from one generation to the next.

2 Factors that may disturb Hardy-Weinberg equilibrium are
non-random mating, mutation, selection for or against a
particular genotype, small population size, and migration.

3 If an autosomal recessive disorder is in Hardy-Weinberg
equilibrium, the carrier frequency can be estimated by
doubling the square root of the disease incidence.

4 The mutation rate for an autosomal dominant disorder can
be measured directly by estimating the proportion of new
mutations among all members of one generation. Indirect
estimates of mutation rates can be made using the
formula:

a. = [I(1 —)]/2 for autosomal dominant inheritance
b. = I(1 - f) for autosomal recessive inheritance
c. =[IM - )]/3 for X-linked recessive inheritance.

5 Otherwise rare single-gene disorders can show a high
incidence in a small population because of a founder effect
coupled with genetic isolation.

6 When a serious autosomal recessive disorder has a relatively
high incidence in a large population, it is likely due to
heterozygote advantage.

7 Closely adjacent loci on the same chromosome are
regarded as linked if genes at these loci segregate together
during more than 50% of meioses. The recombination
fraction (6) indicates how often two such genes will be
separated (recombine) at meiosis.

8 The logarithm of the odds (LOD) score is a mathematical
indication of the relative likelihood that two loci are linked.
A LOD score of +3 or greater is taken as confirmation of
linkage.

9 The principle of autozygosity (or homozygosity) mapping
has facilitated the discovery of many genes for autosomal
recessive disorders.
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Chapter 8

Risk Calculation

As far as the laws of mathematics refer to reality,
they are not certain; and as far as they are
certain, they do not refer to reality.
ALBERT EINSTEIN

One of the most important aspects of genetic counseling
(Chapter 21) is the provision of a risk figure, often referred to
as recurrence risk. Estimation of the recurrence risk usually
requires careful consideration and takes into account:

1. The diagnosis, its mode of inheritance, and epidemiological
data relating to the natural history (e.g., age of onset)
Analysis of the family pedigree

The results of tests, which may include linkage studies
using DNA markers or negative mutation analysis, and
clinical data from standard investigations

Sometimes the provision of a risk figure can be quite easy, but
a surprisingly large number of complicating factors arise that
make the calculation very difficult. For example, the mother
of a boy who is an isolated case of a sex-linked recessive dis-
order could very reasonably wish to know the recurrence risk
for her next child. This is a very simple question, but the
solution may be far from straightforward, as will become clear
later in this chapter.

Before proceeding further, it is necessary to clarify what we
mean by probability and review the different ways in which it
can be expressed. The probability of an outcome can be defined
as the number or, more correctly, the proportion of times it
occurs in a large series of events. Conventionally, probability is
indicated as a proportion of 1, so that a probability of 0 implies
that an outcome will never be observed, whereas a probability
of 1 implies that it will always be observed. Therefore, a prob-
ability of 0.25 indicates that, on average, a particular outcome
or event will be observed on 1 in 4 occasions, or 25%. The
probability that the outcome will not occur is 0.75, which can
also be expressed as 3 chances out of 4, or 75%. Alternatively,
this probability could be expressed as odds of 3 to 1 against,
or 1 to 3 in favor of the particular outcome being observed. In
this chapter, fractions are used where possible as these tend to
be more easily understood than proportions of 1 expressed as
decimals.

W N

Probability Theory

To calculate genetic risks it is necessary to have a basic under-
standing of probability theory. This will be discussed insofar as
it is relevant to genetic counseling.

Laws of Addition and Multiplication

When considering the probability of two different events or
outcomes, it is essential to clarify whether they are mutually
exclusive or independent. If the events are mutually exclusive,
94

then the probability that either one or the other will occur
equals the sum of their individual probabilities. This is known
as the law of addition.

If, however, two or more events or outcomes are indepen-
dent, then the probability that both the first and the second
will occur equals the product of their individual probabilities.
This is known as the law of multiplication.

As a simple illustration of these laws, consider parents who
have embarked upon their first pregnancy. The probability that
the baby will be either a boy or a girl equals 1—i.e., 1/2 + 1/2.
If the mother is found on ultrasonography to be carrying twins
who are non-identical, then the probability that both the first
and the second twin will be boys equals 1/4—i.e., 1/2 x 1/2.

Bayes’ Theorem

Bayes’ theorem, first devised by Reverend Thomas Bayes
(1702-1761) and published after his death in 1763, is widely
used in genetic counseling. Essentially it provides a very valu-
able method for determining the overall probability of an event
or outcome, such as carrier status, by considering all initial
possibilities (e.g., carrier or non-carrier) and then modifying or
‘conditioning’ these by incorporating information, such as test
results or pedigree information, that indicates which is the
more likely. Thus, the theorem combines the probability that
an event will occur with the probability that it will not occur.
The theorem lay fairly dormant for a long time, but has been
enthusiastically employed by geneticists. In recent years its
simplicity and usefulness have been recognized in many other
fields—for example, legal work, computing, and statistical
analysis—such that it has truly come of age.

The initial probability of each event is known as its prior
probability, and is based on ancestral or anterior information.
The observations that modify these prior probabilities allow
conditional probabilities to be determined. In genetic counsel-
ing these are usually based on numbers of offspring and/or the
results of tests. This is posterior information. The resulting
probability for each event or outcome is known as its joint
probability. The final probability for each event is known as its
posterior or relative probability and is obtained by dividing the
joint probability for that event by the sum of all the joint
probabilities.

This is not an easy concept to grasp! To make it easier,
consider a pedigree with two males, I3 and II;, who have a
sex-linked recessive disorder (Figure 8.1). The sister, II,, of one
of these men wishes to know the probability that she is a
carrier. Her mother, I;, must be a carrier because she has both
an affected brother and an affected son (i.e., she is an obligate
carrier). Therefore, the prior probability that II, is a carrier
equals 1/2. Similarly, the prior probability that II, is not a
carrier equals 1/2.

The fact that II, already has three healthy sons must be
taken into consideration, as intuitively this makes it rather
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FIGURE 8.1 Pedigree showing sex-linked recessive inheritance.
When calculating the probability that Il, is a carrier, it is neces-
sary to take into account her three unaffected sons.

unlikely that she is a carrier. Bayes’ theorem provides a way to
quantify this intuition. These three healthy sons provide pos-
terior information. The conditional probability that II, will
have three healthy sons if she is a carrier is 1/2 x 1/2 x 1/2,
which equals 1/8. These values are multiplied as they are
independent events, in that the health of one son is not influ-
enced by the health of his brother(s). The conditional probabil-
ity that II, will have three healthy sons if she is not a carrier
equals 1.

This information is now incorporated into a bayesian calcu-
lation (Table 8.1). From this table, the posterior probability
that II, is a carrier equals 1/16/(1/16 + 1/2), which reduces to
1/9. Similarly the posterior probability that II, is not a carrier
equals 1/2/(1/16 + 1/2), which reduces to 8/9. Another way
to obtain these results is to consider that the odds for II, being
a carrier versus not being a carrier are 1/16 to 1/2 (i.e., 1 to 8,
which equals 1 in 9). Thus, by taking into account the fact that
II, has three healthy sons, we have been able to reduce her risk
of being a carrier from 1in 2 to 1 in 9.

By now the use of Bayes’ theorem should be a little clearer.
Remember that the basic approach is to draw up a table
showing all of the possibilities (e.g., carrier, not a carrier), then
establish the background (prior) risk for each possibility, next
determine the chance (conditional possibility) that certain
observed events (e.g., healthy children) would have happened
if each possibility were true, then work out the combined
(joint) likelihood for each possibility, and finally weigh up each
of the joint probabilities to calculate the exact (posterior)
probability for each of the original possibilities. Here are more
examples.

Autosomal Dominant Inheritance

For someone with an autosomal dominant disorder, the risk
that each of his or her children will inherit the mutant gene
equals 1 in 2. This will apply whether the affected individual
inherited the disorder from a parent or developed the condition

Table 8.1 Bayesian Calculation for I, in

Probability Il Is a Carrier 1, Is Not a Carrier
Prior 1/2 1/2

Conditional

Three healthy sons 1/2*=1/8 )y =1

Joint 1/16 1/2 (= 8/16)
Expressed as odds 1 to 8

Posterior 1/9 8/9
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as the result of a new mutation. Therefore the provision of risks
for disorders showing autosomal dominant inheritance is
usually straightforward as long as there is a clear family history,
the condition is characterized by being fully penetrant, and
there is a reliable means of diagnosing heterozygotes. However,
if penetrance is incomplete or there is a delay in the age of
onset so that heterozygotes cannot always be diagnosed, the
risk calculation becomes more complicated. Two examples
illustrate the problems that can arise.

Reduced Penetrance

A disorder is said to show reduced penetrance when it has
clearly been demonstrated that individuals who must possess
the abnormal gene, who by pedigree analysis must be obligate
heterozygotes, show absolutely no manifestations of the condi-
tion. For example, if someone who was completely unaffected
had both a parent and a child with the same autosomal domi-
nant disorder, this would be an example of non-penetrance.
Penetrance is usually quoted as a percentage (e.g., 80%) or as
a proportion of 1 (e.g., 0.8). This would imply that 80% of all
heterozygotes express the condition in some way.

For a condition showing reduced penetrance, the risk that
the child of an affected individual will be affected equals
1/2—i.e., the probability that the child will inherit the mutant
allele, x P, the proportion of heterozygotes who are affected.
Therefore, for a disorder such as hereditary retinoblastoma, an
embryonic eye tumor (p. 182), which shows dominant inheri-
tance in some families with a penetrance of P = 0.8, the risk
that the child of an affected parent will develop a tumor equals
1/2 x 0.8, which equals 0.4. A more difficult calculation arises
when a risk is sought for the future child of someone who is
healthy but whose parent has, or had, an autosomal dominant
disorder showing reduced penetrance (Figure 8.2).

Let us assume the penetrance, P, equals 0.8. Calculation of
the risk that III, will be affected can be approached in two
ways. The first simply involves a little logic. The second uses
Bayes’ theorem.

1. Imagine that I, has 10 children. On average, five children
will inherit the gene, but because P = 0.8, only four will be
affected (Figure 8.3). Therefore, six of the 10 children will
be unaffected, one of whom has the mutant allele, with the
remaining five having the normal allele. II, is unaffected, so
there is a probability of 1 in 6 that she is, in fact, a hetero-
zygote. Consequently, the probability that III, will both
inherit the mutant gene and be affected equals 1/6 x 1/2
x P, which equals 1/15 if P is 0.8.

2. Now consider II; in Figure 8.2. The prior probability that
she is a heterozygote equals 1/2. Similarly, the prior

1l
1
FIGURE 8.2 |, has an autosomal dominant disorder that shows
reduced penetrance. The probability that Ill; will be affected has
to take into account the possibility that his mother (ll;) is a
non-penetrant heterozygote.
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FIGURE 8.3 Expected genotypes and phenotypes in 10 children
born to an individual with an autosomal dominant disorder with
penetrance equal to 0.8.

probability that she is not a heterozygote equals 1/2. Now

a bayesian table can be constructed to determine how these

prior probabilities are modified by the fact that II; is not

affected (Table 8.2).

The posterior probability that II; is a heterozygote equals 1/2(1
- P)/[1/2(1 = P) + 1/2], which reduces to [1 — P/2 — P].
Therefore, the risk that III; will both inherit the mutant allele
and be affected equals (1 — P/2 — P) x 1/2 x P, which reduces
to [(P — P?)/(4 — 2P)]. If P equals 0.8, this expression equals
1/15 or 0.067.

By substituting different values of P in the above expression,
it can be shown that the maximum risk for III; being affected
equals 0.086, approximately 1/12, which is obtained when P
equals 0.6. This maximal risk figure can be used when counsel-
ing people at risk for late-onset autosomal disorders with
reduced penetrance and who have an affected grandparent and
unaffected parents.

Delayed Age of Onset

Many autosomal dominant disorders do not present until well
into adult life. Healthy members of families in which these
disorders are segregating often wish to know whether they
themselves will develop the condition and/or pass it on to their
children. Risks for these individuals can be calculated in the
following way.

Consider someone who has died with a confirmed diagnosis
of Huntington disease (Figure 8.4). This is a late-onset autoso-
mal dominant disorder. The son of I, is entirely healthy at age
50 years and wishes to know the probability that his 10-year-
old daughter, III;, will develop Huntington disease in later life.
In this condition, the first signs usually appear between the ages
of 30 and 60 years, and approximately 50% of all heterozygotes
show signs by the age of 50 years (Figure 8.5).

To answer the question about the risk to III, it is first neces-
sary to calculate the risk for II; (if III; was asking about her
own risk, her father might be referred to as the dummy con-
sultand). The probability that II; has inherited the gene, given

Table 8.2 Bayesian Calculation for Il; in

Probability Il; Is Heterozygous Il; Is Not Heterozygous
Prior 1/2 1/2
Conditional

Not affected 1 -P 1

Joint 1/2 (1 -P) 1/2

1 2
50 years

1] 1

10 years

FIGURE 8.4 |, had an autosomal dominant disorder showing
delayed age of onset. When calculating the probability that Il
will develop the disorder, it is necessary to determine the prob-
ability that Il; is a heterozygote who is not yet clinically affected.

100

Percentage affected

0 10 20 30 40 50 60 70

Age of onset (years)
FIGURE 8.5 Graph showing age of onset in years of clinical
expression in Huntington disease heterozygotes. Approximately
50% show clinical signs or symptoms by age 50 years. (Data
from Newcombe RG 1981 A life table for onset of Huntington’s
chorea. Ann Hum Genet 45:375-385.)

that he shows no signs of the condition, can be determined by
a simple bayesian calculation (Table 8.3).

The posterior probability that II; is heterozygous equals
1/4/(1/4 + 1/2), which equals 1/3. Therefore, the prior prob-
ability that his daughter III; will have inherited the disorder
equals 1/3 x 1/2, or 1/6.

There is a temptation when doing calculations such as these
to conclude that the overall risk for II; being a heterozygote
simply equals 1/2 x 1/2—i.e., the prior probability that he will
have inherited the mutant gene times the probability that a

Table 8.3 Bayesian Calculation for Il; in

I Is Il; Is Not
Probability Heterozygous Heterozygous
Prior 1/2 1/2
Conditional
Unaffected at age 1/2 1
50 years
Joint 1/4 1/2
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heterozygote will be unaffected at age 50 years, giving a risk of
1/4. This is correct in as much as it gives the joint probability
for this possible outcome, but it does not take into account the
possibility that II; is not a heterozygote. Consider the possibil-
ity that I, has four children. On average, two will inherit the
mutant allele, one of whom will be affected by the age of 50
years. The remaining two children will not inherit the mutant
allele. By the time these children have grown up and reached
the age of 50 years, on average one will be affected and three
will not. Therefore, on average, one-third of the healthy
50-year-old offspring of I, will be heterozygotes. Hence the
correct risk for II, is 1/3 and not 1/4.

Autosomal Recessive Inheritance

With an autosomal recessive condition, the biological parents
of an affected child are both heterozygotes. Apart from undis-
closed non-paternity and donor insemination, there are two
possible exceptions, both of which are very rare. These arise
when only one parent is a heterozygote, in which case a child
can be affected if either a new mutation occurs on the gamete
inherited from the other parent, or uniparental disomy occurs
resulting in the child inheriting two copies of the heterozygous
parent’s mutant allele (p. 77). For practical purposes, it is
usually assumed that both parents of an affected child are
carriers.

Carrier Risks for the Extended Family

When both parents are heterozygotes, the risk that each of
their children will be affected is 1 in 4. On average three of
their four children will be unaffected, of whom, on average,
two will be carriers (Figure 8.6). Therefore the probability that
the healthy sibling of someone with an autosomal recessive
disorder will be a carrier equals 2/3. Carrier risks can be derived
for other family members, starting with the assumption that
both parents of an affected child are carriers (Figure 8.7).
When calculating risks in autosomal recessive inheritance
the underlying principle is to establish the probability that each
prospective parent is a carrier, and then multiply the product
of these probabilities by 1/4, this being the risk that any child
born to two carriers will be affected. Therefore, in Figure 8.7,
if the sister, III5, of the affected boy was to marry her first
cousin, IIl,, the probability that their first baby would be
affected would equal 2/3 x 1/4 x 1/4—i.e., the probability that

10
RSN

Homozygous
affected

Homozygous Heterozygous

i unaffected unaffected \

2 out of 3 unaffected
offspring are carriers

FIGURE 8.6 Possible genotypes and phenotypes in the offspring
of parents who are both carriers of an autosomal recessive dis-
order. On average, two of three healthy offspring are carriers.
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FIGURE 8.7 Autosomal recessive inheritance. The probabilities
that various family members are carriers are indicated as
fractions.

III; is a carrier times the probability that III, is a carrier times
the probability that a child of two carriers will be affected. This
gives a total risk of 1/24.

If this same sister, III5, was to marry a healthy unrelated
individual, the probability that their first child would be
affected would equal 2/3 x 2pq x 1/4—i.e., the probability
that IIl; is a carrier times the carrier frequency in the general
population (p. 86) times the probability that a child of two
carriers will be affected. For a condition such as cystic fibrosis,
with a disease incidence of approximately 1 in 2500, ¢ =
1/2500 and therefore q = 1/50 and thus 2pq = 1/25. Therefore
the final risk would be 2/3 x 1/25 x 1/4, or 1 in 150.

Modifying a Carrier Risk by Mutation Analysis

Newborn screening for cystic fibrosis has been introduced in
the United Kingdom after pilot studies (p. 151). Around 2000
different mutations have been identified in the cystic fibrosis
gene, so that carrier detection by DNA mutation analysis is not
straightforward. However, a relatively simple test has been
developed for the most common mutations, which enables
about 90% of all carriers of western European origin to be
detected. What is the probability that a healthy individual who
has no family history of cystic fibrosis, and who tests negative
on the common mutation screen, is a carrier?

The answer is obtained, once again, by drawing up a simple
bayesian table (Table 8.4). The prior probability that this
healthy member of the general population is a carrier equals
1/25; therefore the prior probability that he or she is not a
carrier equals 24/25. If this individual is a carrier, then the

Table 8.4 Bayesian Table for Cystic Fibrosis Carrier

Risk if Common Mutation Screen Is Negative

Probability Carrier Not a Carrier

Prior 1/25 24/25

Conditional

Normal result on common 0.10 1
mutation screening

Joint 1/250 24/25
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probability that the common mutation test will be normal is
0.10 as only 10% of carriers do not have a common mutation.
The probability that someone who is not a carrier will have a
normal common mutation test result is 1.

This gives a joint probability for being a carrier of 1/250 and
for not being a carrier of 24/25. Therefore the posterior prob-
ability that this individual is a carrier equals 1/250/(1/250 +
24/25), which equals 1/241. Thus, the normal result on
common mutation testing has reduced the carrier risk from

1/25 to 1/241.

Sex-Linked Recessive Inheritance

Among mendelian disorders this pattern of inheritance tends
to generate the most complicated risk calculations. In severe
sex-linked conditions, affected males are often unable to have
their own children. Consequently, these conditions are usually
transmitted only by healthy female carriers. The carrier of a
sex-linked recessive disorder transmits the gene on average to
half of her daughters, who are therefore carriers, and to half
of her sons who will thus be affected. If an affected male does
have children, he will transmit his Y chromosome to all of his
sons, who will be unaffected, and his X chromosome to all of
his daughters, who will be carriers (Figure 8.8).

An example of how the birth of unaffected sons to a pos-
sible carrier of a sex-linked disorder results in a reduction of
her carrier risk has already been discussed in the introduction
to Bayes’ theorem (p. 94). Here we consider two further
factors that can complicate risk calculation in sex-linked reces-
sive disorders.

The Isolated Case

If a woman has only one affected son, then in the absence of

a positive family history there are three possible ways in which

this can have occurred.

1. The woman is a carrier of the mutant allele, in which case
there is a risk of 1/2 that any future son will be affected.

2. The disorder in the son arose because of a new mutation
that occurred during meiosis in the gamete that led to his

conception. The recurrence risk in this situation is

negligible.

3. The woman is a gonadal mosaic (p. 76) for the mutation
that occurred in an early mitotic division during her own
embryonic development. The recurrence risk will be equal
to the proportion of ova that carry the mutant allele (i.e.,
between 0% and 50%).

It may be very difficult to distinguish between these three

possibilities unless reliable tests are available for carrier detec-

tion (which is increasingly the case with modern molecular
analysis). If a woman is found to be a carrier, then risk calcula-

tion is straightforward. If the tests indicate that she is not a

carrier, the recurrence risk is probably low, but not negligible

because of the possibility of gonadal mosaicism.

For example, in Duchenne Muscular Dystrophy (DMD;
p. 281), it has been estimated that among the mothers of
isolated cases approximately two-thirds are carriers, 5% to 10%
are gonadal mosaics, and in the remaining 25% to 30% the
disorder has arisen as a new mutation in meiosis.

Leaving aside the complicating factor of gonadal mosaicism,
risk calculation in the context of an isolated case (Figure 8.9)
is possible, but may require calculation of the risk for a dummy
consultand within the pedigree as well as taking account of the
mutation rate, or lL. For a fuller understanding of , the student
is referred to one of the more detailed texts listed at the end
of the chapter.

Incorporating Carrier Test Results

Where mutation analysis is not available biochemical tests may
help in detecting carriers of sex-linked recessive disorders.
Unfortunately, there is often overlap in the values obtained for
controls and women known to be obligate carriers. Although
an abnormal result in a potential carrier would suggest that she
is likely to be a carrier, a normal test result does not exclude a
woman from being a carrier. Consider the example of DMD.

In DMD the serum creatine kinase level is raised in approxi-
mately two out of three obligate carriers (see Figure 11.2;
p. 145). Therefore, if a possible carrier such as II; in Figure 8.1

B0,

[
1 2 3

1/4

1 2
1/2 1/2

1/2 1/2

1/4

. Affected
@ Obligate carrier

FIGURE 8.8 Probabilities of male relatives being affected and female relatives being carriers of an X-linked recessive disorder. All the

daughters of an affected male are obligate carriers.
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FIGURE 8.9 In this pedigree llI; is affected by Duchenne mus-
cular dystrophy and is an isolated case (i.e., there is no history
of the condition in the wider family). The consultand, Ils (arrow),
wishes to know whether she is at risk of having affected sons.
To calculate her risk, the risk that her mother, |,, is a carrier is
first calculated; this requires consideration of the mutation rate,
W. I, is the dummy consultand in this scenario.

is found to have a normal level of creatine kinase, this would
provide further support for her not being a carrier. The test
result therefore provides a conditional probability, which is
included in a new bayesian calculation (Table 8.5).

The posterior probability that II, is a carrier equals 1/48/
(1748 + 1/2), or 1/25. Consequently, by first taking into
account this woman’s three healthy sons, and second her
normal creatine kinase test result, it has been possible to reduce
her carrier risk from 1 in 2 to 1 in 9 and then to 1 in 25.

The Use of Linked Markers

Today, for most single-gene disorders sequence analysis is pos-
sible if not always routine. Linked DNA markers are therefore
rarely used but still sometimes have a role in clarifying the
genetic status of an individual in a pedigree, for example where
the affected individual died and no DNA was stored. There
must be certainty that the disease in question is caused by
mutations at just one gene locus and is not genetically
heterogeneous.

To illustrate, consider the sister of a boy affected with
DMD, now deceased, whose mother is an obligate carrier as
she herself had an affected brother (Figure 8.10). A DNA
marker with alleles A and B is available and is known to be
closely linked to the DMD disease locus with a recombination
fraction (8) equal to 0.05. The disease allele must, by deduc-
tion, be linked with the A marker allele in II, because II, must
have inherited the B allele from her normal father, which she
has passed to her unaffected son III,. If II; also has the A allele
(not in this case linked to DMD because he is not a relative

Table 8.5 Bayesian Calculation for I, in

Probability Il Is a Carrier Il Is Not a Carrier
Prior 1/2 1/2
Conditional

Three healthy sons 1/8 1

Normal creatine kinase 1/3 1

Joint 1/48 1/2
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(Deduced) AB 0=5%

FIGURE 8.10 Pedigree showing a DMD family where the
affected individuals are deceased and no DNA is available. A and
B represent alleles closely linked to the dystrophin gene.

and is unaffected), the combination of alleles in IIl; is either
AA or AB. If AA, III; has inherited the high-risk allele from
her mother but, if AB she has inherited the low-risk B allele,
the final probability is a function of the chance of a crossover
(the recombination fraction, 8) having occurred between the
actual mutation and marker locus at meiosis in the ovum from
which she was conceived. Therefore, with markers AA the
carrier risk is 0.95 or 95%, and with AB the carrier risk for III;
0.05 or 5%.

It follows that the smaller the value of 0, the smaller the
likelihood of a predictive error. If DNA markers ‘bridge’ or
‘flank’ the disease locus, this greatly reduces the risk of a
predictive error as only a double crossover will go undetected,
which is extremely unlikely.

Bayes’ Theorem and Prenatal Screening

To further illustrate the potential of Bayes’ theorem in genetic
risk calculation counseling, an example from prenatal screening
follows. A woman age 20 years presents at 13 weeks’ gestation
with a fetus that has been shown on ultrasound to have signifi-
cant nuchal translucency (NT) (see Figure 20.6). NT may be
present in about 75% of fetuses with Down syndrome (p. 303).
In contrast, the incidence in babies not affected with Down
syndrome is approximately 5%. Therefore, NT is 15 times
more common in Down syndrome than in unaffected fetuses.

Question: Does this mean that the odds are 15 to 1 that
this unborn baby has Down syndrome? No! This risk, or more
precisely odds ratio, would be correct only if the prior prob-
abilities that the baby would be affected or unaffected were
equal. In reality the prior probability that the baby will be
unaffected is much greater than the prior probability that it
will have Down syndrome.

Actual values for these prior probabilities can be obtained
by reference to a table showing maternal age-specific risks for
Down syndrome (see Table 17.4; p. 237). For a woman age 20,
the incidence of Down syndrome is approximately 1 in 1500;
hence, the prior probability that the baby will be unaffected
equals 1499/1500. If these prior probability values are used in
a bayesian calculation, it can be shown that the posterior prob-
ability risk that the unborn baby will have Down syndrome is
approximately 1 in 100 (Table 8.6), a world apart from the
conditional odds of 15 to 1 in favor of the baby being affected.

In practice, the demonstration of NT on ultrasonography
in a fetus would usually prompt an offer of definitive
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Table 8.6 Bayesian Calculation to Show the
Posterior Probability that a Fetus With Nuchal

Translucency Conceived by a 20-Year-Old Mother
Will Have Down Syndrome

Probability Fetus Unaffected Fetus Affected
Prior 1499/1500 1/1500
Conditional

Nuchal translucency 1 15

Joint 1499/1500 =1 1/100
Expressed as odds 100 to 1
Posterior 100/101 1/101

chromosome analysis by placental biopsy, amniocentesis, or
fetal blood sampling (see Chapter 20). This example empha-
sizes that an observed conditional probability ratio should
always be combined with prior probability information to cal-
culate the actual risk.

Empiric Risks

Up to this point, risks have been calculated for single-gene
disorders using knowledge of basic mendelian genetics and
applied probability theory. In many counseling situations it is
not possible to arrive at an accurate risk figure in this way,
either because the disorder in question does not show single-
gene inheritance or because the clinical diagnosis with which
the family has been referred shows causal heterogeneity (see
below). In these situations, it is usually necessary to resort to
the use of observed or empiric risks. These are based on
observations derived from family and population studies rather
than theoretical calculations.

Multifactorial Disorders

One of the basic principles of multifactorial inheritance is that
the risk of recurrence in first-degree relatives, siblings and
offspring, equals the square root of the incidence of the disease
in the general population (p. 134)—i.e., P¥?, where P equals
the general population incidence. For example, if the general
population incidence equals 1/1000, then the theoretical risk
to a first-degree relative equals the square root of 1/1000,

which approximates to 1 in 32 or 3%. The theoretical risks
for second- and third-degree relatives can be shown to approxi-
mate to P¥* and P7®, respectively. Therefore, if there is
strong support for multifactorial inheritance, it is reasonable
to use these theoretical risks when counseling close family
relatives.

However, when using this approach it is important to
remember that the confirmation of multifactorial inheritance
will often have been based on the study of observed recurrence
risks. Consequently, it is generally more appropriate to refer
back to the original family studies and counsel on the basis of
the derived risks (Table 8.7).

Ideally, reference should be made to local studies as recur-
rence risks may differ in specific communities, ethnic groups,
and geographical locations. For example, in the UK, the recur-
rence risk for neural tube defects in siblings used to be quoted
as 4% (before the promotion of periconceptional maternal
folate intake). This, essentially, was an average risk. The actual
risk varied from 2% to 3% in southeast England up to 8% in
Northern Ireland, and also showed an inverse relationship with
the family’s socioeconomic status, being greatest for mothers
in poorest circumstances.

Unfortunately, empiric risks are rarely available for families
in which there are several affected family members, or for
disorders with variable severity or different sex incidences. For
example, in a family where several members have been affected
by cleft lip/palate, the empiric risks based on population data
may not apply—the condition may appear to be segregating as
an autosomal dominant trait with a high penetrance. In the
absence of a syndrome diagnosis being made and genetic testing
being possible, the clinical geneticist has to make the best
judgement about recurrence risk.

Conditions Showing Causal Heterogeneity

Many referrals to genetic clinics relate to a clinical pheno-
type rather than to a precise underlying diagnosis (Table
8.8). In these situations, great care must be taken to ensure
that all appropriate diagnostic investigations have been
undertaken before resorting to the use of empiric risk data.

It is worth emphasizing that the use of empiric risks for
conditions such as sensorineural hearing loss in childhood is at
best a compromise, as the figure quoted to an individual family

Table 8.7 Empiric Recurrence Risks for Common Multifactorial Disorders

Unaffected Parents Having a  Affected Parents Having

Disorder Incidence (Per 1000) Sex Ratio (M : F)  Second Affected Child (%) an Affected Child (%)
Cleft lip + cleft palate 1-2 3:2 4 4
Clubfoot (talipes) 1-2 2:1 B 3
Congenital heart defect 8 1:1 1-4 2 (father affected)
6 (mother affected)
Congenital dislocation 1 1:6 6 12
of the hip
Hypospadias (in males) 2 — 10 10
Manic depression 4 2:3 10-15 10-15
Neural Tube Defect
Anencephaly 1.5 1:2 4-5 —
Spina bifida 2.5 2:3 4-5 4
Pyloric Stenosis
Male index 2.5 — 2 4
Female index 0.5 — 10 17
Schizophrenia 10 1:1 10 14
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Table 8.8 Empiric Recurrence Risks for Conditions Showing Causal Heterogeneity

Incidence Sex Ratio Unaffected Parents Having a Affected Parents Having
Disorder (Per 1000) (M:F) Second Affected Child (%) an Affected Child (%)
Autism 1-2 4:1 2-3 —
Epilepsy (idiopathic) 5 1:1 5 5
Hydrocephalus 0.5 1:1 3 —
Learning disability (idiopathic) 3 1:1 3-5 10
Profound childhood sensorineural 1 1:1 10-15 5-10

hearing loss

will rarely be the correct one for their particular diagnosis.
Severe sensorineural hearing loss in a young child is usually
caused either by single-gene inheritance, most commonly
autosomal recessive, but occasionally autosomal dominant or
sex-linked recessive, or by an environmental condition such as
rubella embryopathy. Therefore, for most families the correct
risk of recurrence will be either 25% or 0%. In practice, it is
often not possible to establish the precise cause, so that the
only option available is to offer the family an empiric or
‘average’ risk.
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Risk calculation in genetic counseling requires a knowledge
and understanding of basic probability theory. Bayes’
theorem enables initial background ‘prior’ risks to be
modified by ‘conditional” information to give an overall
probability or risk for a particular event such as carrier
status.

For disorders showing autosomal dominant inheritance it is
often necessary to consider factors such as reduced
penetrance and age of onset. For disorders showing
autosomal recessive inheritance, risks to offspring are
determined by calculating the probability that each parent
is a carrier and then multiplying the product of these
probabilities by 1/4.

In sex-linked recessive inheritance, a particular problem
arises when only one male in a family is affected. The
results of biochemical carrier tests that show overlap
between carriers and non-carriers can be incorporated in a
bayesian calculation.

Although relatively rare today, polymorphic DNA markers
linked to a mendelian disease locus can be used for carrier
detection, preclinical diagnosis, and prenatal diagnosis.

Empiric (observed) risks are available for multifactorial
disorders and for etiologically heterogeneous conditions
such as non-syndromal sensorineural hearing loss.
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Chapter 9

Developmental
Genetics

The history of man for the nine months preceding
his birth would, probably, be far more interesting
and contain events of greater moment than all
the three score and ten years that follow it.
SAMUEL TAYLOR COLERIDGE

At fertilization the nucleus from a spermatozoon penetrates the
cell membrane of an oocyte to form a zygote. This single cell
divides to become two, then four, and when the number has
doubled some 50 times the resulting organism comprises more
than 200 distinct cell types and a total cell number of approxi-
mately 10,000 trillion. This is a fully formed human being with
complex biochemistry and physiology, capable of exploring the
cosmos and identifying subatomic particles. Not surprisingly,
biologists and geneticists are intrigued by the mechanisms of
early development and, whereas many mysteries remain, the
rate of progress in understanding key events and signaling
pathways is rapid.

A fetus is recognizably human approximately after 12 weeks
of pregnancy—the first trimester. Normal development
requires an optimum maternal environment but genetic integ-
rity is fundamental; this has given rise to the field of develop-
mental genetics. Most of what we know about the molecular
processes inevitably comes from the study of animal models,
with great emphasis on the mouse, whose genome closely
resembles our own.

Prenatal life can be divided into three main stages: pre-
embryonic, embryonic, and fetal (Table 9.1). During the pre-
embryonic stage, a small collection of cells becomes
distinguishable, first as a double-layered or bilaminar disc, and
then as a triple-layered or trilaminar disc (Figure 9.1), which
is destined to develop into the human infant. During the
embryonic stage, craniocaudal, dorsoventral, and proximodistal
axes are established, as cellular aggregation and differentiation
lead to tissue and organ formation. The final fetal stage is
characterized by rapid growth and development as the embryo,
now a fetus, matures into a viable human infant.

On average, this extraordinary process takes approximately
38 weeks. By convention pregnancy is usually dated from the
first day of the last menstrual period, which usually precedes
conception by around 2 weeks, so that the normal period of
gestation is often stated (incorrectly) as 40 weeks.

Fertilization and Gastrulation

Fertilization, the process by which the male and female
gametes fuse, occurs in the fallopian tube. Of the 100 to 200
million spermatozoa deposited in the female genital tract, only
a few hundred reach the site of fertilization. Of these, usually
102

only a single spermatozoon succeeds in penetrating first the
corona radiata, then the zona pellucida, and finally the oocyte
cell membrane, whereupon the oocyte completes its second
meiotic division (p. 32, and see Figure 3.15, p. 34). After the
sperm has penetrated the oocyte and the meiotic process has
been completed, the two nuclei, known as pronuclei, fuse,
thereby restoring the diploid number of 46 chromosomes. This
is a potentially chaotic molecular encounter with a high chance
of failure, as we know from observations of the early human
embryo from in vitro fertilization programs. It may be likened,
somewhat flippantly, to ‘speed dating’, whereby couples test
whether they might be compatible on the basis of only a few
minutes’ conversation.

Germ cell and very early embryonic development are
two periods characterized by widespread changes in DNA

Table 9.1 Main Events in the Development of a
Human Infant

Time From Length of
Stage Conception Embryo/Fetus
Pre-Embryonic
First cell division 30 h
Zygote reaches uterine cavity 4 d
Implantation 5-6d
Formation of bilaminar disc 12d 0.2 mm
Lyonization in female 16 d
Formation of trilaminar disc 19d 1T mm
and primitive streak
Embryonic Stage
Organogenesis 4-8 wk
Brain and spinal cord are 4 wk 4 mm
forming, and first signs of
heart and limb buds
Brain, eyes, heart, and limbs 6 wk 17 mm
developing rapidly, and
bowel and lungs beginning
to develop
Digits have appeared. Ears, 8 wk 4 cm
kidneys, liver, and muscle
are developing
Palate closes and joints form 10 wk 6 cm
Sexual differentiation almost 12 wk 9 cm
complete
Fetal Stage
Fetal movements felt 16-18 wk 20 cm
Eyelids open. Fetus is now 24-26 wk 35 cm
viable with specialized care
Rapid weight gain due to 28-38 wk 40-50 cm

growth and accumulation
of fat as lungs mature
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FIGURE 9.1 A schematic trilaminar disc, sectioned along the
rostrocaudal axis. Cells from the future ectoderm (top layer)
migrate through the primitive streak to form the endoderm
(bottom layer) and mesoderm (blue). Formation of the neural
plate in the overlying ectoderm, destined to be the central
nervous system, involves Sonic hedgehog signaling (p. 107)
from the notochord and prechordal plate mesoderm. (Redrawn
with permission from Larsen W] 1998 Essentials of human embryol-
ogy. New York: Churchill Livingstone.)

methylation patterns—epigenetic reprogramming (see p. 121).
Primordial germ cells are globally demethylated as they mature
and are subsequently methylated de novo during gametogenesis,
the time when most DNA methylation imprints are established.
After fertilization a second wave of change occurs. The oocyte
rapidly removes the methyl imprints from the sperm’s DNA,
which has the effect of resetting the developmental stopwatch
to zero. By contrast, the maternal genome is more passively
demethylated, as the imprinting is more resistant to the process.
A third wave of methylation, de novo, establishes the somatic
cell pattern of DNA methylation after implantation. These
alternating methylation states help to control which genes are
active, or expressed, at a time when two genomes, initially alien
to each other, collide.

The fertilized ovum or zygote undergoes a series of mitotic
divisions to consist of two cells by 30 hours, four cells by 40
hours, and 12 to 16 cells by 3 days, when it is known as a
morula. A key concept in development at all stages is the
emergence of polarity within groups of cells—part of the
process of differentiation that generates multiple cell types
with unique identities. Although precise mechanisms remain
elusive, observations suggest that this begins at the very outset;
in the fertilized egg of the mouse, the point of entry of the
sperm determines the plane through which the first cell cleav-
age division occurs. This seminal event is the first step in the
development of the so-called dorso-ventral, or primary body,
axis in the embryo.

Further cell division leads to formation of a blastocyst,
which consists of an inner cell mass or embryoblast, destined to
form the embryo, and an outer cell mass or trophoblast, which
gives rise to the placenta. The process of converting the inner
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cell mass into first a bilaminar, and then a trilaminar, disc (see
Figure 9.1) is known as gastrulation, and takes place between
the beginning of the second and the end of the third weeks.

Between 4 and 8 weeks the body form is established, begin-
ning with the formation of the primitive streak at the caudal
end of the embryo. The germinal layers of the trilaminar disc
give rise to ectodermal, mesodermal, and endodermal struc-
tures (Box 9.1). The neural tube is formed and neural crest
cells migrate to form sensory ganglia, the sympathetic nervous
system, pigment cells, and both bone and cartilage in parts of
the face and branchial arches.

Disorders involving cells of neural crest origin, such as
neurofibromatosis (p. 279), are sometimes referred to as neu-
rocristopathies. This period between 4 and 8 weeks is described
as the period of organogenesis, because during this interval all
of the major organs are formed as regional specialization pro-
ceeds in a craniocaudal direction down the axis of the embryo.

Developmental Gene Families

Information about the genetic factors that initiate, maintain,
and direct embryogenesis is incomplete. However, extensive
genetic studies of the fruit fly, Drosophila melanogaster,
and vertebrates such as mouse, chick, and zebra-fish have
identified several genes and gene families that play important
roles in early developmental processes. It has also been possible
through painstaking gene expression studies to identify
several key developmental pathways, or cascades, to which
more detail and complexity is continually being added. The
gene families identified in vertebrates usually show strong
sequence homology with developmental regulatory genes in
Drosophila. Studies in humans have revealed that mutations in
various members of these gene families can result in either
isolated malformations or multiple congenital anomaly syn-
dromes (see Table 16.5, p. 221). Many developmental genes
produce proteins called transcription factors (p. 17), which
control RNA transcription from the DNA template by binding
to specific regulatory DNA sequences to form complexes that
initiate transcription by RNA polymerase.

There are a number of different regulatory elements and
mechanisms for developmental genes besides transcription
factors, namely promoters, enhancers and repressors. It is

Box 9.1 Organ and Tissue Origins

Ectodermal

Central nervous system
Peripheral nervous system
Epidermis, including hair and nails
Subcutaneous glands
Dental enamel
Mesodermal

Connective tissue

Cartilage and bone

Smooth and striated muscle
Cardiovascular system
Urogenital system
Endodermal

Thymus and thyroid
Gastrointestinal system
Liver and pancreas
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becoming clear that the relationships between these elements
and their target genes in the molecular space of the nucleus
may be crucial to gene expression and easily disrupted by a
small intervening deletion, duplication, or inversion in the
region. This helps to explain why the search for gene mutations
in families with some monogenic disorders is sometimes fruit-
less, which is well illustrated by the molecular complexities
that explain ectrodactyly, or split-hand-foot malformation
(SHFM). The locus for SHFM type 1 is chromosome 7q21.3
and several cases were reported in association with a reciprocal
translocation or chromosome rearrangement at this locus. It is
now apparent that the key gene is DLX5 but its enhancer must
be intact, as well as the spatial relationship with the enhancer.
Curiously, the enhancer in this case is found within the terminal
exons of an upstream gene called DYNCIII (Figure 9.2),
which has its own role in neuronal development. It is frequently
the case that SHFM shows reduced or non-penetrance, which
is not easily explained.

Besides these regulatory elements switching genes on and
off by activating or repressing gene expression, in normal
development this occurs as a highly coordinated and complex
series of sequential cascades and feedback loops involving the
regulation of fundamental embryological processes such as
induction (the process in which extracellular signals give rise
to a change from one cell fate to another in a particular group
of cells), segmentation, migration, differentiation, and pro-
grammed cell death (known as apoptosis). It is believed that
these processes are mediated by growth factors, cell receptors,
and chemicals known as morphogens. Across species the signal-
ing molecules involved are very similar. The protein signals
identified over and over again tend to be members of the
transforming growth factor-f (TGF-p) family, the wingless
(Wnt) family, and the hedgehog (HH) family (see the following

section). In addition, it is clear within any given organism that
the same molecular pathways are reused in different develop-
mental domains. In addition, it has become clear that these
pathways are closely interlinked with each other, with plenty
of ‘cross-talk’.

Early Patterning

The emergence of the mesoderm heralds the transition from
the stage of bilaminar to trilaminar disc, or gastrulation.
Induction of the mesoderm—the initiation, maintenance, and
subsequent patterning of this layer—involves several key fami-
lies of signaling factors. The Nodal family is involved in initia-
tion, fibroblast growth factors (FGFs) and WN' are involved
in maintenance, and BMPs (bone morphogenetic proteins) are
involved in patterning the mesoderm. Signaling pathways are
activated when a key ligand binds specific membrane-bound
protein receptors. This usually leads to the phosphorylation of
a cytoplasmic factor, and this in turn leads to binding with
other factor(s). These factors translocate to the nucleus where
transcriptional activation of specific targets occurs.

In the case of the Nodal and BMP pathways, ligand binding
of a specific heterotetramer membrane-bound protein initiates
the signaling, which is common to all members of the TGF-$
family, the cytoplasmic mediators being SMAD factors (see the
following section). The embryo appears to have gradients of
Nodal activity along the dorsal-ventral axis, although the sig-
nificance and role of these gradients in mesoderm induction are
uncertain.

The WNT pathway has two main branches: one that is
B-catenin—-dependent (canonical) and the other independent of
B-catenin. In the canonical pathway, Wnt ligand binds to a
Frizzled/LRP (low density lipoprotein receptor-related protein)
heterodimer membrane-bound protein complex and the
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FIGURE 9.2 Split-hand-foot malformation (SHFM), aka ectrodactyly, and chromosome 7g21.3. In this individual with SHFM (and
other family members) a deletion of approximately 100 kb has occurred, removing exons 15-17 of the DYNCH1/1 gene which
incorporates an enhancer of the downstream DLX5 gene. Any disruption of the relationship between DLX5 and its enhancer causes

SHFEM.
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downstream intracellular signaling involves a G protein. The
effect of this is to disrupt a large cytoplasmic protein complex
that includes Axin, the adenomatous polyposis coli (APC; see
p. 189) protein, and the glycogen synthase kinase-3p (GSK-3f)
protein. This prevents the phosphorylation of B-catenin, but
when B-catenin is not degraded, it accumulates and translocates
to the nucleus where it activates the transcription of dorsal-
specific regulatory genes. Binding of the ligand to the Fgf
receptor results in dimerization of the receptor and transphos-
phorylation of the receptor’s cytoplasmic domain, with activa-
tion of Ras and other kinases, one of which enters the nucleus
and activates target transcription factors. Mutated WNT10A
in man results in a form of ectodermal dysplasia (odonto-
onycho-dermal dysplasia) and WNT4 is one of the genes
implicated in the rare Mayer-Rokitansky-Kuster syndrome,
featuring Miillerian (female genital) tract malformations.

The TGF-B Superfamily in Development
and Disease

Thus far it recognized that there are more than 30 members
of this cytokine family. Cytokines are a category of signaling
molecules—polypeptide regulators—that enable cells to com-
municate. They differ from hormones in that they are not
produced by discrete glands. These extracellular signaling
polypeptides are transduced through a cascade to regulate gene
expression within the cell nucleus. This is achieved through
binding with cell surface receptors that, in a series of reactions,
induces phosphorylation and activation of specific receptor
kinases. This leads to the translocation of complexes into the
nucleus, which executes transcriptional activation or repression
of responsive target genes. The TGF-B family can be divided
into two groups: (1) the BMPs and (2) the TGF-Bs, activins,
nodal, and myostatin, acting through various SMAD proteins.
Ultimately, this superfamily is actively involved in a very broad
range of cellular and developmental processes (Figure 9.3).
This includes regulation of the cell cycle, cell migration, cell
size, gastrulation and axis specification, and metabolic pro-
cesses. In relation to health and disease, there are consequences
for immunity, cancer, heart disease, diabetes, and Marfan and
Loeys-Dietz syndromes (pp. 291, 293). Hyperactive signaling
(overexpression) of BMP4 has been found in the rare bony
condition fibrodysplasia ossificans progressiva, where disabling
heterotopic bone deposition occurs, which is due to mutated
ACVRI, encoding a BMP type 1 receptor. A mutated BMP
receptor 2 has been shown to be a cause of familial primary
pulmonary hypertension (p. 288). BMP signaling is also involved
in both dendritogenesis and axonal transport.

Somatogenesis, Notch Signaling,
and the Axial Skeleton

The vertebrate axis is closely linked to the development of the
primary body axis during gastrulation, and during this process
the presomitic mesoderm (PSM), where somites arise, is laid
down in higher vertebrates. Wnt and FGF signals play vital
roles in the specification of the PSM. The somites form as
blocks of tissue from the PSM in a rostro-caudal direction
(Figure 9.4), each being laid down with a precise periodicity
that, in the 1970s, gave rise to the concept of the ‘clock and
wavefront’ model. Since then, molecular techniques have given
substance to this concept, and the key pathway here is notch-
delta signaling and the ‘oscillation clock’—a precise, temporally
defined wave of cycling gene expression (c-hairy in the chick,
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FIGURE 9.3 A summary of biological responses to TGF family
signaling. The range of processes that come under the influence
of this superfamily is very broad. (Modified from Wharton K,
Derynck R 2009 TGFB family signaling: novel insights in develop-
ment and disease. Development 136:3693.)
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FIGURE 9.4 Somatogenesis and Notch-Delta pathway. T-box
genes have a role in PSM specification, whereas the segmenta-
tion clock depends on oscillation, or cycling, genes that are
important in somite boundary formation where genes of the
Notch-Delta pathway establish rostro-caudal polarity. Hox genes
have a global function in establishing somite identity along the
entire rostro-caudal axis. (Adapted from Tickle C 2003 Patterning
in vertebrate development. Oxford: Oxford University Press.)
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circuitry of the three distinct ‘oscillator’ developmental pathways in the mouse presomitic mesoderm (PSM). (A) The Notch and
Fgf-regulated genes oscillate asynchronously to those of the Wnt pathway, and many are involved in negative feedback loops.
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in the mouse PSM through the study of mouse mutants, relying on analysis of MRNA expression. (Redrawn with permission from Gibb
S, Maroto M, Dale |[K 2010 The segmentation clock mechanism moves up a notch. Trends Cell Biol 20:593-600 An overview of Notch

signaling.)

lunatic fringe and hes genes in the mouse) that sweeps from
the tail-bud region in a rostral direction and has a key role in
the process leading to the defining of somite boundaries. It has
become clear that the integrity of the segmentation oscillation
clock is dependent on complex interactions and cross-talk
between the Notch, Wnt, and FGF signaling pathways (see
Figure 9.5).

Not all of the components of Notch signaling are fully
understood, but the notch recepror and its ligands, delta-like-1,

and delta-like-3, together with presenilin-1 and mesoderm
posterior-2, work in concert to establish rostro-caudal polarity
within the PSM such that somite blocks are formed. Human
phenotypes from mutated genes in this pathway are now well
known and include presenile dementia (presenilin-1), which is
dominantly inherited, and spondylocostal dysostosis (delta-
like-3, mesoderm posterior-2, lunatic fringe, and hairy enhancer
of split-7), which is recessively inherited (Figure 9.6). T-Box6
is implicated in some cases of dominantly inherited as well as
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FIGURE 9.6 Disrupted development of the vertebrae in a patient
with spondylocostal dysostosis type 1 resulting from mutations
in the delta-like-3 gene, part of the notch signaling pathway.
(Courtesy Dr. Meriel McEntagart, Kennedy-Galton Centre, London.)

recessive spondylocostal dysostosis. Another component of the
pathway is JAGGEDI1 which, when mutated, results in the
dominantly inherited and very variable condition known as
Alagille syndrome (arteriohepatic dysplasia) (Figure 9.7).
Mutations in NOTCH?2 are a rare cause of Alagille syndrome
as well as Hajdu-Cheney syndrome.

The Sonic Hedgehog-Patched GLI Pathway

The Sonic hedgehog gene (SHH) is as well known for its quirky
name as for its function. SHH induces cell proliferation in a
tissue-specific distribution and is expressed in the notochord,
the brain, and the zone of polarizing activity of developing
limbs. After cleavage and modification by the addition of a
cholesterol moiety, the SHH protein binds with its receptor,
Patched (PTCH), a transmembrane protein. The normal action
of PTCH is to inhibit another transmembrane protein called
Smoothened (Smo), but when bound by Shh this inhibition is
released and a signaling cascade within the cell is activated. The
key intracellular targets are the GLI (glioma-associated onco-
gene) family of transcription factors (Figure 9.8).

Molecular defects in any part of this pathway lead to a
number of apparently diverse malformation syndromes (see
Figure 9.8). Mutations in, or deletions of, SHH (chromosome
7q36) cause holoprosencephaly (Figure 9.9), in which the
primary defect is incomplete cleavage of the developing brain
into separate hemispheres and ventricles. The most severe
form of this malformation is cyclopia—the presence of a single
central eye. The complexity of early development can be
appreciated by the fact that a dozen or so chromosomal regions
have so far been implicated in the pathogenesis of holoprosen-
cephaly (p. 222). Mutations in PTCH (9q22) result in Gorlin
syndrome (nevoid basal cell carcinoma syndrome; Figure 9.10),
which comprises multiple basal cell carcinomas, odontogenic
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keratocysts, bifid ribs, calcification of the falx cerebri, and
ovarian fibromata. Mutations in SMO (7q31) are found in some
basal cell carcinomas and medulloblastomas. Mutations in
GLI3 (7p13) cause Pallister-Hall and Grieg syndromes, which
are distinct entities with more or less the same body systems
affected. However, there are also links to other conditions, in
particular the very variable Smith-Lemli-Opitz syndrome
(SLOS), which may include holoprosencephaly as well as some
characteristic facial features, pulmonary segmentation defects,
genital anomalies, postaxial polydactyly and syndactyly. This
condition is due to a defect in the final step of cholesterol
biosynthesis, which in turn may disrupt the binding of SHH
with its receptor, PTCH. Some, or all, of the features of SLOS
may therefore be due to loss of integrity in this pathway.
Furthermore, a cofactor for the GLI proteins, CREBBP (16p13)
is mutated in Rubenstein-Taybi syndrome (Figure 9.11). Dis-
turbance of different components of the SHH is also clearly
implicated in many types of tumor formation.

Homeobox (HOX) Genes

In Drosophila a class of genes known as the homeotic genes
has been shown to determine segment identity. Incorrect

i

FIGURE 9.7 A, Boy with Alagille syndrome and confirmed muta-
tion in JAGGEDT who presented with congenital heart disease.
B, The same boy a few years earlier with his parents. His mother
has a pigmentary retinopathy and was positive for the same
gene mutation.
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FIGURE 9.8 The Sonic hedgehog (SHH)-Patched (PTCH)-GLI
pathway and connection with disease. Different elements in the
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protein is initially cleaved to an active N-terminal form, which is
then modified by the addition of cholesterol. The normal action
of PTCH is to inhibit SMO, but when PTCH is bound by SHH this
inhibition is removed and the downstream signaling proceeds.
CREBBP, cAMP response element-binding binding protein.

expression of these genes results in major structural abnormali-
ties; the Antp gene, for example, which is normally expressed
in the second thoracic segment, will transform the adult fly’s
antennae into legs if incorrectly expressed in the head. Homeo-
tic genes contain a conserved 180-base pair (bp) sequence
known as the homeobox, which is believed to be characteristic
of genes involved in spatial pattern control and development.
This encodes a 60-amino-acid domain that binds to DNA in
Hox-response enhancers. Proteins from homeobox-containing
(or HOX) genes are therefore important transcription factors
that activate and repress batteries of downstream genes. At
least 35 downstream targets are known. The Hox proteins
regulate other ‘executive’ genes that encode transcription
factors or morphogen signals, as well as operating at many other
levels, on genes that mediate cell adhesion, cell division rates,
cell death, and cell movement. They specify cell fate and help
to establish the embryonic pattern along the primary (rostro-
caudal) axis as well as the secondary (genital and limb bud)
axis. They therefore play a major part in the development of
the central nervous system, axial skeleton and limbs, the
gastrointestinal and urogenital tracts, and external genitalia.
Drosophila has eight Hox genes arranged in a single cluster,
but in humans, as in most vertebrates, there are four homeobox
gene clusters containing a total of 39 HOX genes (Figure 9.12).
Each cluster contains a series of closely linked genes. In verte-
brates such as mice, it has been shown that these genes are
expressed in segmental units in the hindbrain and in global
patterning of the somites formed from axial presomitic meso-
derm. In each HOX cluster, there is a direct linear correlation

between the position of the gene and its temporal and spatial
expression. These observations indicate that these genes play a
crucial role in early morphogenesis. Thus, in the developing
limb bud (p. 118, see Figure 9.25) HOXA9 is expressed both
anterior to, and before, HOX10, and so on.

Mutations in HOXA13 cause a rare condition known as the
hand-foot-genital syndrome. This shows autosomal dominant
inheritance and is characterized by shortening of the first and
fifth digits, with hypospadias in males and bicornuate uterus in
females. Experiments with mouse Hoxal3 mutants have
shown that expression of another gene, EphA7, is severely
reduced. Therefore, if this gene is not activated by Hoxal3,
there is failure to form the normal chondrogenic condensa-
tions in the primordial distal limb. Mutations in HOXDI13
result in an equally rare limb developmental abnormality
known as synpolydactyly. This also shows autosomal dominant
inheritance and is characterized by insertion of an additional
digit between the third and fourth fingers and the fourth and
fifth toes, which are webbed (Figure 9.13). The phenotype
in homozygotes is more severe and reported mutations take
the form of an increase in the number of residues in a polyala-
nine tract. This triplet-repeat expansion probably alters the
structure and function of the protein, thereby constituting a
gain-of-function mutation (p. 20). Mutated HOXAI has been
found in the rare, recessively inherited, Bosley-Saleh-Alorainy

FIGURE 9.9 Facial features in holoprosencephaly. The eyes are
close together and there is a midline cleft lip because of a failure
of normal prolabia development.
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FIGURE 9.10 Gorlin (nevoid basal cell carcinoma) syndrome. A,
This 6-year-old girl from a large family with Gorlin syndrome has
macrocephaly and a cherubic appearance. B, Her affected sister
developed a rapidly enlarging odontogenic keratocyst (arrows)
in the mandible at the age of 9 years, displacing the roots of
her teeth.

syndrome, consisting of central nervous system abnormalities,
deafness, and cardiac and laryngotracheal anomalies. A muta-
tion in HOXD10 was found in isolated congenital vertical talus
in a large family demonstrating autosomal dominant inheri-
tance, and duplications of HOXD have been found in mesomelic
limb abnormality syndromes.

Given that there are 39 HOX genes in mammals, it is sur-
prising that so few syndromes or malformations have been
attributed to HOX gene mutations. One possible explanation
is that most HOX mutations are so devastating that the embryo
cannot survive. Alternatively, the high degree of homology
between HOX genes in the different clusters could lead to
functional redundancy so that one HOX gene compensates for
a loss-of-function mutation in another. In this context HOX
genes are said to be paralogous because family members from
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different clusters, such as HOXA13 and HOXDI3, are more
similar than adjacent genes in the same cluster.

Several other developmental genes also contain a homeobox-
like domain. These include MSX2, mutations in which can
cause craniosynostosis—premature fusion of the cranial sutures.

Paired-Box (PAX) Genes

The paired-box is a highly conserved DNA sequence that
encodes a 130-amino-acid DNA-binding transcription regulator
domain. Nine PAX genes have been identified in mice and
humans. In mice these have been shown to play important roles
in the developing nervous system and vertebral column. In
humans, loss-of-function mutations in five PAX genes have
been identified in association with developmental abnormali-
ties (Table 9.2). Waardenburg syndrome type 1 is caused by
mutations in PAX3. It shows autosomal dominant inheritance
and is characterized by sensorineural hearing loss, areas of
depigmentation in hair and skin, abnormal patterns of pigmen-
tation in the iris, and widely spaced inner canthi (Figure 9.14).
Waardenburg syndrome shows clinical and genetic heterogene-
ity; the more common type 2 form, in which the inner canthi
are not widely separated, may be caused by mutations in MITF
or SOX10, with other cases as yet unexplained.

The importance of expression of the PAX gene family in eye
development is illustrated by the effects of mutations in PAX2
and PAX6. Mutations in PAX2 cause the renal-coloboma syn-
drome, in which renal malformations occur in association with
structural defects in various parts of the eye, including the
retina and optic nerve. Mutations in PAX6 lead to absence of
the iris, which is known as aniridia (Figure 9.15). This is a key
feature of the WAGR syndrome (p. 243), which results from
a contiguous gene deletion involving the PAX6 locus on chro-
mosome 11.

SRY-Type HMG Box (S0X) Genes

SRY is the Y-linked gene that plays a major role in male sex
determination (p. 123). A family of genes known as the SOX
genes show homology with SRY by sharing a 79-amino-acid
domain known as the HMG (high-mobility group) box. This
HMG domain activates transcription by bending DNA in such
a way that other regulatory factors can bind with the promoter
regions of genes that encode for important structural proteins.
These SOX genes are thus transcription regulators and are
expressed in specific tissues during embryogenesis. For example,
SOX1, SOX2, and SOX3 are expressed in the developing
mouse nervous system.

In humans it has been shown that loss-of-function mutations
in SOX9 on chromosome 17 cause campomelic dysplasia
(Figure 9.16). This very rare disorder is characterized by
bowing of the long bones, sex reversal in chromosomal males,
and very poor long-term survival. In-situ hybridization studies

Table 9.2 Developmental Abnormalities Associated

with PAX Gene Mutations

Chromosome
Gene Location Developmental Abnormality
PAX2 10924 Renal-coloboma syndrome
PAX3 2935 Waardenburg syndrome type 1
PAX6 11p13 Aniridia
PAX8 2912 Absent or ectopic thyroid gland
PAX9 14912 Oligodontia
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in mice have shown that SOX9 is expressed in the developing
embryo in skeletal primordial tissue, where it regulates type 11
collagen expression, as well as in the genital ridges and early
gonads. SOX9 is now thought to be one of several genes that
are expressed downstream of SRY in the process of male sex
determination (p. 123). Mutations in SOX10 are one cause of
Waardenburg syndrome type 2 and may include a peripheral
neuropathy as well as Hirschsprung disease. Mutations in
SOX2 (39q26) have been shown to cause anophthalmia or
microphthalmia, but also a wider syndrome of esophageal
atresia and genital hypoplasia in males — the anophthalmia-
esophageal-genital syndrome.

FIGURE 9.11 A baby with characteristic facial features (A)
of Rubenstein-Taybi syndrome, angulated thumbs (B), and
postaxial polydactyly of the feet (C). A young adult (D) with
the same condition, though more mildly affected.

T-Box (TBX) Genes

The T gene in mice plays an important role in specification of
the paraxial mesoderm and notochord differentiation. Hetero-
zygotes for loss-of-function mutations have a short tail and
malformed sacral vertebrae. This gene, which is also known as
Brachyury, encodes a transcription factor that contains both
activator and repressor domains. It shows homology with a
series of genes through the shared possession of the T domain,
which is also referred to as the T-box. These T-box or TBX
genes are dispersed throughout the human genome, with some
family members existing in small clusters. One of these clusters
on chromosome 12 contains TBX3 and TBX5. Loss-of-function
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FIGURE 9.12 A, Drosophila has eight Hox genes in a single cluster whereas there are 39 HOX genes in humans, arranged in four
clusters located on chromosomes 7p, 179, 12q, and 2q for the A, B, C, and D clusters, respectively. B, Expression patterns of Hox
and HOX genes along the rostro-caudal axis in invertebrates and vertebrates, respectively. In vertebrates the clusters are paralogous
and appear to compensate for one another. (Redrawn from Veraksa A, Del Campo M, McGinnis W: Developmental patterning genes and
their conserved functions: from model organisms to humans. Mol Genet Metab 2000;69:85—100, with permission.)

FIGURE 9.13 Clinical (A) and (B) radiographic views of the hands in synpolydactyly due to mutated HOXD13.
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FIGURE 9.14 Iris heterochromia and marked dystopia cantho-
rum in an infant with Waardenburg syndrome type 1, caused
by a mutation in PAX3.

mutations in TBX3 cause the ulnar-mammary syndrome in
which ulnar ray developmental abnormalities in the upper
limbs are associated with hypoplasia of the mammary glands.
Loss-of-function mutations in TBX5 cause the Holt-Oram
syndrome. This autosomal dominant disorder is characterized
by congenital heart abnormalities, most notably atrial septal
defects, and upper limb radial ray reduction defects that can
vary from mild hypoplasia (sometimes duplication) of the
thumbs to almost complete absence of the forearms. TBXG6 is
implicated in congenital scoliosis, autosomal dominant and
recessive forms of spondylocostal dysostosis, and Miillerian
aplasia (abnormalities of the female genital tract).

Zinc Finger Genes

The term zinc finger refers to a finger-like loop projection
consisting of a series of four amino acids that form a complex
with a zinc ion. Genes that contain a zinc finger motif act as
transcription factors through binding of the zinc finger to DNA.
Consequently they are good candidates for single-gene devel-
opmental disorders (Table 9.3).

For example, a zinc finger motif-containing (zfm-c) gene
known as GLI3 on chromosome 7 (as mentioned, a component
of the SHH pathway) has been implicated as the cause of two
developmental disorders. Large deletions or translocations
involving GLI3 cause Greig cephalopolysyndactyly, which is
characterized by head, hand, and foot abnormalities such
as polydactyly and syndactyly (Figure 9.17A). In contrast,

FIGURE 9.15 An eye showing absence of the iris (aniridia). The
cornea shows abnormal vascularization. (Courtesy Mr. R. Gregson,
Queen’s Medical Centre, Nottingham, UK.)

FIGURE 9.16 Campomelic dysplasia. This skeletal dysplasia is
characterized by angulation of the long bones, especially in the
legs, very small scapulae, and sex reversal in males. Severe and
life-threatening respiratory distress in the neonatal period is
usual. It is caused by mutations in the SOX9 gene.

frameshift mutations in GLI3 have been reported in the
Pallister-Hall syndrome (see Figure 9.17B), in which the key
features are polydactyly, hypothalamic hamartomata and
imperforate anus.

Mutations in another zfm-c gene known as WT1 on chromo-
some 11 can cause both Wilms’ tumor and a rare developmental
disorder, the Denys-Drash syndrome, in which the external
genitalia are ambiguous and there is progressive renal failure as
a result of nephritis. Mutations in two other zfm-c genes, ZIC2
and ZIC3, have been shown to cause holoprosencephaly and
laterality defects, respectively.

Just as polarity is a key concept in development, so too is
laterality, with implications for the establishment of a normal
left-right body axis. In very early development, integrity of
many of the same gene families previously mentioned—Nodal,
SHH, and Notch—is essential to the establishment of this axis.
Clinically, situs solitus is the term given to normal left-right
asymmetry and situs inversus to reversal of the normal arrange-
ment. Up to 25% of individuals with situs inversus have an
autosomal recessive condition—Kartagener syndrome, or ciliary
dyskinesia. Other terms used are isomerism sequence, hetero-
taxy, asplenia/polyasplenia, and Ivemark syndrome. Laterality
defects are characterized by abnormal positioning of unpaired

Table 9.3 Developmental Abnormalities Associated

with Genes Containing a Zinc Finger Motif

Chromosome
Gene Location Developmental Abnormality
GLI3 7p13 Greig syndrome and Pallister-Hall
syndrome
WT1 11p13 Denys-Drash syndrome
ZIc2 13932 Holoprosencephaly
ZIC3 Xq26 Laterality defects
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FIGURE 9.17 A, The feet of a child with Greig cephalopolysyn-
dactyly. Note that they show both preaxial polydactyly (extra
digits) and syndactyly (fused digits). B, The left hand of a woman
with Pallister-Hall syndrome and a proven mutation in GLI/3.
Note the postaxial polydactyly and the surgical scar, where an
extra digit arising from between the normal metacarpal rays
(mesoaxial polydactyly) was removed.

organs such as the heart, liver, and spleen, and more than 20
genes are now implicated from studies in vertebrates, with a
number identified in humans by the study of affected families,
with all of the main patterns of inheritance represented.

Signal Transduction (‘Signaling’) Genes

Signal transduction is the process whereby extracellular growth
factors regulate cell division and differentiation by a complex
pathway of genetically determined intermediate steps. Muta-
tions in many of the genes involved in signal transduction play
a role in causing cancer (p. 181). In some cases they can also
cause developmental abnormalities.

The RET Proto-Oncogene

The proto-oncogene RET on chromosome 10q11.2 encodes a
cell-surface tyrosine kinase. Gain-of-function mutations,
whether inherited or acquired, are found in a high proportion of
medullary thyroid cancers (Chapter 14). Loss-of-function
mutations in RET have been identified in approximately 50% of
familial cases of Hirschsprung disease, in which there is failure
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FIGURE 9.18 Structure of the fibroblast growth factor receptor
(FGFR). Arrows indicate the location of mutations in the cranio-
synostosis syndromes and achondroplasia group of skeletal
dysplasias. /g, Immunoglobulin-like domain; TM, transmembrane
domain; TK, tyrosine kinase domain; P, Pfeiffer syndrome; A,
Apert syndrome; C, Crouzon syndrome; J, Jackson-Weiss syn-
drome; TD, thanatophoric dysplasia; ACH, achondroplasia; HCH,
hypochondroplasia.

of migration of ganglionic cells to the submucosal and myenteric
plexuses of the large bowel. The clinical consequences are
usually apparent shortly after birth when the child presents with
abdominal distension and intestinal obstruction.

FGF Receptors

FGFs play key roles in embryogenesis, including cell division,
migration, and differentiation. The transduction of extracel-
lular FGF signals is mediated by a family of four transmembrane
tyrosine kinase receptors. These are the fibroblast growth
factor receptors (FGFRs), each of which contains three main
components: an extracellular region with three immunoglobulin-
like domains, a transmembrane segment, and two intracellular
tyrosine kinase domains (Figure 9.18).

Mutations in the genes that code for FGFRs have been
identified in two groups of developmental disorders (Table
9.4), and these are activating or gain-of-function mutations (p.
20). These are the craniosynostosis syndromes and the achon-
droplasia family of skeletal dysplasias. The craniosynostosis
syndromes, of which Apert syndrome (Figure 9.19) is the best
known, are characterized by premature fusion of the cranial
sutures, often in association with hand and foot abnormalities
such as syndactyly (fusion of the digits). Apert syndrome is
caused by a mutation in one of the adjacent FGFR2 residues
in the peptides that link the second and third immunoglobulin
loops (see Figure 9.18). In contrast, mutations in the third

Table 9.4 Developmental Disorders Caused by

Mutations in Fibroblast Growth Factor Receptors

Gene  Chromosome Syndrome
Craniosynostosis Syndromes
FGFRT  8pl1 Pfeiffer
FGFR2 10925 Apert
Crouzon
Jackson-Weiss
Pfeiffer
FGFR3  4pl6 Crouzon (with acanthosis nigricans)
Skeletal Dysplasias
FGFR3  4pl6 Achondroplasia

Hypochondroplasia
Thanatophoric dysplasia
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AL B

FIGURE 9.19 Apert syndrome, due to mutated FGFR2. Views of the face (A), hand (B), and foot (C) of a child. An affected adult is

shown in (D), (E), and (F).

immunoglobulin loop can cause either Crouzon syndrome, in
which the limbs are normal, or Pfeiffer syndrome, in which the
thumbs and big toes are broad. Achondroplasia is the most
commonly encountered form of genetic short stature (Figure
9.20). The limbs show proximal (‘rhizomelic’) shortening and
the head is enlarged with frontal bossing. Intelligence and life
expectancy are normal. Achondroplasia is almost always caused
by a mutation in, or close to, the transmembrane domain of
FGFR3. The common transmembrane domain mutation,
G380R or ¢.1138G>A, results in the replacement of a glycine
residue by arginine—an amino acid never normally found in
cell membranes. This in turn appears to enhance dimerization
of the protein that catalyzes downstream signaling. Hypochon-
droplasia, a milder form of skeletal dysplasia with similar trunk
and limb changes but normal head shape and size, is caused by
mutations in the proximal tyrosine kinase domain (intracellu-
lar) of FGFR3. Finally, thanatophoric dysplasia, a much more
severe and invariably lethal form of skeletal dysplasia, is caused

by mutations in either the peptides linking the second and third
immunoglobulin domains (extracellular) of FGFR3, or the
distal FGFR3 tyrosine kinase domain. The mechanism by
which these mutations cause skeletal shortening is not fully
understood at present. The mutations cannot have loss-of-
function effects as children with the Wolf-Hirschhorn syndrome
(p. 243), which is due to chromosome 4p microdeletions that
include FGFR3, do not show similar skeletal abnormalities.

The Pharyngeal Arches

The pharyngeal (or branchial) arches correspond to the gill
system of lower vertebrates and appear in the fourth and
fifth weeks of development. Five (segmented) pharyngeal
arches in humans arise lateral to the structures of the head
(Figure 9.21) and each comprises cells from the three germ
layers and the neural crest. The lining of the pharynx, thyroid,
and parathyroids arises from the endoderm, and the outer
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FIGURE 9.20 Two young patients with achondroplasia. (A) An
infant, showing typical frontal bossing and excess skin folds due
to short long bones. (B) An older child who is part of a family
with achondroplasia.

epidermal layer arises from the ectoderm. The musculature
arises from the mesoderm, and bony structures from neural
crest cells. Separating the arches are the pharyngeal clefts
externally and the pharyngeal pouches internally; these have
important destinies. Numbered from the rostral end, the first
arch forms the jaw and muscles of mastication; the first cleft
is destined to be the external auditory meatus, and the first
pouch the middle ear apparatus. The second arch forms the
hyoid apparatus and muscles of facial expression, whereas the
third pouch develops into the thymus, and the third and fourth
pouches become the parathyroids. The arteries within the
arches have important destinies too and, after remodeling, give
rise to the aortic and pulmonary arterial systems. Some of the
syndromes, malformations, inheritance patterns and genetic
mechanisms associated with the first and second pharyngeal
arches are listed in Table 9.5. One of these, branchio-oculo-
facial syndrome (BOFS)), is illustrated in Figure 9.22. However,
the most well-known condition due to disturbed development
of pharyngeal structures—the third and fourth pouches—is
DiGeorge syndrome, also known as velocardiofacial syndrome,
and well described earlier by Sedlackovéd of Prague in 1955.
This is covered in more detail in Chapter 17 (p. 245) and
results from a 3Mb submicroscopic chromosome deletion at
band 22q11.2 with the loss of some 30 genes. Studies in mice
(the equivalent, or syntenic, region is on mouse chromosome
16) suggest that the most significant gene loss is that of Tbx1,
strongly expressed throughout the pharyngeal apparatus.
Heterozygous Tbx1 knock-out mice show hypoplastic or absent
fourth pharyngeal arch arteries, suggesting that TBX1 in humans
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is the key. Indeed, mutations in this gene have been found in
some congenital heart abnormalities and it is possible that
TBX1 is the key gene for other elements of the phenotype.

The Role of Cilia in Developmental
Abnormalities

In recent years, the vital role of the humble cilium in driving
movement or particle flow across epithelial surfaces has become
increasingly apparent. As with other areas of cell and molecular
biology, we learn most about motile cilia when they are
dysfunctional—the result may be major developmental
abnormalities.

Cilia are the equivalent of flagella in wider biology and
they share structural identity. They are hair-like protrusions
from the cell surface (Figure 9.23), up to 20 um long and,
present in large numbers on the apical cell surface, beat in
coordinated waves. In cross-section they consist of a scaffold
of nine microtubule doublets surrounding a central pair. The
central and outer doublets are connected by radial spokes,
which produce the force necessary to bend the cilium; dynein
arms facilitate this movement. They clear mucus from the
respiratory epithelium, drive sperm along the Fallopian tube,
and move cerebrospinal fluid in the cavities of the central
nervous system. In development, the cilia at the organizational
node of the vertebrate embryo conduct a circular motion,
wafting molecules unidirectionally and helping to establish
left-right asymmetry.

Apart from their obvious mechanical function, which con-
ceptually is straightforward, it appears increasingly likely that
cilia behave like molecular antennae that sense extracellular
signaling molecules. The Sonic hedgehog and Wnt signaling
pathways depend to an extent on cilial functional integrity for
optimal signaling. Defective cilial function can therefore impact
on a broad range of developmental processes and pathways.
Defects in the cilial proteins themselves lead to wide-ranging
phenotypic effects that include retinal degeneration, anosmia,
renal, hepatic, and pancreatic cyst formation, postaxial poly-
dactyly, and situs inversus. These recognizable syndromes are
referred to as ‘ciliopathies’ (Table 9.6). One of these, short-rib
polydactyly syndrome, which follows autosomal recessive
inheritance and is due to mutated DYNC2H1 (among others),
is shown in Figure 9.24. The features of the listed syndromes
in Table 9.6 overlap with many other multiple congenital
abnormality syndromes and the role of cilia in developmental
genetics cannot be underestimated.

The Limb as a Developmental Model

Four main phases are recognized in limb development: (1)
initiation, (2) specification, (3) tissue differentiation, and (4)
growth. Understanding of these stages and their molecular
mechanisms continues to grow and insights have been gleaned
from the study of limb development in chicks and mice in
particular, as well as elucidating the causes of various limb
abnormalities in man.

Initiation and Specification

Limb bud formation is thought to be initiated at approximately
28 days by a member of the FGF family as illustrated by the
development of an extra limb if FGFI1, FGF2, or FGF4 is
applied to the side of a developing chick embryo. During
normal limb initiation FGF8 transcripts have been identified in
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FIGURE 9.21 The pharyngeal (or branchial) apparatus. The lateral view (A) shows the five pharyngeal arches close to the embryonic
head and the cross-section (B) shows the basic arrangement from which many head and neck structures, as well as the heart,

develop. Humans and mice do not have arch no. 5. (Redrawn from Graham A, Smith A 2001 Patterning the pharyngeal arches. Bioessays
23:54-61, with permission of Wiley-Liss Inc., a subsidiary of John Wiley & Sons, Inc.)
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FIGURE 9.22 Branchio-oculo-facial syndrome (BOFS), a condition affecting the 1st and 2nd pharyngeal arches. A, a young child
with a pseudocleft of the upper lip, flattened nasal tip and anterverted nares; B, the same child showing a typical cutaneous branchial

sinus lesion; C, the child with his mother (who also has small ears) and grandmother — all clearly affected with pseudoclefts.
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Table 9.5 Some Syndromes and Malformations Associated With the First and Second Pharyngeal Arches

Syndrome

Malformations

Inheritance

Mechanisms

117

Oculo-auriculo-
vertebral
spectrum (OAVS;
Goldenhar
syndrome)

Treacher Collins
syndrome

Branchio-oculo-
facial syndrome
(BOFS)

Branchio-oto-renal
(BOR) syndrome

Pierre-Robin
sequence

Townes-Brock
syndrome

Auriculo-condylar
syndrome

Oro-facial-digital
(OFD) syndromes
(types | to X)

Oto-palato-digital
(OPD) syndrome

Hemifacial microsomia, ear malformations;
epibulbar dermoids; occasional clefts;
(cervical vertebral anomalies)

Hypoplasia of the maxilla and mandible;
downslanting palpebral fissures with
coloboma of the lower lid; cleft palate;
hearing impairment

Branchial cleft sinus defects; a cleft or
pseudocleft lip/palate; ocular anomalies
including microphthalmia and lacrimal
duct obstruction

Long, narrow face; aplasia or stenosis of
lacrimal duct; ear anomalies—external
and inner—and preauricular pits

Micrognathia, cleft palate, glossoptosis
(posteriorly placed tongue); if syndromic,
may be associated with limb anomalies
and or congenital heart disease

Malformed (‘satyr’) ears, sensorineural
hearing loss, preauricular skin tags;
(imperforate anus, triphalangeal thumbs,
cardiac/renal defects)

Prominent, malformed ears; abnormal
temporomandibular joint; microstomia
Cleft or lobulated tongue; cleft palate; oral

frenulae; (digital anomalies—
brachydactyly, polydactyly, syndactyly,
clinodactyly)

Prominent supraorbital ridge, wide nasal
bridge, downslanting palpebral fissures,
low set ears, microstomia, micrognathia;
(skeletal abnormalities—restricted
growth, narrow thorax, platyspondyly,
bowed long bones)

Usually sporadic.
Occasional AD and AR
families reported

AD

AD

AD

Various: sporadic if
occurring as an isolated
malformation complex;
syndromic forms—both
AD and AR families
reported

AD

AD

XLD (OFD1, OFD7)

XLR (OFD8, OFD9)

AR (OFD2, OFD3, OFD4,
OFD5), OFD6, OFD9)

AD (OFD?)

XL semidominant

Probable non-genetic factors

Possible locus at 14932.1

Mutation in TCOFT gene

Mutation in TFAP2A gene

Mutation in EYAT, SIX5, possible

locus at 1931

Sporadic cases may be a
deformation sequence

secondary to oligohydramnios.
One AD form segregates with a
75 kb deletion at 17924, which
may affect expression of SOX9

(campomelic dysplasia)
Mutation in SALLT

One locus, mapped to 1p21-g23

OFD1 due to mutation in CXORF5

(Xp22)

Mutation in FLNA (Xq28)

AD, Autosomal dominant; AR, autosomal recessive; XLD, X-linked dominant; XLR, X-linked recessive.

Table 9.6 The Human Ciliopathies: Those Diseases of Development Known to Be Due to Defective Cilia

Disease/Syndrome Gene Chromosome Locus Body System(s) Affected
Alstrom syndrome ALMS1 2p13 Retina, adipose, endocrine, heart
Jeune asphyxiating thoracic dystrophy IFT80 15913 Skeleton
Bardet-Biedl syndrome BBS1-BBS14 Multiple Multisystem, including retina,
kidney, skeleton
Cranioectodermal dysplasia IFT122 3g21.3 Kidney, liver
(Sensenbrenner syndrome) WDR35 2p24.1
IFT43 14g24.3
WDR19 4p14
Ellis-van Crefeld syndrome EVCI, EVC2 4p16 Skeleton, heart
Joubert syndrome JBTST (+ others) 9934.3 Brain
Leber congenital amaurosis GUCY2D, RPE65 (+ others)  17p13, 11p31 (+ others) Retina
McKusick-Kaufman syndrome BBS6 20p12 Limb, heart, urogenital tract
Meckel-Gruber syndrome MKS1 (+ others) 17923 (+ others) Brain, kidney, liver
Nephronophthisis (types 1-4) Nephrocyston (+ others) Multiple Kidney
Oro-facio-digital syndrome type 1 OFD1 (+ others) Xp.22 (+ others) Skeleton (limb, face)
Polycystic kidney disease Multiple Multiple Kidney
Primary ciliary dyskinesia (Kartegener Multiple Multiple Multi-system
syndrome)
Senior-Loken syndrome Multiple Multiple Retina, kidney
Short-rib polydactyly syndrome DYNC2H1 11913 Skeleton, kidney, urogenital tract

https://CafePezeshki.IR



118 Developmental Genetics

Cilium

I Kinesin

? Dynein
Anterograde

IFT
O IFT particle

QO cargo

Plasma

membrane @

'S

I
~

olgi

((Gé

S —

1
<\

Retrograde
IFT

Microtubules

Transition
fibers

o)

N
@ U X
o

Degradation/recycling

Basal body

FIGURE 9.23 The structure of a cilium. Nine microtubule doublets provide the main scaffold and surround one microtubule doublet

in the center.

mesenchyme near the initiation site. FGF8 expression is prob-
ably controlled by HOX genes, which determine limb type
(forelimb or hindlimb) and number.

Tissue Differentiation and Growth

Once limb formation has been initiated, a localized area of thick-
ened ectoderm at the limb tip, known as the apical ectodermal
ridge (AER), produces growth signals such as FGF4 and FGFS8,
which maintain further growth and establish the proximo-distal
axis (Figure 9.25). Expression of the gene TP63 is crucial for
sustaining the AER and, when this gene is mutated, split hand-
foot malformations result, often together with oral clefting and
other anomalies—ectrodactyly-ectodermal dysplasia-clefting
syndrome. Signals from another localized area on the posterior
margin of the developing bud, known as the zone of polar-
izing activity, determine the anteroposterior axis. One of these

signals is SHH (p. 107), which acts in concert with other FGF
genes, GLI3, and another gene family, which produces BMPs.
Another morphogen, retinoic acid, is believed to play a major
role at this stage in determining development at the anterior
margin of the limb bud.

Subsequent development involves the activation of genes
from the HOXA and HOXD clusters in the undifferentiated
proliferating mesenchymal cells beneath the AER. This area
is known as the progress zone. Cells in different regions
express different combinations of HOX genes that determine
local cell proliferation, adhesion, and differentiation. Down-
stream targets of the HOX gene clusters remain to be identi-
fied. Other genes that clearly have a key role are those of the
T-box family, previously discussed, and SALL4, which is
mutated in Okihiro syndrome (radial ray defects with abnormal
eye movements resulting from congenital palsy affecting the
sixth cranial nerve).
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FIGURE 9.24 Short-rib polydactyly syndrome. A, The chest of the fetus is narrow and postaxial polydactyly affects all four limbs. B,

As seen in this x-ray, the ribs of the fetus are very short.

FGFs continue to be important during the later stages
of limb development. In this context it becomes easy to under-
stand why limb abnormalities are a feature of disorders such as
Apert syndrome (see Figure 9.19), in which mutations have
been identified in the extracellular domains of FGFR2. Wnt
signaling is also integral to limb development and homozygous
(or compound heterozygous) mutations of LRP4, the protein of
which forms a complex with Frizzled in the Wnt canonical
pathway (see Figure 9.5), give rise to the condition Cenani-Lenz
syndrome, a condition characterized by digital fusion/syndactyly,
oligodactyly, renal anomalies, and facial dysmorphism.

Developmental Genes and Cancer

Several genes that play important roles in embryogenesis have
also been shown to play a role in causing cancer (Table 9.7).

This is not surprising, given that many developmental genes
are expressed throughout life in processes such as signal trans-
duction and signal transcription (see Figure 14.5, p. 181). It
has been shown that several different mechanisms can account
for the phenotypic diversity demonstrated by these so-called
teratogenes.

Gain-of-Function Versus
Loss-of-Function Mutations

Mention has already been made of the causal role of the RET
proto-oncogene in familial Hirschsprung disease, as well as
in both inherited and sporadic medullary thyroid cancer (p.
113). The protein product encoded by RET consists of three
main domains: an extracellular domain that binds to a glial
cell line—derived neurotrophil factor, a transmembrane domain,

Table 9.7 Genes that can Cause Both Developmental Anomalies and Cancer

Gene Chromosome Developmental Anomaly Cancer

PAX3 2935 Waardenburg syndrome type 1 Alveolar rhabdomyosarcoma

KIT 4912 Piebaldism Mast cell leukemia

PTCH 9q22 Gorlin syndrome Basal cell carcinoma

RET 10p11 Hirschsprung disease MEN2A, MEN2B, medullary thyroid carcinoma
WT1 11p13 Denys-Drash syndrome Wilms’ tumor
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FIGURE 9.25 Simplified representation of vertebrate limb development. A, The emerging limb bud in a vertebrate embryo, with
axes defined. B, Diagram of the human upper limb skeleton, the colors of the component parts corresponding to the regions depicted
in (€), (D) and (E). €, The various developmental regions of the limb bud, with the expression regions of key genes highlighted.
D, E, The role of retinoic acid (RA) and FGF in determining segmental regions within the limb bud.

and an intracellular tyrosine kinase domain that activates signal
transduction (Figure 9.26). Mutations causing loss-of-function
result in Hirschsprung disease. These include whole gene
deletions, small intragenic deletions, nonsense mutations, and
splicing mutations leading to synthesis of a truncated protein.

In contrast, mutations causing a gain-of-function effect
result in either type 2A or type 2B multiple endocrine neoplasia
(MEN). These disorders are characterized by a high incidence
of medullary thyroid carcinoma and pheochromocytoma. The
activating mutations that cause MEN-2A are clustered in five
cysteine residues in the extracellular domain. MEN-2B, which
differs from MEN-2A, in that affected individuals are tall and

thin, is usually caused by a unique mutation in a methionine
residue in the tyrosine kinase domain.

Somatic Rearrangements

Activation of the RET proto-oncogene can occur by a different
mechanism whereby the genomic region encoding the intracel-
lular domain is juxtaposed to one of several activating genes
that are normally preferentially expressed in the thyroid gland.
The newly formed hybrid RET gene produces a novel protein
whose activity is not ligand dependent. These somatic re-
arrangements are found in a high proportion of papillary thyroid
carcinomas, which show a particularly high incidence in
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FIGURE 9.26 The RET proto-oncogene. The most common
mutation sites in the different clinical entities associated with RET
are indicated. Numbers refer to amino-acid residues. SP, signal
peptide; ECD, extracellular domain; TMD, transmembrane
domain; TKD, tyrosine kinase domain; MEN, multiple endocrine
adenomatosis; FMTC, familial medullary thyroid carcinoma. The
arrow above PTC (papillary thyroid carcinoma) indicates the
somatic rearrangement site for the formation of new hybrid
forms of RET. (Adapted from Pasini B, Ceccherini I, Romeo G 1996
RET mutations in human disease. Trends Genet 12:138-144.)

children who were exposed to radiation following the Cher-
nobyl accident in 1986.

PAX3 provides another example of a developmental gene that
can cause cancer if it is fused to new DNA sequences. A specific
translocation between chromosomes 2 and 13 that results in a
new chimeric transcript leads to the development in children of
a rare lung tumor called alveolar rhabdomyosarcoma.

Positional Effects and
Developmental Genes

The discovery of a chromosomal abnormality, such as a trans-
location or inversion, in a person with a single-gene develop-
mental syndrome provides a strong indication of the probable
position of the disease locus, because it is likely that one of the
breakpoints involved in the rearrangement will have disrupted
the relevant gene. However, in a few instances, it has emerged
that the chromosome breakpoint actually lies approximately 10
to 1000 kb upstream or downstream of the gene that is subse-
quently shown to be mutated in other affected individuals
(Table 9.8). The probable explanation is that the breakpoint
has separated the coding part of the gene from contiguous
regulatory elements, similar to the scenario discussed in rela-
tion to SHFM type 1 (see Figure 9.2).

Hydatidiform Moles

Occasionally conception results in an abnormal pregnancy in
which the placenta consists of a proliferating disorganized mass
known as a hydatidiform mole. These changes can be either
partial or complete (Table 9.9).

Partial Hydatidiform Mole

Chromosome analysis of tissue from partial moles reveals the
presence of 69 chromosomes—i.e., triploidy (p. 238). Using

Table 9.8 Developmental Genes that Show a
Position Effect

Gene Chromosome Developmental Anomaly
GLI3 7p13 Greig cephalopolysyndactyly
SHH 7936 Holoprosencephaly

PAX6 11p13 Aniridia

SOX9 17924 Campomelic dysplasia
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Table 9.9 Characteristics of Partial and Complete
Hydatidiform Moles

Partial Mole Complete Mole
No. of chromosomes 69 46
Parental origin of 23 maternal All 46 paternal
chromosomes 46 paternal
Fetus present Yes, but not viable  No
Malignant potential Very low High

DNA polymorphisms, it has been shown that 46 of these
chromosomes are always derived from the father, with the
remaining 23 being maternal in origin. This doubling of the
normal haploid paternal contribution of 23 chromosomes can
be due to either fertilization by two sperm, which is known as
dispermy, or to duplication of a haploid sperm chromosome
set by a process known as endoreduplication.

In these pregnancies the fetus rarely if ever survives to term.
Triploid conceptions survive to term only when the additional
chromosome complement is maternally derived, in which case
partial hydatidiform changes do not occur. Even in these situ-
ations, it is extremely uncommon for a triploid infant to survive
for more than a few hours or days after birth.

Complete Hydatidiform Mole

Complete moles have only 46 chromosomes, but these are
exclusively paternal in origin. A complete mole is caused by
fertilization of an empty ovum either by two sperm or by a
single sperm that undergoes endoreduplication. The opposite
situation of an egg undergoing development without being
fertilized by a sperm, a process known as parthenogenesis,
occurs in lower animals such as arthropods but has been
reported in a human on only one occasion, this being in the
form of chimeric fusion with another cell line that had a normal
male-derived complement.

The main importance of complete moles lies in their poten-
tial to undergo malignant change into invasive choriocarcinoma.
This can usually be treated successfully by chemotherapy, but
if untreated the outcome can be fatal. Malignant change is seen
only very rarely with partial moles.

Different Parental Expression in Trophoblast
and Embryoblast

Studies in mice have shown that when all nuclear genes in a
zygote are derived from the father, the embryo fails to develop,
whereas trophoblast development proceeds relatively unim-
paired. In contrast, if all of the nuclear genes are maternal in
origin, the embryo develops normally, but extra-embryonic
development is poor. The observations outlined previously on
partial and complete moles indicate that a comparable situation
exists in humans, with paternally derived genes being essential
for trophoblast development and maternally derived genes
being necessary for early embryonic development. These
phenomena are relevant to the concept of epigenetics.

Epigenetics and Development

The concept of ‘epigenetics’ is not recent. Epigenesis was first
mooted as a theme by Conrad Waddington in 1942 and
referred, in essence, to the unfolding of developmental pro-
grams and processes from an undifferentiated zygote—the very
heart of embryonic development. This roughly equates with
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our modern understanding of the control of developmental
gene expression and signaling pathways. It incorporated the
concept of molecular mechanisms being ‘wiped clean’ and
‘reset’ at some point in the life cycle, as mentioned earlier.
Although this is still valid, the term in current usage is extended
to include heritable changes to gene expression that are not
from differences in the genetic code. Such gene expression
states may be transmitted stably through cell divisions—
certainly mitosis but also sometimes meiosis (thereby not
necessarily subject to a ‘resetting’ process). One genotype can
therefore give rise to more than one phenotype, depending on
the ‘epigenetic state’ of a locus, or loci.

The mechanism for epigenesis, and hence DNA modifica-
tion with the consequence of downstream influences on gene
regulation, is usually the biochemical, covalent methylation of
nucleotides. This appears to lead to a series of steps that alters
local chromatin structure. In human genetics the best recog-
nized epigenetic phenomena are X-chromosome inactivation,
described below, and parent-of-origin specific gene expression
(parental imprinting), which is realized when errors occur to
give rise to Prader-Willi and Angelman syndromes (p. 78), and
Beckwith-Wiedemann and Russell-Silver syndromes (pp.
79-80).

There is much interest, however, in the possibility that epi-
genetic states can be influenced by environmental factors in
utero, such as maternal obesity and type 2 diabetes mellitus, as
well as ingested toxins. In animal studies there is evidence that
the nutritional and behavioral environment may lead to different
‘epialleles’, and in human populations epidemiological studies
have shown convincing correlations of maternal (and in some
cases grandparental) nutritional status with late-onset cardiovas-
cular and metabolic-endocrine disease. Some of this evidence
has come from correlating peri-conceptional famine exposure,
where reliable data exist, to DNA methylation patterns 60 years
later. Other studies using banked DNA from birth cohorts have
found some correlation between methylation patterns and sub-
sequent body fat composition in later childhood. However,
there is still much to learn about the causal mechanisms.

X-Chromosome Inactivation

As techniques were developed for studying chromosomes, it
was noted that in female mice one of the X chromosomes often
differed from all other chromosomes in the extent to which it
was condensed. In 1961 Dr Mary Lyon proposed that this
heteropyknotic X chromosome was inactivated, citing as evi-
dence her observations on the mosaic pattern of skin coloration
seen in mice known to be heterozygous for X-linked genes that
influence coat color. Subsequent events have confirmed the
validity of Lyon’s hypothesis, and in recognition of her foresight
the process of X-chromosome inactivation (XCI) is often
referred to as lyonization.

The process of XCI occurs early in development at approxi-
mately 15 to 16 days’ gestation, when the embryo consists of
approximately 5000 cells. Normally either of the two X chro-
mosomes can be inactivated in any particular cell. Thereafter,
the same X chromosome is inactivated in all daughter cells
(Figure 9.27). This differs from marsupials, where the pater-
nally derived X chromosome is consistently inactivated.

The inactive X chromosome exists in a condensed form
during interphase when it appears as a darkly staining mass of
‘sex chromatin’, or Barr body (p. 30). In men and women with
more than one X chromosome, the number of Barr bodies
visible at interphase is always one less than the total number
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FIGURE 9.27 X-chromosome inactivation during development.
The maternally and paternally derived X chromosomes are
represented as X™ and XP, respectively.

of X chromosomes. Thus, men with Klinefelter syndrome (p.
239) (47,XXY) have a single Barr body, whereas women with
a 47, XXX karyotype (p. 241) have two.

During mitosis the inactive X chromosome is late replicat-
ing. Laboratory techniques can distinguish which X is late
replicating in each cell. This may be useful for identifying
structurally abnormal X chromosomes because they are usually
preferentially inactivated—or, more correctly, only those
hematopoietic stem cells in which the normal X chromosome
is active will have survived. Such apparent non-random XCI is
usual when one X is involved in a translocation with an auto-
some (p. 73).

The epigenetic process of XCI is achieved by differential
methylation, initiated by a gene called XIST, located at Xq13.3.
XIST is expressed only from the inactive X chromosome and
produces RNA that spreads an inactivation methylation signal in
both directions along the X chromosome. This differential
methylation of the X chromosomes has been utilized in carrier
detection studies for X-linked immunodeficiency diseases (e.g.,
Wiskott-Aldrich syndrome) using methylation-sensitive probes
(p. 174). But not all of the X chromosome is inactivated. Genes
in the pseudoautosomal region (PAR) at the tip of the
short arm (Figure 9.28) remain active, as do other loci elsewhere
on both long and short arms, including XIST. More genes escape
XCI in Xp (PAR1) compared with Xq (PAR2), which probably
explains why more severe phenotypic effects are seen in
women with small Xp deletions compared with women with
small deletions in Xq. If all loci on the X chromosome were
inactivated, then all women would have Turner syndrome and
more than one X in a male (e.g., 47,XXY), or two in a female
(e.g., 47, XXX), would have no phenotypic effects. In fact, these
disorders have characteristic clinical features (see Chapter 17).

Dosage Compensation and X-Linked Disorders
Involving the PAR

For most X-chromosome genes the levels of their protein
products are equivalent between the sexes by virtue of XCI in
women, for example the blood clotting Factor VIII which is
implicated in hemophilia A. However, the level of steroid
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FIGURE 9.28 The X and Y chromosomes showing the pseudo-
autosomal regions, PAR1 and PAR2, at the tips of Xp-Yp and
Xg-Yq respectively, and the relative positions of the XIST, SRY,
STS, and SHOX genes, referred to in the text.

sulfatase in blood, encoded by the STS gene, is increased in
women compared with men, and this is due to the fact that it
escapes XCI and two copies are therefore expressed. Deficiency
of steroid sulfatase caused either by a mutation in STS or small
deletion causes the skin disorder X-linked ichthyosis.

Within the PARI1 itself, the only known gene with a clear role
in human development, giving rise to a recognizable phenotype
when mutated, is SHOX (short stature homeobox; see Figure
9.28). Mutations in, or deletions of, the gene cause either
Leri-Weill dyschondrosteosis with mesomelic limb shortening,
or non-syndromic short stature. Deletions may also occur
outside the gene itself, affecting the SHOX gene regulatory
elements. Importantly in genetic counseling, the inheritance
pattern behaves like autosomal dominant rather than X-linked.

X-Chromosome Mosaicism

Mice that are heterozygous for X-linked genes affecting coat
color show mosaicism with alternating patches of different
color rather than a homogeneous pattern. This is consistent
with patches of skin being clonal in origin in that they are
derived from a single stem cell in which one or other of the X
chromosomes is expressed, but not both. Thus, each patch
reflects which of the X chromosomes was active in the original
stem cell. Similar effects are seen in tissues of clonal origin in
women who are heterozygous for X-linked mutations, such as
ocular albinism (see Figure 11.1) and incontinentia pigmenti
(see Figure 6.18, p. 74).
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Carrier detection for X-linked recessive disorders based
only on examination of clinical features, or on biochemical
assay of the gene product in Fabry disease or X-linked adreno-
leukodystrophy, for example, is unreliable (see Chapter 18).
Fortunately, the development of molecular methods for carrier
detection in X-linked disorders can bypass these problems by
use of PCR primers that distinguish the products of methylated
and unmethylated DNA—if there has been selection against
the cell line in which the mutant-bearing X chromosome is
active (Figure 9.29). Some female carriers of X-linked recessive
conditions manifest clear features of the disorder, and this is
most likely to be due to skewed X-inactivation (p. 122).

It also appears that XCI is not necessarily an all-or-none
phenomenon for every gene. In a study of skin fibroblasts,
which express more than 600 of the 1098 genes identified on
the X chromosome, approximately 20% were found to be
inactivated in some but not all samples. Approximately 15%
escaped XCI completely, whereas only 65% were fully silenced
and thus expressed in one dose. In addition to non-random, or
skewed, XCI, the variable dosage of genes that escape XCI may
account for variation among normal females as well as those
who are heterozygous for X-linked recessive disease genes.

Sex Determination and Disorders
of Sex Development

The determination of gender is a crucial aspect of physical
development, as well as procreation and the survival of
our species, but when it goes wrong the impact may be
extremely challenging for the parents and family as well as the
affected child, with lifelong emotional and psychological
consequences. In many societies serious cultural taboos are
associated with the birth of a child whose gender is indetermi-
nate. The term Disorders of Sex Development (DSD) is now
preferred to cover congenital conditions in which chromosomal,
gonadal, or anatomical sex is atypical, and terms such as ‘inter-
sex’ and ‘pseudohermaphrodite’ are considered anachronistic
and derogatory, and are therefore strongly discouraged. In a
clinical setting, good management of each case requires expert
input from the disciplines of endocrinology, genetics, surgery,
and psychology, as well as radiology and laboratory science.

Normal Development

In man the default developmental pathway is, in fact, woman!
The presence of an intact Y chromosome is essential for male
development regardless of the number of X chromosomes
present, and absence of a functioning Y chromosome results in
female development.

Although the sex chromosomes are present from concep-
tion, differentiation into a phenotypic male or female does not
commence until approximately 6 weeks. Up to this point both
the Miillerian and Wolffian duct systems are present and the
embryonic gonads, although consisting of cortex and medulla,
are still undifferentiated (Figure 9.30). From 6 weeks onwards,
the embryo develops into a female unless the ‘testis-determining
factor’—the SRY gene—initiates a sequence of events that
prompt the undifferentiated gonads to develop into testes
(Figure 9.31).

The SRY Gene

In 1990 it was shown that the SRY gene is located on chromo-
some Yp close to the pseudoautosomal region (see Figure
9.28), and derives its name from being in the ‘Sex-determining
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FIGURE 9.29 A, Normal X-chromosome inactivation resulting in survival of roughly equal numbers of cells with the paternally (P)
and maternally (M) derived X chromosome active. B, In this situation the maternally derived X chromosome has a mutation (*) that
results in selection against the cells in which it is active. Thus surviving cells show preferential expression of the paternally derived

X chromosome.

Region’ of the Y chromosome. It consists of a single exon that
encodes a protein of 204 amino acids, including a 79-amino-
acid DNA-binding HMG motif (p. 109), indicating its role as
a transcription factor. Evidence that the SRY gene determines
gonadal and anatomic (but not necessarily chromosomal) male-
ness is given in Box 9.2.

From a biological fitness viewpoint (i.e., the maintenance
of the species), it would clearly be impossible for the SRY
gene to be involved in crossing over with the X chromosome
during meiosis 1. Hence SRY has to lie outside the pseudoau-
tosomal region. However, there has to be pairing of X and Y

Box 9.2 Evidence that the SRY Gene
Determines Gonadal and
Anatomic Maleness

SRY sequences are present in approximately 80% of 46,XX
individuals, who are infertile phenotypic males.

Up to 20% of infertile, phenotypic females with a 46,XY
karyotype have mutations or deletions in SRY.

In mice, the Sry gene is expressed only in the male gonadal
ridge as testes are developing in the embryo.

Transgenic XX mice with tiny portions of Y chromosome
containing the Sry region develop into males with testes.

chromosomes, as otherwise they would segregate together into
the same gamete during, on average, 50% of meioses. Nature’s
compromise has been to ensure that only small regions of the
X and Y are homologous, and therefore pair during meiosis
I. Unfortunately, the close proximity of SRY to the pseudo-
autosomal region means that occasionally it is caught up in a
recombination event (see Figure 9.28). This appears to account
for approximately 80% of XX males, in whom molecular and
FISH studies show evidence of Y-chromosome sequences at
the distal end of one X-chromosome short arm (Figure 9.32).

Expression of SRY triggers a series of events that involves
inhibition of an upstream repressor of SOX9 (17q24), allowing
the latter to be upregulated to stimulate the medulla of the
undifferentiated gonad to develop into a testis and for pre-
Sertoli cells to become Sertoli cells. Concomitantly, and by the
end of week 9, interstitial cells derived from mesenchyme give
rise to steroid-secreting Leydig cells and the production of
testosterone (Figure 9.33). This leads to stimulation of the
Wolffian ducts and formation of male internal genitalia, as well
as masculinization of the external genitalia. This latter step is
mediated by dihydrotestosterone, produced from testosterone
by the action of So-reductase (p. 262). The Sertoli cells
produce anti-Miillerian hormone, also known as Miillerian
inhibitory factor, which causes the Miillerian duct system to
regress. In campomelic dysplasia (see Figure 9.16), resulting
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FIGURE 9.30 Both male and female genital ducts are present in
the embryo at the end of 6 weeks’ gestation, derived from the
mesonephrons. Anatomical sex has the potential to differentiate
either way.

from mutated SOX9, sex reversal occurs in cases with a 46, XY
karyotype. Sex reversal is also frequent in cases of deletion
9p24.3 syndrome, probably due to haploinsufficiency for the
DMRT1I gene, a transcriptional regulator expressed in Sertoli
cells, spermatogonia, and spermatocytes.

In the absence of normal SRY expression, the cortex of the
undifferentiated gonad develops into an ovary. The Miillerian
duct forms the internal female genitalia. The external genitalia
fail to fuse and grow as in the male, and instead evolve into
normal female external genitalia. Without the stimulating
effects of testosterone, the Wolffian duct system regresses.

Members of the Wnt family of developmental signaling
molecules are also important in gonadal differentiation. WNT4
is expressed in the developing mesonephros and activates

Sertoli cell
activity  activity

'

Conception

Germ cell
migration
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Table 9.10 Nomenclature Relating to Disorders of

Sex Development (DSDs)

Previous Proposed

Intersex Disorders of sex
development (DSDs)

Male pseudohermaphrodite 46,XY DSD

Undervirilization of an XY male

Female pseudohermaphrodite 46,XX DSD

Overvirilization of an XX female
Masculinization of an XX female
True hermaphrodite

XX male or XX sex reversal

XY sex reversal

Ovotesticular DSD

46,XX testicular DSD

46,XY complete gonadal
dysgenesis

DAXI1. It is down-regulated in the testis by SRY but persists in
the ovary, is expressed in the Miillerian ducts but is absent from
Wolffian ducts. Disruption of WNT4 in females results in
masculinized ovaries, production of androgens from Leydig-like
cells, and is a rare cause of Miillerian aplasia. Another member
of the family, WNT7A, is needed to complete development of
Miillerian ducts into the internal female genital tract.

Normally sexual differentiation is complete by 12 to 14
weeks’ gestation, although the testes do not migrate into the
scrotum until late pregnancy (see Figure 9.31).

Abnormalities of sexual differentiation are uncommon but
they are important causes of infertility and sexual ambiguity,
and their management involves multidisciplinary teams. We
now turn our attention to an overview of the various DSDs,
though sex chromosome aneuploidy conditions are described
in Chapter 17, and congenital adrenal hyperplasia (CAH) is
covered in Chapter 18.

Classification of DSDs

This is a complex area and dissatisfaction with existing classi-
fications led to a major multidisciplinary and far-ranging
international review of DSDs, with the establishment of a new
system known as the Chicago Consensus, published in 2006.
However, this remains a ‘work in progress’ as a definitive
diagnosis is not always reached and there is more to be discov-
ered in the molecular pathways of sexual differentiation. The
main proposals for changes in nomenclature are shown in
Table 9.10. Apart from the sex chromosome aneuploidies

Leydig cell

Testosterone

Testis descent

External

Male external genital -
genital growth

differentiation
Wolffian duct

differentiation

2 3 4 5 6 7 8

9 10 11
Gestation (weeks)

12 13 14

FIGURE 9.31 The timing of embryological events in male sex differentiation. At approximately 6-7 weeks’ gestation the first sign
of testis determination is seen with the aggregation of pre-Sertoli cells to form primary sex cords. Steroid-secreting Leydig cells
emerge from differentiation of interstitial cells by the end of week 9, which secrete anti-Miillerian hormone (AMH) to cause Miillerian
duct regression. Testosterone levels rise in fetal serum to approach concentrations close to the lower end of the adult male range.
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(Chapter 17) the starting point for the classification is the
chromosomal sex, and an outline diagnostic tree or algorithm
is shown in Figure 9.34.

46,XY DSDs

In the current classification the causes of XY DSDs are shown
in Box 9.3. This is the largest group of DSDs but the likelihood
of reaching a definitive genetic diagnosis is lower than the XX
DSD group. No more than 15% of cases of complete gonadal
dysgenesis are due to SRY gene defects, so other genes are
implicated, including SF1, also known as NRS5AI, which
encodes the protein steroidogenic factor 1. Some are implicated
in various syndromes, such as SOX9 in campomelic dysplasia
(see Figure 9.16).

Androgen Insensitivity Syndrome

Overall, resistance to the action of androgens is the most
common cause of XY DSD, with complete androgen insensitiv-
ity syndrome (CAIS) being the classic condition. This is usually
due to mutations in the androgen receptor (AR) gene on the

: X-chromosome but can be secondary to abnormalities of AR
FIGURE 9.32 FISH showing hybridization of a Y chromosome intracellular transport, which is dependent on a number of

?Ca(i)r:ltrtteiytrllleigzrl]z:;i?frlmCﬁ; Zr:)s);itc(;;n?\lrgft?r?;z:nn Z I?)6/XX male. coregulator proteins. Partial AIS (PAIS), where partial under-

masculinization occurs, is only occasionally due to variants in
the AR gene and in many cases the cause currently remains
undetermined. Individuals with CAIS have female external
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FIGURE 9.33 A simplified scheme of the main genetic and hormonal events of sex determination. SRY is crucial to driving testis
development, whereas WNT4 and FOXL2 are important for ovarian development. The promotion of either male or female gonads
is accompanied by inhibition of the pathways in the alternative gonad. DAXT has a positive role in testis development but overexpres-
sion inhibits testis formation, and WNT4 upregulates DAX1 to assist this inhibition.
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FIGURE 9.34 A DSD diagnostic tree or algorithm.

genitalia and develop breasts at puberty, but the uterus and
fallopian tubes are absent. They often present with primary
amenorrhoea, though in girls with inguinal hernia, especially if

Box 9.3 Causes of 46,XY DSDs

A: Disorders of gonadal (testicular) development

1. Complete or partial gonadal dysgenesis (e.g. SRY, SOX9, bilateral, the diagnosis should be considered. Androgen produc-
SF1, WT1, DHH etc.) tion by the testes is normal but it does not bind because the
2. Ovotesticular DSD receptor is non-functional. Testicular tissue must be removed
3. Testis regression because of the risk of malignancy.
B: Disorders in androgen synthesis or action
1. Disorders of androgen synthesis 46,XX DSDs
LH receptor mutations The causes of XX DSDs are shown in Box 9.4. Congenital
Smith-Lemli-Opitz syndrome adrenal hyperplasia is the most common form of XX DSD, due

Steroidogenic acute regulatory protein mutations
Cholesterol side-chain cleavage (CYPT1AT)
3R-hydroxysteroid dehydrogenase 2 (HSD3B2)
17a-hydroxylase/17,20-lyase (CYP17)

to defects in steroidogenesis leading to excess androgens in the
developing female fetus. This is covered in detail in Chapter 18
(p. 261). Relatively recently identified conditions in this group

P450 oxidoreductase (POR) are those cases due to mutations in the cytochrome P450 oxido-
178-hydroxysteroid dehydrogenase (HSD17B3) reductase (POR) gene (which is also implicated in some cases of
Sa-reductase 2 (SRD5A2) the rare Antley-Bixler syndrome) and aromatase deficiency.

2. Disorders of androgen action A normal male phenotype occurs in 46,XX DSD where
Androgen insensitivity syndrome (AR gene) Wolffian structures (testes) are present and Miillerian struc-
Drugs and environmental modulators tures absent, and these patients are often diagnosed when a

C: Other karyotype analysis is undertaken for infertility. Approximately

1. Syndromic associations of male genital development, e.g. 80% to 90% of these patients have Y chromosomal material,
cloacal anomalies including a translocated SRY gene, which is only rarely detected

. Persistent Mdillerian duct syndrome

. Vanishing testis syndrome

. Isolated hypospadias (CXorf6)

. Congenital hypogonadotropic hypogonadism
. Cryptorchidism (INSL3, LGR8)

. Environmental influences

in 46, XX DSD where testicular structures (and sometimes
ovarian structures — ‘ovotestis’) are present. Such ‘dysgenetic’
gonads are often at risk of later gonadoblastoma and in many
DSDs prophylactic gonadectomy is recommended when this
tissue has been located.

NOLbhwN

Twinning
Twinning occurs frequently in humans, although the incidence
in early pregnancy as diagnosed by ultrasonography is greater
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Box 9.4 Causes of 46,XX DSDs

: Disorders of gonadal (ovarian) development
. Gonadal dysgenesis

. Ovotesticular DSD

. Testicular DSD (e.g. SRYp, dup SOX9, RSPOT)

: Androgen excess
. Fetal (different forms of congenital adrenal
hyperplasia)
3R-hydroxysteroid dehydrogenase 2 (HSD3B2)
21-hydroxylase (CYP21A2)
P450 oxidoreductase (POR)
11R-hydroxylase (CYP11BT)
Glucocorticoid receptor mutations
2. Fetoplacental
Aromatase (CYP19) deficiency
Oxidoreductase (POR) deficiency
3. Maternal
Maternal virilizing tumors (e.g. luteomas)
Androgenic drugs
: Other
. Syndromic associations (e.g. cloacal anomalies)
. Miillerian agenesis/hypoplasia, (e.g. MURCS)
. Uterine abnormalities (e.g. MODY5—HNF1B gene)
. Vaginal atresias (e.g. KcKusick-Kaufman)
. Labial adhesions

-mmmWN = >

LA WN = A

than at delivery, presumably as a result of death and subsequent
resorption of one of the twins in a proportion of twin pregnan-
cies. The overall incidence of twinning in the UK is approxi-
mately 1 in 80 of all pregnancies, so that approximately 1 in
40 (i.e., 2 of 80) of all individuals is a twin. However, the
spontaneous twinning rate varies enormously, from approxi-
mately 1 in 125 pregnancies in Japan to 1 in 22 in Nigeria.
Twins can be identical or non-identical—i.e., monozygotic
(MZ) (uniovular) or dizygotic (DZ) (biovular)—depending on
whether they originate from a single conception or from two
separate conceptions (Table 9.11). Comparison of the incidence
of disease in MZ and DZ twins reared apart and together can
provide information about the relative contributions of genetics

Table 9.11 Summary of Differences Between

Monozygotic and Dizygotic Twins

Monozygotic Dizygotic
Origin Single egg fertilized Two eggs, each
fertilized by a
single sperm
Incidence 1 in 300 pregnancies  Varies from 1 in

100 to 1 in 500
pregnancies

Proportion of 100% 50% (on average)
genes in
common
Fetal membranes  70% monochorionic Always
and diamniotic; dichorionic and
30% dichorionic diamniotic

and diamniotic;
rarely
monochorionic
and monoamniotic

and the environment to the cause of many of the common
diseases of adult life (p. 131), especially the study of mental
health and behavior.

Monozygotic Twins

MZ twinning occurs in approximately 1 in 300 births in all
populations that have been studied. MZ twins originate from
a single egg that has been fertilized by a single sperm. A very
early division, occurring in the zygote before separation of the
cells that make the chorion, results in dichorionic twins. Divi-
sion during the blastocyst stage from days 3 to 7 results in
monochorionic diamniotic twins. Division after the first week
leads to monoamniotic twins. However, the reason(s) why MZ
twinning occurs at all in humans is not clear. As an event, the
incidence is increased two- to five-fold in babies born by in
vitro fertilization. There are rare cases of familial MZ twinning
that can be transmitted by the father or mother, suggesting a
single-gene defect that predisposes to the phenomenon.

There is a tendency to think of MZ twins as being geneti-
cally identical, and basically this is of course true. However,
they can be discordant for structural birth defects that may
be linked to the twinning process itself—especially those
anomalies affecting midline structures. There is probably a
two- to three-fold increased risk of congenital anomalies in
MZ twins (i.e., 5% to 10% of MZ twins overall). Discordance
for single-gene traits or chromosome abnormalities may occur
because of a post-zygotic somatic mutation or non-disjunction,
respectively. One example of the latter is the very rare occur-
rence of MZ twins of different sex: one 46,XY and the other
45,X. Curiously, MZ female twins can show quite striking
discrepancy in X-chromosome inactivation. There are several
reports of female MZ twin pairs of which only one is affected by
an X-linked recessive condition such as DMD or hemophilia A.
In these rare examples, both twins have the mutation and both
show non-random X-inactivation, but in opposite directions.

MZ twins have traditionally provided ideal research mate-
rial for the study of genetic versus environmental influences.
In a study of 40 pairs of MZ twins, geneticists measured levels
of two epigenetic modifications, DNA methylation, and histone
acetylation. Two-thirds of the twin pairs had essentially identi-
cal profiles, but significant differences were observed in the
remaining third. These differences were broadly correlated
with the age of the twins, with the amount of time spent apart
and the differences in their medical histories, suggesting a
cumulative effect on DNA modification over time. It also sug-
gests a possible causal link between epigenetic modification and
susceptibility to disease.

Very late division occurring more than 14 days after concep-
tion can result in conjoined twins. This occurs in about 1 in
100,000 pregnancies, or approximately 1 in 400 MZ twin
births. Conjoined twins are sometimes referred to as Siamese,
in memory of Chang and Eng, who were born in 1811 in
Thailand, then known as Siam. They were joined at the upper
abdomen and made a successful living as celebrities at traveling
shows in the United States, where they settled and married.
They both managed to have large numbers of children and died
within a few hours of each other at age 61.

The sex ratio for conjoined twins is markedly distorted,
with approximately 75% being female. The later the twinning
event, the more distorted the sex ratio in favor of females, and
X-inactivation studies suggest that MZ twinning occurs around
the time of X-inactivation, a phenomenon limited to female
zygotes, of course.
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Dizygotic Twins

DZ twins result from the fertilization of two ova by two sperm
and are no more closely related genetically than brothers and
sisters, as they share, on average, 50% of the same genes from
each parent; hence, they are sometimes referred to as fraternal
twins. DZ twins are dichorionic and diamniotic, although they
can have a single fused placenta if implantation occurs at closely
adjacent sites. The incidence varies from approximately 1 in
100 deliveries in black Caribbean populations to 1 in 500
deliveries in Asia and Japan. In western European whites, the
incidence is approximately 1 in 120 deliveries and has been
observed to fall with both urbanization and starvation, but
increases in relation to the amount of seasonal light (e.g., in
northern Scandinavia during the summer). Factors that convey
an increased risk for DZ twinning are: increased maternal age,
a positive family history (from a familial increase in follicle-
stimulating hormone levels), and the use of ovulation-inducing
drugs such as clomiphene.

Determination of Zygosity

Zygosity used to be established by study of the placenta and
membranes and also by analysis of polymorphic systems such
as the blood groups, the human leukocyte antigens and other
biochemical markers. Now it is determined most reliably by
the use of highly polymorphic molecular (DNA) markers (pp.
50-52) and single nucleotide polymorphisms.
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1 Developmental gene families first identified in Drosophila
and mice also play important roles in human
morphogenesis. These include segment polarity genes,
homeobox-containing genes (HOX) and paired-box
containing genes (PAX). Many of these genes act as
transcription factors that regulate sequential developmental
processes. Others are important in cell signaling. Many
human malformations and multiple malformation
syndromes are caused by mutations in these genes.

2 Many well-recognized syndromes are now known to be
linked through their relationships to developmental
signaling pathways (e.g., Sonic-Hedgehog, Notch-Delta,
TGF-Beta).

3 The conformational alignment and relationship of a
developmental gene with its promotor, enhancer or
repressor is key to normal developmental processes,
particularly in the limb bud.

4 For normal development a haploid chromosome set must
be inherited from each parent. A paternal diploid
complement results in a complete hydatidiform mole if
there is no maternal contribution, and in triploidy with a
partial hydatidiform mole if there is a haploid maternal
contribution.

5 The testis-determining factor on the Y chromosome,
known as SRY, is crucial in stimulating the undifferentiated
gonads to develop into testes. This, in turn, sets off a series
of events leading to male development and suppression of
female gonadal development. Without SRY expression the
human embryo develops into a female.

6 In females one of the X chromosomes is inactivated in
each cell in early embryogenesis. This can be either the
maternally derived or the paternally derived X
chromosome. Thereafter, in all daughter cells the same X
chromosome is inactivated. This process, known as
lyonization, explains the presence of the Barr body in
female nuclei and achieves dosage compensation of
X-chromosome gene products in males and females.

7 Twins can be monozygotic (identical) or dizygotic
(fraternal). Monozygotic twins originate from a single
zygote that divides into two during the first 2 weeks after
conception. Monozygotic twins are genetically identical.
Dizygotic twins originate from two separate zygotes and
are no more genetically alike than brothers and sisters.
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SECTION B

Genetics in Medicine and
Genomic Medicine

Chapter 10

Common Disease,
Polygenic and
Multifactorial Genetics

Many disorders demonstrate familial clustering that does not
conform to any recognized pattern of Mendelian inheritance.
Examples include several of the most common congenital
malformations and many common acquired diseases (Box
10.1). These conditions show a definite familial tendency, but
the incidence in close relatives of affected individuals is much
lower than would be seen if these conditions were caused by
mutations in single genes. Medical genetics usually concentrates
on the study of rare unifactorial chromosomal and single-gene
disorders. Diseases such as diabetes, cancer, cardiovascular and
coronary artery disease, mental health, and neurodegenerative
disorders are responsible, however, for the majority of the
morbidity and mortality in developed countries.

Because it is likely that many factors, both genetic and
environmental, are involved in causing these disorders, they are
generally referred to as showing multifactorial inheritance,
although sometimes one can appear more important than the
other (Figure 10.1). At one extreme are diseases such as
Duchenne muscular dystrophy; these are exclusively genetic in
origin, and the environment plays little or no direct part in the
etiology. At the other extreme are infectious diseases that are

Box 10.1 Disorders That Show Multifactorial
Inheritance

Congenital Malformations
Cleft lip/palate

Congenital dislocation of the hip
Congenital heart defects

Neural tube defects

Pyloric stenosis

Talipes

Acquired Diseases of Childhood and Adult Life
Asthma

Autism

Diabetes mellitus

Epilepsy

Glaucoma

Hypertension

Inflammatory bowel disease (Crohn disease and ulcerative colitis)
Ischemic heart disease

Ischemic stroke

Bipolar disorder

Multiple sclerosis

Parkinson disease

Psoriasis

Rheumatoid arthritis
Schizophrenia
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almost entirely the result of environmental factors. Between
these two extremes are the common diseases and disorders
such as diabetes mellitus, hypertension, cerebrovascular and
coronary artery disease, schizophrenia, the common cancers,
and certain congenital abnormalities in which both genetic and
environmental factors are involved.

Types and Mechanisms of
Genetic Susceptibility

Genetic susceptibility for a particular disease can occur through
single-gene inheritance of an abnormal gene product involved
in a particular metabolic pathway, such as occurs in early coro-
nary artery disease arising from familial hypercholesterolemia
(FH) (p. 262). In an individual with a mutation in the FH gene,
the genetic susceptibility is the main determinant of the
development of coronary artery disease, but this can be modi-
fied by environmental alteration like reduction in dietary
cholesterol and avoidance of other risk factors such as obesity,
lack of exercise, and smoking.

Inheritance of single-gene susceptibility does not, however,
necessarily lead to development of a disease. For some diseases,
exposure to specific environmental factors will be the main
determinant in the development of the disease (e.g., smoking or
occupational dust exposure in the development of pulmonary
emphysema in persons with o-antitrypsin deficiency [p. 288]).

In other instances, the mechanism of the genetic suscepti-
bility is less clear-cut. This can involve inheritance of a single
gene polymorphism (p. 50) that leads to differences in sus-
ceptibility to a disease (e.g., acetaldehyde dehydrogenase
activity and alcoholism). In addition, inherited single-gene
polymorphisms appear to determine the response to as yet
undefined environmental factors—for example, the antigens
of the major histocompatibility (HLA) complex and specific
disease associations (p. 170) such as type 1 diabetes and
rheumatoid arthritis. Lastly, genetic susceptibility can deter-
mine differences in responses to medical treatment; isoniazid
inactivation status in the treatment of tuberculosis (p. 201) is
a good example.

Many common diseases however are polygenic, being
determined by variation in many genes at different loci, with
each variant exerting a small, generally additive effect. Additive
means that the influence of each genetic variant on the pheno-
type is cumulative, not dominant or recessive. For instance if
a variant doubles the risk for coronary heart disease, compared
with homozygous carriers of the low-risk allele, heterozygotes
will have a twofold increased risk and alternative homozygotes
a fourfold increased risk of heart disease.
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Hemophilia Peptic ulcer
Osteogenesis imperfecta Diabetes

Talipes
Pyloric stenosis
Dislocation of hip

Duchenne

muscular dystrophy Tuberculosis

Phenylketonuria
Galactosemia

Spina bifida
Ischemic heart disease
Ankylosing spondylitis

Rare

Genetics simple
(Unifactorial)

High recurrence risk

Common

Genetics complex
(Multifactorial)

Low recurrence risk

FIGURE 10.1 Human diseases represented as being on a spectrum ranging from those that are largely environmental in causation

to those that are entirely genetic.

Approaches to Demonstrating Genetic
Susceptibility to Common Diseases

In attempting to understand the genetics of a particular condi-
tion, the investigator can approach the problem in a number of
ways. These can include comparing the prevalence and inci-
dence in various different population groups and the effects of
migration. Studies of migrant groups moving from a population
group with a low incidence of a disease to one with a high
incidence, in which the incidence of the disease in the migrant
group rises to that of its new population group, would suggest
that environmental factors are more important. Conversely,
maintenance of a low incidence of the disease in the migrant
group would suggest that genetic factors are more important.

Family and Twin Studies

Genetic susceptibility to a disease can be suggested by the
finding of a higher frequency of the disease in relatives than in
the general population. Familial aggregation does not, however,
prove a genetic susceptibility, since families share a common
environment. This problem can be partly resolved by compar-
ing differences in the frequency of a disease or disorder between
non-identical or dizygotic (DZ) and identical or monozygotic
(MZ) twin pairs. Both members of a pair of twins are said to
be concordant when either both are affected or neither is
affected. The term discordant is used when only one member
of a pair of twins is affected. Both types of twins will have a
tendency to share the same environment but, whereas identical
twins basically have identical genotypes (p. 127), non-identical
twins are no more similar genetically than brothers and sisters.
If a disease is entirely genetically determined, then apart from
rare events such as chromosome non-disjunction or a new
mutation occurring in one of a twin pair, both members of a
pair of identical twins will be similarly affected, but non-
identical twins are more likely to differ. If a disease is entirely
caused by environmental factors, then identical and non-
identical twins will have similar concordance rates.

Although all twins tend to share the same environment, it
is probably more likely in identical twins than in non-identical
twins. Similarities between identical twins can therefore reflect
their shared environment as much as their identical genotypes.
In one study of identical twins reared separately, the data
clearly showed that each pair of twins differed little in height

but differed considerably in body weight. These observations
suggest that heredity plays a bigger part in determining stature
than it does in determining body weight.

Heritability

The similarity between individuals in a family for a particular
phenotype can be used to calculate the heritability of the
disease or trait. The heritability gives a mathematical estimate
of the relative contributions of genetic variation and environ-
mental factors to the trait variability. Heritability (often
denoted h?) is the proportion of a trait that is due to genetic
variation divided by the total variation in the trait in a given
population. The total variation is a combination of genetic and
environmental variation. Genetic variability is best calculated
by measuring the difference in disease concordance in identical
twins compared with non-identical twins, who only share 50%
of their genes on average, but like identical twins have a shared
environment. The calculation assumes that environmental
variation for twin pairs is identical, which may not be true, and
may differ for MZ versus DZ twins. A more accurate estimate
can be achieved by comparing twin pairs separated at birth, but
these studies are not feasible for most diseases because there
are not enough individuals that meet these criteria. Where such
studies have been carried out they give estimates comparable
to the MZ versus DZ comparisons. Heritability estimates for
some common multifactorial diseases are given in Table 10.1.

The degree of familial clustering shown by a multifactorial
disorder can be estimated by measuring the ratio of the risk to
siblings of affected individuals compared with the general
population incidence. This ratio of sib risk to population inci-
dence is known as A,. For example, in type 1 diabetes, where
the UK population incidence is 0.4% and the risk to siblings is
6%, A is 15. For type 2 diabetes in Europe, A, is estimated at
a more modest 3.5 (35% sibling risk; 10% population risk).

Polymorphism Association Studies

Sequencing of the human genome has shown that the ~3
billion base pairs are 99.9% identical in every person. This also
means that individuals are, on average, 0.1% different geneti-
cally from every other person on the planet. And within that
0.1% lies the mystery of why some people are more susceptible
to a particular illness, or more likely to be healthy, than another
member of the population. The human genome contains more
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Table 10.1 Examples of Complex Diseases With Heritability Estimates Based on Twin/Family Studies and

Calculated From Genome-Wide Association Studies (GWAS)

Twin/Family Study

Trait or Disease Heritability Top GWAS SNPs (a) All common SNPs (b)
Type 1 diabetes 0.9 0.6 0.3
Type 2 diabetes 0.3-0.6 0.05-0.1

Obesity (BMI) 0.4-0.6 0.01-0.02 0.2
Crohn disease 0.6-0.8 0.1 0.4
Ulcerative colitis 0.5 0.05

Multiple sclerosis 0.3-0.8 0.1

Ankylosing spondylitis >0.90 0.21

Rheumatoid arthritis 0.6

Schizophrenia 0.7-0.8 0.01 0.3
Bipolar disorder 0.6-0.7 0.02 0.4
Breast cancer 0.3 0.08

Von Willebrand factor 0.66-0.75 0.13 0.2
Height 0.8 0.1 0.5
Bone mineral density 0.6-0.8 0.05

QT interval 0.37-0.60 0.07 0.2
HDL cholesterol 0.5 0.1

Platelet count 0.8 0.05-0.1

GWAS estimates are either based on the known top signals associated with the trait (a) or by using all common variants without invoking a p value threshold(b).
From: Visscher PM, Brown MA, McCarthy MI, Yang | 2012 Five years of GWAS discovery. Am ] Hum Genet 90:7-24.

than 10 million single nucleotide polymorphisms (SNPs) that
occur in greater than 1% of individuals, and our increased
knowledge of genetic variation, together with high throughput
SNP genotyping platforms, has revolutionized our ability to
identify disease susceptibility loci for many common diseases
and traits.

It is possible to determine whether particular variants occur
more commonly in individuals affected with a particular disease
than in the population in general, or what is known as associa-
tion. Although demonstration of a polymorphic association can
suggest that the inherited variation is involved in the etiology
of the disorder, such as the demonstration of HLA associations
in the immune response in the causation of the autoimmune
disorders (p. 170), it may only reflect that a gene nearby in
linkage disequilibrium (p. 92) is involved in causation of the
disorder.

Polygenic Inheritance and
the Normal Distribution

The concept of polygenic inheritance, the cornerstone of
quantitative genetics, was first proposed by Ronald Fisher in
1918 and is exemplified by variation in human height, the
classic polygenic trait. The result is a normal distribution of the
trait generated by many genes, known as polygenes, each acting
in an additive fashion. Individuals who lie at the extreme ends
of the distribution curve may be of clinical interest, e.g. those
with idiopathic short or tall stature.

Several human characteristics (Box 10.2) show a continuous
distribution in the general population, which closely resembles
a normal distribution. This takes the form of a symmetrical
bell-shaped curve distributed evenly about a mean (Figure
10.2). The spread of the distribution about the mean is deter-
mined by the standard deviation. Approximately 68%, 95%,
and 99.7% of observations fall within the mean plus or minus
one, two, or three standard deviations, respectively.

It is possible to show that a phenotype with a normal dis-
tribution in the general population can be generated by

Box 10.2 Human Characteristics That Show a
Continuous Normal Distribution

Blood pressure
Dermatoglyphics (ridge count)
Head circumference

Height

Intelligence

Body mass index

polygenic inheritance involving the action of many genes at
different loci, each of which exerts an equal additive effect.
This can be illustrated by considering a trait such as height. If
height were to be determined by two equally frequent alleles,
‘a’ (tall) and ‘b’ (short), at a single locus, then this would result

Mean
<~ +1SD ——
(=68%)
+2SD
(=95°/o)
+3SD
(=99.7%)

FIGURE 10.2 The normal (Gaussian) distribution.
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in a discontinuous phenotype with three groups in a ratio of 1
(tall-aa) to 2 (average-ab/ba) to 1 (short-bb). If the same trait
were to be determined by two alleles at each of two loci
interacting in a simple additive way, this would lead to a phe-
notypic distribution of five groups in a ratio of 1 (4 tall genes)
to 4 (3 tall + 1 short) to 6 (2 tall + 2 short) to 4 (1 tall + 3
short) to 1 (4 short). For a system with three loci each with
two alleles the phenotypic ratio would be 1-6-15-20-15-6-1
(Figure 10.3).

It can be seen that as the number of loci increases, the
distribution increasingly comes to resemble a normal curve,
thereby supporting the concept that characteristics such as
height are determined by the additive effects of many genes at
different loci. The prediction from this model has now been
demonstrated with empirical data (Figure 10.4). Correlation is
a statistical measure of the degree of resemblance or relation-
ship between two parameters. First-degree relatives share, on
average, 50% of their genes (see Table 10.1). Therefore, if
height is polygenic, the correlation between first-degree rela-
tives should be 0.5. Several studies have shown that the sib-sib
correlation for height is indeed close to 0.5.

In reality, human characteristics such as height and intelli-
gence are also influenced by environment, and possibly also by
genes that are not additive in that they exert a dominant effect.
These factors probably account for the observed tendency of
offspring to show what is known as regression to the mean.
This is demonstrated by tall or intelligent parents (the two are
not mutually exclusive!) having children whose average height
or intelligence is slightly lower than the average or mid-parental
value. Similarly, parents who are very short or of low
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FIGURE 10.3 Distribution of genotypes for a characteristic such
as height with 1, 2, and 3 loci each with two alleles of equal
frequency. The values for each genotype can be obtained from
the binomial expansion (p + q)®”, where p = q = 1/2 and n
equals the number of loci.
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FIGURE 10.4 The combined effect of 697 common variants,
which explain 20% of the heritability of height, on the variation
of height in a population of 1000 adult women. The scatter plot
indicates the mean height for individuals carrying each risk score
for height genes and the histogram illustrates the percentage of
individuals carrying that risk score. The risk score has been
standardized so that it has a mean of 0 and standard deviation
of 1. There is a difference in mean height of about 1.5 cm
between those individuals with the fewest compared with the
greatest number of height-increasing variants.

intelligence tend to have children whose average height or
intelligence is lower than the general population average, but
higher than the average value of the parents. If a trait were to
show true polygenic inheritance with no external influences,
then the measurements in offspring would be distributed
evenly around the mean of their parents’ values.

Multifactorial Inheritance—the Liability/
Threshold Model

For disease states such as type 1 diabetes mellitus (T1DM),
the genetic contribution involves many loci, but the phenotype
does not have a continuous distribution, it is either present or
absent. The polygenic theory for the inheritance of quantitative
or continuous traits accounts for discontinuous multifactorial
disorders, such as TIDM or cleft lip, with the liability/
threshold model, proposed by Sewall Wright in 1934. All of
the factors which influence the development of a multifactorial
disorder, whether genetic or environmental, can be considered
as a single entity known as liability. The liabilities of all indi-
viduals in a population form a continuous variable, which has
a normal distribution in both the general population and in
relatives of affected individuals. However, the curves for these
relatives will be shifted to the right, with the extent to which
they are shifted being directly related to the closeness of their
relationship to the affected index case, indicating an increased
shared genetic burden (Figure 10.5).

It is important to emphasize again that liability includes all
factors that contribute to the cause of the condition. Looked
at very simply, a deleterious liability can be viewed as consisting
of a combination of several ‘bad’ genes and adverse environ-
mental factors. This model of inheritance has been supported
by numerous multifactorial discontinuous traits over the last 5
years, by genome wide association studies (p. 135), including
schizophrenia, T2DM, rheumatoid arthritis, Crohn disease and
various cancers.
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FIGURE 10.5 Hypothetical liability curves in the general popula-

tion and in relatives for a hereditary disorder in which the
genetic predisposition is multifactorial.

Consequences of the
Liability/Threshold Model

Part of the attraction of this model, is that it provides a simple
explanation for the observed patterns of familial risks in condi-
tions such as cleft lip/palate, pyloric stenosis, and spina bifida.

1. The incidence of the condition is greatest among relatives
of the most severely affected patients, presumably because
they are the most extreme deviants along the liability curve.
For example, in cleft lip/palate the proportion of affected
first-degree relatives (parents, siblings, and offspring) is
6% if the index patient has bilateral cleft lip and palate,
but only 2% if the index patient has a unilateral cleft lip
(Figure 10.6).

2. The risk is greatest among close relatives of the index case
and decreases rapidly in more distant relatives. For example,
in spina bifida the risks to first-, second-, and third-degree
relatives of the index case are approximately 4%, 1%, and
less than 0.5%, respectively.

3. If there is more than one affected close relative, then the
risks for other relatives are increased. In spina bifida, if one
sibling is affected the risk to the next sibling (if folic acid
is not taken by the mother periconceptionally) is approxi-
mately 4%; if two siblings are affected; the risk to a subse-
quent sibling is approximately 10%.

4. If the condition is more common in individuals of one sex,
then relatives of an affected individual of the less frequently
affected sex will be at higher risk than relatives of an affected
individual of the more frequently affected sex. This is
illustrated by the condition pyloric stenosis. Pyloric stenosis
shows a male to female ratio of 5 to 1. The proportions of
affected offspring of male index patients are 5.5% for sons
and 2.4% for daughters, whereas the risks to the offspring
of female index patients are 19.4% for sons and 7.3% for
daughters. The probable explanation for these different risks
is that for a female to be affected, she has to lie at the
extreme of the liability curve, so that her close relatives will

also have a very high liability for developing the condition.
Because males are more susceptible to developing the disor-
der, risks in male offspring are higher than in female offspring
regardless of the sex of the affected parent.

5. The risk of recurrence for first-degree relatives (i.e., siblings
and offspring) approximates to the square root of the
general population incidence. Thus if the incidence is 1 in
1000, the sibling and offspring risk will equal approximately
1 in 32, or 3%.

Identifying Genes That Cause
Multifactorial Disorders

Multifactorial disorders are common and make a major contri-
bution to human morbidity and mortality (p. 6). Vigorous
efforts have been made over recent years to identify genes that
contribute to their etiology. Early studies focused on methods
used in monogenic disease, such as linkage analysis (p. 91), but
these were largely unsuccessful. In 2007 the results from the
first large scale genome-wide association studies were published
and this has revolutionized the field of complex trait
genetics.

Association Studies

Association studies are undertaken by comparing the frequency
of a particular variant in affected patients with its frequency
in a control group. This approach is often described as a case-
control study. If the frequencies in the two groups differ sig-
nificantly, this provides evidence for an association. For

FIGURE 10.6 Severe (A) and mild (B) forms of cleft lip/palate.
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FIGURE 10.7 lllustration of the principle of association testing, using diabetes as an example, with a single SNP. Studies may either
test allele frequency differences between cases and controls for a disease phenotype, or compare mean trait values for each genotype

group (e.g. for fasting glucose).

quantitative traits the mean trait value for each genotype group
is compared and significant differences provide evidence for an
association (Figure 10.7)

The polymorphic HLA histocompatibility complex on
chromosome 6 (p. 170) has been frequently studied. One of
the strongest known HLA associations is that between ankylos-
ing spondylitis and the B27 allele. This is present in approxi-
mately 90% of all patients and in only 5% of controls. The
strength of an association is indicated by the ratio of the odds
of developing the disease in those with the antigen to the
odds of developing the disease in those without the antigen
(Table 10.2). This is known as the odds ratio and it gives an
indication of how much more frequently the disease occurs in
individuals with a specific marker than in those without that
marker. For the HLA-ankylosing spondylitis association, the
odds ratio is 171. However, for most markers associated with
multifactorial disease, the frequency difference between cases
and controls is small, giving rise to modest odds ratios (usually
between 1.1 and 1.5).

If evidence for association is forthcoming, this suggests that
the allele encoded by the marker is either directly involved in
causing the disease (i.e., a susceptibility variant) or that the
marker is in linkage disequilibrium with a closely linked sus-
ceptibility variant. When considering disease associations, it is
important to remember that the identification of a susceptibil-
ity locus does not mean that the definitive disease gene has
been identified. For example, although it is one of the strongest
disease associations known, only 1% of all HLA B27 individuals
develop ankylosing spondylitis, so that many other factors,
genetic and/or environmental, must be involved in causing this
condition.

Before 2006, association studies were carried out by first
selecting a candidate gene or genomic region, which would
either have plausible biological links to the disease of interest
or be situated in a region of linkage. One or more genetic

Table 10.2 Calculation of Odds Ratio for a Disease

Association

Allele 1 Allele 2
Patients a b
Controls C d
QOdds ratio =y b

=

variants were selected from the gene or gene region and geno-
typed in cases and controls to test for association with the
disease. Many studies showing evidence of association with
candidate genes were published for a variety of diseases and
traits. However, in numerous cases, these associations did not
replicate in independent studies, leaving the validity of many
of the initially reported associations unclear. The reasons for
this inconsistency included (1) small sample sizes, (2) weak
statistical support, and (3) the low prior probability of any of
the few selected variants being genuinely associated with the
disease. All of these features increased the chances of false-
positive associations. In addition, false-positive associations
were found to be due to population stratification, in which the
population contains subgroups of different ancestries and both
the disease and the allele happen to be common within that
subset. A famous example was reported in a study by Lander
and Schork which showed, in a San Francisco population, that
HLA-A1 is associated with the ability to eat with chopsticks.
This association is simply explained by the fact that HLA-A1
is more common among Chinese than Europeans!

The candidate gene approach led to only a handful of widely
replicated associations. Two important developments made it
possible to move away from this approach, toward a genome-
wide approach to association studies: the first was the develop-
ment of microarray technology to genotype hundreds of
thousands of SNPs in thousands of individuals quickly and at
little cost; the second was the creation of a reference catalogue
of SNPs and linkage disequilibrium, the International Haplo-
type Map (HapMap).

HapMap Project (www.1000genomes.org or
ftp://ftp.ncbi.nlm.nih.gov/hapmap/)

Although it is estimated that there are over 10 million SNPs
in the human genome, many SNPs are in linkage disequilibrium
(p. 92) and therefore co-inherited. Regions of linked SNPs are
known as haplotypes. The International HapMap project was
set up to identify SNP frequencies and haplotypes in different
populations and make that data freely publically available. The
project genotyped more than 3 million SNPs in 270 samples
from Europe, East Asia, and West Africa.

Genome-Wide Association Studies

In genome-wide association (GWA) studies, researchers
compare variants across the entire genome, rather than looking
at just one variant at a time. Since 2006, this powerful new
method has produced an explosion in the number of widely
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replicated associations between SNPs and common diseases,
which are catalogued at http://www.ebi.ac.uk/gwas/. By 2014,
GWA studies had identified thousands of reproducible associa-
tions with over 600 common diseases or traits. The results of
a GWA study of autism are shown in Figure 10.8. In a typical
GWA study, 500,000 to 1,000,000 SNPs are genotyped in each
subject using a single microarray (‘SNP chip’).

A clear advantage of GWA studies over the candidate gene
approach is that they are ‘hypothesis-free’. No prior assump-
tion is made about the genes likely to be involved in the disease,
and as a result, associations have been uncovered which provide
new insights into biological pathways, opening up new avenues
for research.

It has been important to develop new statistical criteria for
GWA studies. If we were to perform a statistical test of associa-
tion comparing the frequency of one SNP between cases and
controls, we might interpret a P value of <.05 as being unlikely
to have occurred by chance. However, when testing associa-
tions with increasing numbers of SNPs, the P value threshold
needs to change: 1 in 20 tests will have a P value <.05 just by
chance. Based on HapMap European data, there are approxi-
mately 1 million common SNPs in the genome that are inde-
pendent (i.e., in very low linkage disequilibrium with all
others). Therefore, a comprehensive GWA study of common
variants is equivalent to testing approximately 1 million
hypotheses. Consequently, in GWA studies, P =5 x 107 is the
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against genomic position. Each data point represents the association between an individual single nucleotide polymorphism (SNP)
and autism. SNPs are ordered according to their position in the genome and each chromosome is colored differently. The higher
the position on the y-axis, the stronger the evidence for association. SNPs on chromosome 5p14.1 show the strongest associations.
B, The 5p14.1 genomic region as displayed in the UCSC genome browser (http://genome.ucsc.edu/). €, Zooming in on the 5p14.1
region: Both genotyped SNPs (diamonds) and imputed SNPs (inferred from linkage disequilibrium with genotyped SNPs; grey circles)
are plotted with —log;, (P value) (y-axis) against genomic position (x-axis). Genotyped SNPs are colored on the basis of their correla-
tion with the most strongly associated SNP (red = high, yellow = medium, white = low). Estimated recombination rates from HapMap
data are plotted to reflect the local linkage disequilibrium structure. LOD, Logarithm of odds; RefSeq, reference sequence. (From Wang
K, Zhang H, Ma D, et al 2009 Common genetic variants on 5p14.1 associated with autism spectrum disorders. Nature 459:528-533,
with permission.)
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accepted threshold below which an association is unlikely to
be a false positive. Large sample sizes are needed to achieve
such low P values, and meta-analysis of multiple studies is a
common approach to enlarge the sample size. Dense SNP data
can be used to identify population stratification in GWA
studies. For example, if an individual shows allele frequency
differences from the rest of the study sample at thousands of
SNPs, this may indicate that they are of different ancestry and
may lead to their exclusion from the study.

Initially GWAS focused on common variation, i.e. SNPs
with a minor allele frequency greater than 5%. However despite
identifying multiple loci, for most traits initial studies were
only able to explain a relatively small proportion of the trait
variability, typically less than 10%. Rarer variants, not captured
by the GWA approach, may explain some of this missing
heritability. Common variants found to date have relatively
modest effect sizes, for example for human height a typical
GWAS SNP alters adult height by less than Imm per allele.
This has led to the hypothesis that much of the missing heri-
tability lies in a rarer variation that has a larger effect size per
allele, i.e. intermediate between classic monogenic disease-
causing alleles and the typical common GWAS SNPs (Figure
10.9). Some of this rarer variation is captured with specialized
SNP arrays, or exome chips, that are enriched for SNPs in the
coding sequence. Rarer variation in the non-coding regions can
also be evaluated by using imputation.

Imputation

Most SNPs are strongly correlated to one or more others
nearby and by genotyping only a proportion of SNPs we can
infer genotypes for others based on these linkage disequilibrium
patterns. This means that by genotyping approximately 500,000
SNPs in most populations, we can capture information on the
majority of common SNPs in the human genome (with minor
allele frequency >5%). The added advantage of imputation is
that studies that have used different genotyping arrays can
impute missing SNPs and thus studies can be meta-analyzed
easily. Imputation relies on using a reference panel of genomic

Effect size' el
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data and the larger and more detailed the reference panel
allows more and rarer untyped SNPs to be imputed.

Reference Panels

The reference panel was originally provided by the HapMap
consortium, but since 2013 additional reference panels have
become available based on whole genome sequence data rather
than SNP genotypes. The thousand genomes project (www
.1000genomes.org) provides an accurate map of alleles with
frequencies as low as 1% and will capture not only SNPs but
other types of variation including copy number polymorphisms
(duplications, deletions, and other structural variation). The
Haplotype Reference Consortium (http://www.haplotype-
reference-consortium.org/) is compiling an even more compre-
hensive map of the human genome which will allow more
detailed analysis of rarer variation in the genome.

Despite the success of GWA studies, many challenges
remain. To date, the associations identified only explain a small
fraction of the susceptibility to each disease studied (e.g., <10%
in type 2 diabetes and <20% in Crohn disease). Over 10,000
SNPs have been reported from GWAS, associated with hun-
dreds of traits and diseases, but 90% of those SNPs fall in
non-coding regions of the genome. In addition, the loci identi-
fied generally range from 10 to 100 kb in length and include
numerous associated SNPs. This means that it has not been
possible in most cases to identify the causal variants or even
the causal genes. Further techniques, including resequencing of
the associated regions, testing in different ethnic groups,
examining expression data and functional studies will be neces-
sary to understand the associations fully.

Disease Models for
Multifactorial Inheritance

The search for susceptibility loci in human multifactorial
disorders has met with increasing success in recent years,
largely due to the success of GWA studies. Examples of recent
research in some common conditions will be considered to
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Figure 10.9 Feasibility of identifying genetic variants by risk allele frequency and strength of genetic effect (odds ratio). Manolio TA,
Collins FS, Cox NJ, et al, 2009 Finding the missing heritability of complex diseases. Nature 461(7265):747-753, with permission.
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illustrate the progress to date and the extent of the challenges
that lie ahead.

Diabetes Mellitus (DM)

There are two main forms of DM that are clinically distinct.
T1DM is the rarer juvenile-onset, insulin-dependent form
(previous abbreviation IDDM) which affects 0.4% of the popu-
lation and shows a high incidence of potentially serious renal,
retinal, and vascular complications. TIDM has a peak age of
onset in adolescence and can only be controlled by regular
injection of insulin. Type 2 is the more common later-onset,
non-insulin-dependent form that affects up to 10% of the
population and is strongly associated with overweight and
obesity. It usually affects older persons and may respond to
simple weight loss, although many people with T2DM require
oral hypoglycemic medication, and some require insulin. An
additional 1% to 2% of persons with diabetes have monogenic
(single gene) forms of diabetes.

Up to 10% of women develop glucose intolerance during
pregnancy. This is known as gestational diabetes. Their abnor-
mal glucose tolerance usually reverts to normal after the
pregnancy; although these women have an increased risk of
developing T2DM later in life.

Diabetes can also occur secondary to a variety of other
rare genetic syndromes and non-genetic disorders. Examples
include Prader-Willi syndrome (p. 78), Bardet-Biedl syndrome,
Wolfram syndrome, and Friedreich ataxia (p. 275). Diabetes
mellitus is therefore etiologically heterogeneous.

Type 1 Diabetes

Initial research into the genetics of diabetes tended to focus on
type 1 diabetes, where there is greater evidence for familial
clustering (A, is 15 for TIDM versus 3.5 for T2DM [p. 133]).
The concordance rates in monozygotic and dizygotic twins are
approximately 50% and 12%, respectively. These observations
point to a multifactorial etiology with both environmental and
genetic contributions. Known environmental factors include
diet, viral exposure in early childhood, and certain drugs. The
disease process involves irreversible destruction of insulin-
producing islet B cells in the pancreas by the body’s own
immune system, perhaps as a result of an interaction between
infection and an abnormal genetically programmed immune
response.

The first major breakthrough came with the recognition of
strong associations with the HLA region on chromosome 6p21.
The original associations were with the HLA B8 and BI15
antigens that are in linkage disequilibrium with the DR3 and
DR4 alleles (pp. 134, 170). It is with these that the TIDM
association is strongest, with 95% of affected individuals having
DR3 and/or DR4 compared with 50% of the general popula-
tion. Following the development of PCR analysis for the HLA
region, it was shown that the HLA contribution to TIDM
susceptibility is determined by the 57th amino acid residue at
the DQ locus, where aspartic acid conveys protection, in
contrast to other alleles that increase susceptibility. The HLA
region contributes approximately 50% of the genetic suscepti-
bility to TIDM.

The next locus to be identified was the insulin gene on
chromosome 11p15, where it was shown that variation in the
number of tandem repeats of a 14-bp sequence upstream to
the gene (known as the INS VNTR) influences disease suscep-
tibility. It is hypothesized that long repeats convey protection
by increasing expression of the insulin gene in the fetal thymus

gland, thereby reducing the likelihood that insulin-producing 8
cells will be viewed as foreign by the mature immune system.

These two loci contribute A, values of approximately 3 and
1.3, respectively. However, the total risk ratio for TIDM is
approximately 15. Numerous genome-wide association studies
of increasing size have led to an explosion in the number of
T1DM susceptibility loci supported by robust statistical evi-
dence, bringing the total to over 50 distinct genomic locations.
It is likely that many more remain to be identified through
future, even larger, efforts. Most of the identified loci confer a
modest increase in the risk of TIDM, with odds ratios (p. 134)
ranging from 1.1 to 1.3 for each inherited allele, in contrast
with the much larger role of the HLA locus. In most cases, the
causal genes and variants underlying the associations have yet
to be identified. However, the regions of association often
encompass strong biological candidates—for example, the
interleukin genes, IL10, IL19, IL20, and IL27. In two notable
cases, follow-up studies have already enabled the causal gene
to be confirmed, deepening our understanding of the biological
pathways behind the associations.

The first example was a study of the IL2RA (CD25) locus
by Dendrou et al (2009). It used the UK-based Cambridge
BioResource, a collection of approximately 5000 volunteers
who can be recalled to participate in research on the basis of
their genotype. Using fewer than 200 of these individuals, and
by means of flow cytometry to assay the levels of CD25 protein
expressed on the surface of T-regulatory cells, the study showed
that people with the TIDM-protective haplotype expressed
higher CD25 levels. This confirmed that IL2RA is indeed the
causal gene and that the genotype-phenotype association is
mediated via differences in expression of the gene product.

In the second study by Nejentsev et al (2009), the exons
and splice sites of 10 candidate genes situated in regions of
genome-wide association were resequenced in 480 T1DM
patients and 480 controls. Variants identified were then tested
for association with the disease in 30,000 further subjects. Four
rare variants (minor allele frequency = 1% to 2%) in the IFIH1
gene were identified, each of which independently reduced the
odds of TIDM by about 50%. This finding demonstrated that
the IFIH1 gene is important in the etiology of TIDM. Since
its function is to mediate the induction of an interferon
response to viral RNA, it adds to the evidence implicating viral
infection in the development of the disease. These results also
demonstrate that there may be both high- and low-frequency
susceptibility variants at the same locus, with varying effect
sizes. Future follow-up by resequencing of other loci, both in
T1DM and in other diseases, should lead to the identification
of even more of these variants and a better understanding of
the loci.

Type 2 Diabetes

The prevalence of T2DM is increasing and is predicted to reach
300 million affected worldwide by 2025. Although commonly
believed to be more benign than the earlier-onset, insulin-
dependent T1DM diabetes, patients with T2DM are also prone
to both macrovascular and microvascular diabetic complica-
tions, with corresponding excess morbidity and mortality.
GWAS has identified over 90 susceptibility loci for T2DM.
There is no overlap with the TIDM lodi, illustrating that these
two diseases have very different etiologies. Unlike the HLA
and INS VNTR loci in TIDM, there are no major predisposing
loci associated with T2DM. Most odds ratios are modest
(between 1.05 and 1.3 per allele), but by combining variants
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into a risk score individuals can be identified who have up to
4 times increased risk of developing diabetes compared with
individuals with a lower burden of risk alleles. Analysis of the
susceptibility loci for T2DM suggests several mechanisms are
involved in disease etiology, including CREBBP-related tran-
scription, adipocytokine signaling and cell cycle regulation.
The TCF7L2 locus has the largest odds ratio of all T2DM
loci found in multiple populations. Individuals who inherit two
risk alleles (approximately 9% of Europeans) are at nearly twice
the risk of T2DM as those who inherit none. The locus was
discovered in large-scale association studies of a region on
chromosome 10, which was originally identified in linkage
studies. However, the TCF7L2 variant does not account for the
linkage in this region, suggesting that other rarer but more
penetrant variants may be close by. As with many of the other
loci, the TCF7L2 risk allele is associated with impaired B-cell
function, highlighting the importance of the B-cell and insulin
secretion in T2DM etiology. As more loci for T2DM have been
discovered, the role of insulin sensitivity in the etiology has also
been highlighted. Thus a more complex picture is emerging.
Obesity is a well-known risk factor for T2DM and there are
examples of obesity-related genes associated with T2DM, for
example, the FTO gene, which was previously of unknown
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function. Recent research has shown, using mouse models and
CRISPR-Cas9 genome editing techniques, that the obesity
predisposing allele of FTO represses mitochondrial thermogen-
esis, preventing adipocytes from converting from fat storage to
fat burning functions. However most of the T2DM susceptibil-
ity loci are not associated with obesity, only four of the 90
variants have appeared in the GWAS of BMI (Figure 10.10),
suggesting that there are BMI-independent mechanisms
involved in the etiology of T2DM.

It is likely that many more loci will be identified through
future meta-analyses of GWA studies and that detailed
follow-up of the associated regions will lead to identification
of the causal variants. The large number of predisposing loci
highlights multiple targets for intervention, but there is much
work to be done to translate these findings into useful clinical
applications.

Crohn Disease

Inflammatory bowel disease (IBD) includes two clinical sub-
types: Crohn disease and ulcerative colitis. Its prevalence in
Western countries is 1% to 2%, and the estimated A, is 25.
Crohn disease is characterized by perturbed control of inflam-
mation in the gut and with its interaction with bacteria.
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Figure 10.10 Venn diagram of intersection between loci associated at genome-wide significance with type 2 diabetes, measures of
adiposity and glucose homeostasis. Genome-wide significant associations for six metabolic traits are shown. Gene symbols shown
in the plot are by convention the closest gene and not necessarily the functional gene. (From Grarup N, Sandholt CH, Hansen T,
Pedersen O 2014 Genetic susceptibility to type 2 diabetes and obesity: from genome-wide association studies to rare variants and beyond.

Diabetologia 57:1528-1541.)
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In 2001, two groups working independently and using differ-
ent approaches identified disease-predisposing variants in the
CARD15 gene (previously known as NODZ2). One of the groups,
Ogura et al, had previously identified a Toll-like receptor (p.
164), NOD2, which activates nuclear factor Kappa-B (NFkB)
(p. 171), making it responsive to bacterial lipopolysaccharides.
Sequence analysis revealed three variants (R702W, G908R and
3020insC) that were shown by case-control and transmission
disequilibrium tests to be associated with Crohn disease. The
second group, Hugot et al, fine-mapped the 16p12 region by
genotyping SNPs within the 20Mb interval and also arrived at
the same variants within the CARD15 gene. These variants are
found in up to 15% of patients with Crohn disease but only 5%
of controls. The relative risk conferred by heterozygous and
homozygous genotypes was approximately 2.5 and 40, respec-
tively. For therapy, drugs which target the NFxB complex (p.
171) are already the most effective drugs currently available.

Since 2006, GWA studies have identified nearly 200 sus-
ceptibility loci for inflammatory bowel disease, all of which
confer more modest risks of disease than the CARDI15 variants
(odds ratios per allele between 1.1 and 2.5). The genes identi-
fied implicate innate immunity, T cell signaling and epithelial
barrier function as the predominant etiological mechanisms in
IBD. Discoveries of loci containing the IRGM and ATGI6L1
genes were particularly exciting findings, as these genes are
essential for autophagy, a biological pathway whose relevance
to the disease was previously unsuspected. Further studies of
the IRGM locus by McCarroll et al (2008) identified that the
causal variant is a 20-kb deletion immediately upstream of
IRGM, which is in linkage disequilibrium (p. 92) with the
associated SNPs. The deletion results in altered patterns of
gene expression, which in turn were shown to modulate the
autophagy of bacteria inside cells.

Coronary Artery Disease

Coronary artery disease is the most common cause of death in
industrialized countries and is rapidly increasing in prevalence
in developing countries. It results from atherosclerosis, a
process taking place over many years which involves the deposi-
tion of fibrous plaques in the subendothelial space (intima) of
arteries, with a consequent narrowing of their lumina. Narrow-
ing of the coronary arteries compromises the metabolic needs
of the heart muscle, leading to myocardial ischemia, which if
severe, results in myocardial infarction.

For the majority of persons, their risk of coronary artery
disease is multifactorial or polygenic in origin. A variety of
different genetic and environmental risk factors have been
identified that predispose to early onset of the atherosclerotic
process, including lack of exercise, dietary saturated fat, and
smoking.

Lipid Metabolism

The metabolic pathways by which the body absorbs, synthe-
sizes, transports, and catabolizes dietary and endogenous lipids
are complex. Lipids are packaged in intestinal cells as a complex
with various proteins known as apolipoproteins to form
triglyceride-rich chylomicrons. These are secreted into the
lymph and transported to the liver, where, in association with
endogenous synthesis of triglyceride and cholesterol, they are
packaged and secreted into the circulation as triglyceride-rich
very low-density lipoproteins (VLDLs). VLDL is degraded to
intermediate-density lipoprotein (IDL), which is further
broken down into cholesterol-rich low-density lipoprotein

Table 10.3 Recurrence Risks for Premature
Coronary Artery Disease

Proband Relative Risk
Male (<55 Y)

Brother 5

Sister 2.5
Female (<65 Y)

Siblings 7

Data from Slack J, Evans KA 1966 The increased risk of death from ischemic
heart disease in first degree relatives of 121 men and 96 women with ischemic
heart disease. ] Med Genet 3:239-257

(LDL). High-density lipoproteins (HDLs) are formed from
lipoproteins secreted by the liver, chylomicrons, and VLDL
remnants.

High levels of LDLs are associated with an increased risk of
coronary artery disease. Conversely, high levels of HDLs are
inversely correlated with a risk of coronary artery disease.
Consequently, the LDL:HDL ratio has been used as a risk
predictor for coronary artery disease and as an indicator for
therapeutic intervention. Statins are effective drugs for lower-
ing LDL cholesterol levels.

Family and Twin Studies

The risk to a first-degree relative of a person with premature
coronary artery disease, defined as occurring before age 55 in
males and age 65 in females, varies between two and seven
times that for the general population (Table 10.3). Tin studies
of concordance for coronary artery disease vary from 15% to
25% for dizygotic twins and from 39% to 48% for monozygotic
twins. Although these figures support the involvement of
genetic factors, the low concordance rate for monozygotic
twins clearly supports the importance of environmental factors.

Single-Gene Disorders of Lipid Metabolism
Leading to Coronary Artery Disease

Although there are a number of individually rare inherited
disorders of specific lipoproteins, levels of the various lipopro-
teins and the hyperlipidemias are determined by a complex
interaction of genetic and environmental factors. Family studies
of some of the hyperlipidemias are, however, consistent with
a single gene being a major factor determining genetic
susceptibility.

Familial Hypercholesterolemia

The best-known disorder of lipid metabolism is familial hyper-
cholesterolemia (FH) (p. 262). FH is associated with a signifi-
cantly increased risk of early coronary artery disease and is
inherited as an autosomal dominant disorder. It has been
estimated that about 1 person in 500 in the general population,
and about 1 in 20 persons presenting with early coronary artery
disease, are heterozygous for a mutation in the low-density
lipoprotein receptor (LDLR) gene. Molecular studies in FH
have revealed that it is due to a variety of defects in the
number, function, or processing of the LDL receptors on the
cell surface (p. 263).

Susceptibility Genes

Since 2007, numerous large-scale GWA and follow-up replica-
tion studies have identified nearly 60 susceptibility loci for
coronary artery disease and myocardial infarction. Of these loci
about a third are also associated with lipid levels and 10% with
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blood pressure and the key pathways implicated in the patho-
genesis of coronary artery disease from GWAS are lipid
metabolism, inflammation and artery vessel wall structure. One
of the strongest associations identified is on chromosome 9p21
(odds ratio per allele = 1.3). The nearest genes, CDKN2A and
CDKN2B, are over 100 kb away. Interestingly, the SNPs most
strongly associated with coronary artery disease are only 10 kb
away from those associated with type 2 diabetes. However, the
two disease associations are independent and not in linkage
disequilibrium with one another. Much work is already being
done to investigate the role of ANRIL, a large, non-coding RNA
which overlaps with the coronary artery disease-associated
haplotype. It is expressed in tissues associated with atheroscle-
rosis, and studies have shown correlations between expression
of ANRIL transcripts and severity of atherosclerosis. However,
additional evidence from large-scale association studies has
shown that the same haplotype on 9p21 is associated with
abdominal aortic aneurysm and intracranial aneurysm, suggest-
ing that its role is not limited to atherosclerotic disease.
Together with the other 59 loci, the locus at 9p21 only explains
a small fraction of the heritability of coronary artery disease
(approximately 6%), and it is likely that many more loci will
be identified.

Progress in uncovering susceptibility loci has also come from
large GWA studies of lipid levels. Common variants in at least
150 loci are now robustly associated with circulating levels of
lipids, with over one-third of these associated with LDL levels.
In addition to common variants, low frequency variants have
also been associated with lipid levels and together these vari-
ants explain 9.3%, 12.8%, 19.5%, and 18.8% of the variance in
triglycerides, HDL cholesterol, LDL cholesterol, and total
cholesterol concentrations, respectively. The frequency of
LDL-raising alleles is higher in patients with coronary artery
disease than in controls, indicating that they predispose to the
disease via their primary effect on LDL levels. In many cases,
the genes implicated by the loci are already associated with
single-gene disorders. For example, PCSK9 harbors a full
spectrum of LDL-altering alleles, from rare mutations which
cause large differences in LDL (>100 mg/dL), through low-
frequency variants with more modest effects (e.g., PCSK9
R46L has a 1% minor allele frequency and a 16 mg/dL effect
size), to common variants at 20% minor allele frequency which
change LDL levels by less than 5 mg/dL. Monoclonal antibody
PCSK9 inhibitors have now been approved for use as choles-
terol lowering agents and could provide an alternative to statin
treatment. The resequencing of further loci is likely to uncover
rarer variants and mutations at lipid trait loci, which may
further explain genetic susceptibility to coronary artery disease.
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Schizophrenia

Schizophrenia is a serious psychotic illness with an onset usually
in late adolescence or early adult life. It is characterized by
grossly disorganized thought processes and behavior, together
with a marked deterioration of social and occupational func-
tioning, and can be accompanied by hallucinations and
delusions.

Epidemiology

Schizophrenia is a principal cause of chronic mental illness.
There is a 1% lifetime risk for a person to develop schizo-
phrenia, and at any one time, approximately 0.2% of the popu-
lation is affected. Schizophrenia occurs more commonly in
individuals of poorer socioeconomic status and has an earlier
age of onset and worse prognosis in males. There is an excess
of winter births in schizophrenic individuals, which has sug-
gested that environmental factors such as certain viral infections
or nutritional factors could be contributory.

Evidence for Genetic Factors

The nature and extent of the genetic contribution to schizo-
phrenia is unclear. This is partly because of past and continuing
controversy concerning the definition of schizophrenia and the
term schizoid. The latter term refers to the schizophrenia-like
traits often seen in relatives of schizophrenics. The problem
arises because clinical criteria to distinguish schizoid from
normal personality are lacking. For the sake of simplicity, we
can regard the term schizoid as referring to a person with the
fundamental symptoms of schizophrenia but in a milder form.
It has been estimated that roughly 4% of the general population
have schizophrenia or a schizoid personality disorder.

Family and Twin Studies

The results of several studies of the prevalence of schizophrenia
and schizoid disorder among the relatives of schizophrenics are
summarized in Table 10.4. If only schizophrenia is considered,
the concordance rate for identical twins is only 46%, suggesting
the importance of environmental factors. If, however, schizo-
phrenia and schizoid personality disorder are considered
together, then almost 90% of identical co-twins are
concordant.

Susceptibility Genes

Genome-wide association studies of copy number variations
(CNVs) have identified large (>500 kb) deletions associated
with the condition—for example on chromosomes 1q21.1,
15q13.3, and 22q11.2 (pp. 245, 250). These deletions are rare
but penetrant: the odds ratio for the 15q13.3 deletion has been

Table 10.4 Proportions (%) of First-Degree Relatives of Individuals With Schizophrenia Who Are Similarly

Affected or Have a Schizoid Disorder

Proportion (%) of Relatives

Relatives Schizophrenia® Schizoid Total Schizophrenia + Schizoid
Identical twins 46 41 87
Offspring (of 1 schizophrenic) 16 33 49
Siblings 14 32 46
Parents 9 35 44
Offspring (of 2 schizophrenics) 34 32 66
General population 1 3 4

*From Heston LL 1970 The genetics of schizophrenia and schizoid disease. Science 167:249-256.
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estimated at between 16 and 18 in two independent studies.
A key observation is that these deletions are not only associated
with schizophrenia. The 1q21.1 deletion (p. 248) has also been
associated with autism, learning disability, and epilepsy. Thus,
current clinically defined disease boundaries are not mirrored
by the underlying genetics. While these deletions explain some
of the genetic susceptibility to schizophrenia, they also explain
susceptibility to other conditions. It is likely that a better
understanding of the genetics will lead to better definition of
clinical phenotypes.

Common genetic variants are also implicated in the etiology
of schizophrenia. Recent meta-analyses of GWA studies have
identified over 100 associated loci, including the HLA region
on chromosome 6p21.3-6p22.1, suggesting an immune system
component to the risk of disease. Robust associations have also
been observed with variants near the NRGN gene and in the
TCF4 gene, which implicate biological pathways involved in
brain development, cognition, and memory. There are likely to
be many more common and rare variants that collectively
contribute to the heritability of schizophrenia.

Alzheimer Disease

Dementia is characterized by an irreversible and progressive
global impairment of intellect, memory, social skills, and
control of emotional reactions in the presence of normal con-
sciousness. Dementia is etiologically heterogeneous, occurring
secondarily to both a variety of non-genetic causes such as
vascular disease and infections such as AIDS, as well as genetic
causes. Alzheimer disease (AD) is the most common cause of
dementia in persons with either early-onset dementia (<60
years, or presenile) or late onset (>60 years, or senile). The
classic neuropathological finding in persons with AD is the
presence at postmortem examination of amyloid deposits in
neurofibrillary tangles and neuronal or senile plaques. In addi-
tion, individuals with Down syndrome have an increased risk
of developing dementia (p. 236), which at postmortem has
identical CNS findings to those seen in persons with typical
AD.

Epidemiology
Limited numbers of studies of the incidence and prevalence of
AD are available, owing to problems of ascertainment. However,

the risk of developing AD clearly increases dramatically with
age (Table 10.5).

Twin and Family Studies

Differences in the age of onset of AD in identical twins are
consistent with the importance of environmental factors, but

Table 10.5 Estimates of Age-Specific Cumulative

Prevalence of Dementia

Age Interval (Y) Prevalence (%)

<70 1.3
70-74 2.3
75-79 6.4
80-84 15.3
85-89 23.7
90-94 42.9
>95 50.9

From Heston LL 1992 Alzheimer’s disease. Chapter 39 in King RA, Rotter |I,
Motulsky AG eds The genetic basis of common diseases. New York: Oxford
University Press

there are difficulties with family studies in AD. Many studies
are based on a clinical diagnosis. However, a significant propor-
tion of persons with a clinical diagnosis of AD are found to
have other causes at postmortem, such as cerebrovascular
atherosclerotic disease. Attempts to confirm diagnoses in rela-
tives who have died previously are often unsuccessful. Obvi-
ously, given the age of onset, it is generally neither practical nor
possible to obtain funding for prospective studies of the risk to
offspring. Therefore, family studies of the risk to siblings are
the only practical type of family study to provide reliable data.
Although there are numerous retrospective reports of families
with AD that are consistent with autosomal dominant inheri-
tance, recurrence risks in a number of studies for first-degree
relatives are less than 10%. The risks are age related and are
greater the younger the age at diagnosis in the affected
individual.

Biochemical Studies

The amyloid deposits in the neurofibrillary tangles and neuronal
plaques have been shown to consist of the amyloid- A4 pre-
cursor protein (APP). The major protein component of the
neurofibrillary tangles has been shown to be derived from a
microtubule-associated protein (MAP) called tau (t). Along
with other MAPs, it interacts with B-tubulin to stabilize
microtubules.

Single-Gene Disorders

The identification of APP in the amyloid deposits of the neu-
ronal plaques, its mapping in or near to the critical region of
the distal part of chromosome 21q associated with the pheno-
typic features of Down syndrome (p. 236), and the increased
risk of AD in persons with Down syndrome led to the sugges-
tion that duplication of the APP gene could be a cause of AD.
Evidence of linkage to the APP locus was found in studies of
families with early-onset AD, and it is now known that muta-
tions in the APP gene account for a small proportion of cases.

Evidence of linkage to early-onset AD was found for another
locus on chromosome 14q. Mutations were identified in a
proportion of affected individuals in one of a novel class of
genes known as presenilin-1 (PSENI1), now known to be a
component of the Notch signaling pathway (p. 105). A large
number of mutations in PSENI have now been identified and
account for up to 70% of familial early-onset AD. A second
gene, presenilin-2 (PSEN2), with homology to PSENI, was
mapped to chromosome 1q and has been shown to have muta-
tions in a limited number of families with AD. PSEN1 and
PSEN?2 are integral membrane proteins containing multiple
transmembrane domains that localize to the endoplasmic
reticulum and the Golgi complex. All of the presenile demen-
tias following autosomal dominant inheritance demonstrate
high penetrance.

Susceptibility Genes

Polymorphisms in the apolipoprotein E (APOE) gene are the
most important genetic risk factor identified for late-onset AD.
The locus was initially identified in the early 1990s through
linkage studies. The APOE gene has three major protein iso-
forms, €2, €3, and €4. Numerous studies in various populations
and ethnic groups have shown an increased frequency of the
€4 allele in persons with both sporadic and late-onset familial
AD. In addition, the €2 allele is associated with a decreased
risk of the disease. The finding of apolipoprotein E in senile
plaques and neurofibrillary tangles, along with its role in lipid
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transport, possibly in relation to the nerve injury and regen-
eration seen in AD, provides further evidence for a possible
role in the acceleration of the neurodegenerative process in
AD.

Although the APOE &4 allele, found in up to 40% of cases,
is a clearly important risk factor, the strongest association is
with the age of onset rather than absolute risk of develop-
ing AD. The APOE €4 allele is therefore neither necessary
nor sufficient for the development of AD, emphasizing the
importance of other genetic and environmental etiological
factors.

GWAS for AD has found over 20 loci associated with
disease risk, but none has an effect comparable to APOE, the
odds ratios ranging from 1.1 to 2.0. In fact even in combination
the attributable risk of all common variants is less than that for
APOE. The loci do however shed light on the pathogenesis of
AD and there appear to be three predominant pathways
involved: cholesterol and lipid metabolism; immune system
and inflammatory response; and endosomal vesicle cycling.
Further work will be needed to uncover the mechanisms
underlying these associations, and it is likely that many more
loci with more modest effects remain to be discovered.
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Summarises the progress made in as a result of the first five years
of GWAS. It focusses on autoimmune and metabolic disease, but gives
an excellent general overview of the field.

Witte, J.S., Visscher, PM., Wray, N.R., 2014. The contribution of
genetic variants to disease depends on the ruler. Nat. Rev. Genet.
15, 765-776.

Assesses the different methods that can be used to determine the
genetic contribution or heritability of a trait or disease.

1 The concept of multifactorial inheritance has been
proposed to account for the common congenital
malformations and acquired disorders that show non-
Mendelian familial aggregation. These disorders are
thought to result from the interaction of genetic and
environmental factors.

2 Human characteristics such as height and intelligence,
which show a normally distributed continuous distribution
in the general population, are probably caused by the
additive effects of many genes (i.e. polygenic inheritance).

3 According to the liability/threshold model for multifactorial
inheritance, the population’s genetic and environmental
susceptibility, which is known as liability, is normally
distributed. Individuals are affected if their liability exceeds
a threshold superimposed on the liability curve.

4 Recurrence risks to relatives for multifactorial disorders are
influenced by the disease severity, the degree of
relationship to the index case, the number of affected close
relatives and, if there is a higher incidence in one particular
sex, the sex of the index case.

5 Heritability is a measure of the proportion of the total
variance of a character or disease that is due to the genetic
variance. Heritability is best calculated in twin and family
studies.

6 Thousands of genetic susceptibility loci for multiple
common diseases have been identified. Major progress has
been enabled in recent years by genome-wide association
studies revealing new biological pathways involved in
disease pathogenesis and leading to future therapeutic
advances.
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Chapter 11

Screening for Genetic
Disease

Genetic disease may affect individuals and their families dra-
matically, nonetheless, every person and every couple having
children is at some risk of seeing a disorder with a genetic
component suddenly appear. Our concepts and approaches to
screening reflect the different burdens that these two realities
impose. First, there is screening of individuals and couples
known to be at significant or high risk because of a positive
family history—sometimes referred to as targeted or family
screening. This includes carrier, or heterozygote, screening, as
well as presymptomatic testing. Second, there is the screening
offered to the general population, who are at low risk—
sometimes referred to as community genetics—and very much
within the remit of public health. Population screening involves
the offer of genetic testing on an equitable basis to all relevant
individuals in a defined population. The objectives are the
prevention of morbidity and suffering resulting from genetic
disease, and to enhance individual autonomy through better
information about genetic risks and reproductive options.

Screening Those at High Risk

Here we focus on the very wide range of general genetic disease
as opposed to screening in the field of cancer genetics, which
is addressed in Chapter 14. Prenatal screening is also covered
in more detail in Chapter 20. If it were easy to recognize
carriers of autosomal and X-linked recessive disorders, and
persons who are heterozygous for autosomal dominant disor-
ders that show reduced penetrance or a late age of onset, much
doubt and uncertainty would be removed when providing
information in genetic counseling. Increasingly, mutation analy-
sis in genes that cause these disorders is indeed making the task
easier. Where this is not possible, either because no gene test
is available or the molecular pathology is elusive in a gene
known to be associated with the disorder in question, a number
of strategies are available to detect carriers for autosomal and
X-linked recessive disorders, and for presymptomatic diagnosis
of heterozygotes for autosomal dominant disorders.

Carrier Testing for Autosomal Recessive
and X-Linked Disorders

In a number of autosomal recessive disorders, such as some
of the inborn errors of metabolism (e.g., Tay-Sachs disease;
p. 264) and the hemoglobinopathies (e.g., sickle cell disease;
p. 158), carriers can be recognized with a high degree of cer-
tainty using biochemical or hematological techniques, and
DNA analysis is often not necessary. In other single-gene dis-
orders, it is possible to detect or confirm carrier status by
biochemical means in only a proportion of carriers; for example,
mildly abnormal coagulation study results in a woman at risk
of being a carrier for hemophilia (p. 300). A significant propor-
tion of obligate carriers of hemophilia will have normal
144

coagulation, however, so a normal result does not exclude a
woman at risk from being a carrier.

There are several possible ways in which carriers of genetic
diseases can be recognized.

Clinical Manifestations in Carriers

Occasionally, carriers for certain disorders can have mild clini-
cal manifestations of the disease (Table 11.1), particularly with
some of the X-linked disorders. These manifestations are
usually so slight that they are apparent only on careful clinical
examination; for instance, the mosaic pattern of retinal pig-
mentation seen in manifesting female carriers of X-linked
ocular albinism (Figure 11.1), or the characteristic lens opaci-
ties seen in Fabry disease. Such manifestations, even though
minimal, are often very reliable, though they are the exception
rather than the rule, and in most autosomal and X-linked reces-
sive disorders there are either no manifestations in carriers, or
they overlap with the variation seen in the general population.

Table 11.1 Clinical and Biochemical Abnormalities

in Carriers of X-Linked Disorders

Disorder Abnormality

Clinical

Ocular albinism Mosaic retinal pigmentary
pattern

Mosaic retinal pigmentation,
abnormal electroretinographic
findings

Sweat pore counts reduced,
dental anomalies

Lens opacities

Retinitis pigmentosa

Anhidrotic ectodermal
dysplasia
Lowe syndrome

Alport syndrome Hematuria

Biochemical

Hemophilia A Reduced factor VIII activity :
antigen ratio

Hemophilia B Reduced levels of factor IX

Glucose 6-phosphate Erythrocyte G6PD activity

dehydrogenase (G6PD) reduced
deficiency

Lesch-Nyhan syndrome Reduced hypoxanthine-guanine
fibroblasts phosphoribosyl transferase

activity in skin

Reduced sulfoiduronate
sulfatase activity in skin
fibroblasts

Vitamin D-resistant rickets Serum phosphate level reduced

Duchenne muscular Raised serum creatine kinase
dystrophy level

Becker muscular dystrophy Raised serum creatine kinase level

Fabry disease Corneal and lens opacities

Hunter syndrome

*In many cases these methods have been superseded by direct gene tests.
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FIGURE 11.1 The fundus of a carrier of X-linked ocular albinism

showing a mosaic pattern of retinal pigmentation. (Courtesy Mr.
§.J. Charles, The Royal Eye Hospital, Manchester, UK.)

An example would be female carriers of hemophilia, who have
a tendency to bruise easily; this is not a reliable sign of carrier
status as this is relatively common in the general population for
other reasons. In X-linked adrenoleukodystrophy, a proportion
of female carriers manifest neurological features, sometimes
relatively late in life when the signs might easily be confused
with the problems of aging.

Biochemical Abnormalities in Carriers

Historically, the demonstration of detectable biochemical
abnormalities in carriers of certain diseases has been important.
In some cases the biochemical abnormality is a direct product
of the gene and the carrier status can be tested for with con-
fidence. For example, in carriers of Tay-Sachs disease the range
of enzyme activity (hexosaminidase) is intermediate between
levels found in normal and affected people. Carrier testing for
Tay-Sachs disease in many orthodox Jewish communities,
which are at significantly increased risk of the disorder, is highly
developed. Because of faith-based objections to termination of
pregnancy, carrier testing may be crucial in the selection of life
partners. A couple considering betrothal will first see their
rabbi. In addition to receiving spiritual advice, they will undergo
carrier testing for Tay-Sachs disease. If both prove to be carri-
ers, the proposed engagement will be called off, leaving them
free to look for a new partner. If only one proves to be a carrier
the engagement can proceed, although the rabbi does not dis-
close which one is the carrier. Although such a strategy to
prevent genetic disease would theoretically be possible in many
communities where inbreeding is the norm, and their ‘private’
diseases have been well characterized either biochemically or
by molecular genetics, in practice this is very rare.

In many single-gene disorders, the biochemical abnormality
used in the diagnosis of the disorder in the affected individual
is not a direct result of action of the gene product but the
consequence of a secondary or downstream process. Such
abnormalities are further from the primary action of the gene
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and, consequently, are usually much less likely to be useful in
identifying carriers. For example, in Duchenne muscular dys-
trophy (DMD) there is an increased permeability of the muscle
membrane, resulting in the escape of muscle enzymes into the
blood. A grossly raised serum creatine kinase (CK) level often
confirms the diagnosis of DMD in a boy presenting with fea-
tures of the disorder (p. 281). Obligate female carriers of
DMD have, on average, serum CK levels that are increased
compared with those of the general female population (Figure
11.2) but there is substantial overlap of CK values between
normal and obligate carrier females. Nevertheless, where DNA
is not available from an affected male for dystrophin gene
mutation analysis, this information can be used in conjunction
with pedigree risk information (p. 98), and the results of linked
DNA markers (p. 99), to help calculate the likelihood of a
woman being a carrier for this disorder. Where linked markers
are used, whether for DMD or another disease, it is essential
that DNA samples are available from key family members,
both affected and unaffected, and the chance of recombination
between the marker(s) and the locus is taken into account.
Also, the markers used need to be sufficiently polymorphic to
be informative in the family being investigated, and locus, or
genetic, heterogeneity (where the disease phenotype may be
associated with mutations in more than one gene) should not
be an issue.

The other reason for difficulty with carrier testing in
X-linked recessive disorders is random inactivation of the X
chromosome in females (p. 122), which often renders bio-
chemical methods unreliable. An exception to this involves
analysis of individual clones to look for evidence of two popula-
tions of cells, as with peripheral blood lymphocytes in female
carriers of some of the X-linked immunodeficiency syndromes
(p. 174), usually referred to as “X-inactivation studies’.

Presymptomatic Diagnosis of Autosomal
Dominant Disorders

Many autosomal dominant single-gene disorders either have
a delayed age of onset (p. 96) or exhibit reduced penetrance
(p. 95). The results of clinical examination, specialist
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FIGURE 11.2 Creatine kinase (CK) levels in obligate carrier
females of Duchenne muscular dystrophy and women from the
general population. (Adapted from Tippett PA, Dennis NR, Machin
D, et al 1982 Creatine kinase activity in the detection of carriers of
Duchenne muscular dystrophy: comparison of two methods. Clin
Chim Acta 121:345-359.)
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investigations, biochemical studies, and family DNA studies
can enable the genetic status of the person at risk to be deter-
mined before the onset of symptoms or signs. This is known
as presymptomatic, or predictive, testing.

Clinical Examination

In some dominantly inherited disorders, simple clinical means
can be used for presymptomatic diagnosis, taking into account
possible pleiotropic effects of a gene (p. 66). For example,
individuals with neurofibromatosis type I (NF1) can have a
variety of clinical features (p. 279). It is not unusual to examine
an apparently unaffected relative of someone with NF1, who
has had no medical problems, only to discover that they have
sufficient numbers of café-au-lait spots or cutaneous neurofi-
bromas to confirm that they are affected. However, NF1 is a
relatively rare example of a dominantly inherited disorder that
is virtually 100% penetrant by the age of 5 or 6 years, with
visible external features. With many other disorders, clinical
examination is less helpful.

In tuberous sclerosis (TSC) a number of body systems may
be involved and the external manifestations, such as the facial
rash of angiokeratoma (Chapter 6; see Figure 6.54, p. 68) may
not be present. Similarly, seizures and learning difficulties are
not inevitable. In autosomal dominant polycystic kidney
disease, which is extremely variable and may have a delayed
age of onset, there may be no suspicion of the condition from
routine examination, and hypertension may be borderline
without raising suspicions of an underlying problem. Reaching
a diagnosis in Marfan syndrome (p. 291) can be difficult
because of the variable features and overlap with other joint
hypermobility disorders, even though very detailed diagnostic
criteria have been established. However, other inherited
cardiac conditions, such as the cardiomyopathies or familial
arrhythmias (e.g. long QT and Brugada syndromes) present
very significant challenges (Chapter 19). These conditions are
clinically variable with reduced penetrance, are genetically very
heterogeneous, and in a proportion of cases are due to digenic
inheritance (Chapter 6, p. 75)

Specialist Investigation

In conditions where clinical assessment leaves diagnostic doubt
or ambiguity, special investigations of relevant body systems
can serve to clarify status and presymptomatic diagnosis. In
TSC, imaging studies of the brain by computed tomography to
look for intracranial calcification (Figure 11.3) are more or less
routine, as well as renal ultrasonography to identify the cysts
known as angiomyolipoma(ta) (Figure 11.4). Use of these rela-
tively non-invasive tests in relatives of persons with TSC can
often detect evidence of the condition in asymptomatic
persons.

Similarly, assessment for Marfan syndrome involves oph-
thalmic examination for evidence of ectopia lentis, echocar-
diography for measurement of the aortic root diameter, and
sometimes magnetic resonance imaging of the lumbar spine to
look for evidence of dural ectasia—all of which are important
criteria.

Absence of these findings on clinical examination or special-
ist investigation does not always exclude the diagnosis, however,
though the likelihood of the person having inherited the faulty
gene is reduced. Where positive findings are made, it is impor-
tant to know how specific or pathognomonic they are, which
together with pedigree risk information may help to calculate
the residual likelihood of having inherited the faulty gene.

FIGURE 11.3 Intracranial calcification (arrows) in an asymptom-
atic person with tuberous sclerosis.

Biochemical Tests

For a number of autosomal dominant disorders, biochemical
tests can determine whether or not a person at risk has inherited
a gene. Examples include the use of serum cholesterol levels
in those at risk for familial hypercholesterolemia (p. 262),
though genetic testing is increasingly being introduced, and

_— —

FIGURE 11.4 Renal ultrasonogram of an asymptomatic person
with tuberous sclerosis showing abnormal echogenicity due to
presumed angiomyolipomata (arrows).
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assay of the appropriate urinary porphyrins or the specific
enzyme deficiency in the various dominant porphyrias (p. 266).

Direct Mutation Testing

Increasingly, as our knowledge of the human genome has
grown, direct DNA mutation analysis is the investigation of
choice to clarify the genetic status of individuals at risk of
inherited conditions. In the large majority of clinical situations
it is both desirable and necessary to identify a pathogenic
mutation in an affected individual within a family. Where this
is achieved with confidence presymptomatic testing can be
offered to family members at risk, taking into account age-
appropriateness and consent/autonomy issues relating to chil-
dren and minors. A common pitfall faced in the outcome of
testing, however, is the pathogenicity of many DNA findings
such as missense variants and intronic changes, especially where
they are novel and not previously listed in DNA databases. In
these circumstances the help of bioinformatics tools can be
crucial to determining whether a particular finding is clinically
useful. Box 11.1 lists some of the more common conditions in
which DNA mutation analysis is regularly used to offer pre-
symptomatic diagnosis, but there are of course many more.

Ethical Considerations in Carrier
Detection and Predictive Testing

Medically, there are often advantages in being able to determine
the carrier status of a person at risk of an autosomal or X-linked
recessive disorder, mainly relating to a couple being able to
make an informed choice when having children. For some
individuals and couples, however, the knowledge that there is
a significant risk of having an affected child may present options
and choices that they would rather not have. The attendant
risk, and the awareness that prenatal diagnosis is available, may
create a sense of guilt whichever decision is taken—either to
have a child knowing it could be affected, or to have prenatal
testing and possible termination of pregnancy. The latter option
is especially difficult when the prognosis of the disease in
question cannot be stated with any certainty because of vari-
ability or reduced penetrance, or if there is hope that treatment
may be developed in time to help the child. Because of these
difficulties and potential dilemmas it is normal practice to

Box 11.1 Autosomal Disorders That Show
a Delayed Age of Onset, or Exhibit
Reduced Penetrance, for Which
Mutational Analysis (or Occasionally
Linked Markers) Can Be Used to Offer
Presymptomatic Testing

Breast cancer

Familial adenomatous polyposis
Hereditary motor and sensory neuropathy type |
Hereditary non-polyposis colonic cancer
Huntington disease

Inherited cardiac arrhythmias

Marfan syndrome

Myotonic dystrophy

Neurofibromatosis type |
Neurofibromatosis type Il

Tuberous sclerosis

Von Hippel-Lindau disease
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suggest that information is passed on within families, rather
than by professionals. In general this approach works well, but
professional dilemmas can arise if family members refuse to
communicate with one another when the disease in question
carries significant morbidity and the risk may be high, particu-
larly with X-linked conditions.

In those at risk for late-onset autosomal dominant disorders,
many of which have neurological features, there can in some
instances be a clear advantage in presymptomatic diagnosis.
For example, in those at risk for familial adenomatous polyposis
(p- 189), colonoscopy looking for the presence of colonic
polyps can be offered as a regular screening procedure to those
who have been shown to be at high risk of developing colonic
cancer by molecular studies. Conversely, individuals who have
not inherited a mutation in the APC gene do not need to be
screened.

In contrast, for persons at risk for Huntington disease (HD),
in which there is not yet any effective treatment to delay the
onset or progression of the disorder, the benefit of predictive
testing is not immediately obvious. The same is true for familial
forms of Alzheimer disease, motor neurone disease, cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL), and the spinocerebellar
ataxias. Although choice is often considered to be of paramount
importance in genetic counseling for those at risk for inherited
disorders, it is important to remember that those considering
presymptomatic or predictive testing should proceed only if
they can give truly informed consent and are free from coercion
from any outside influence. It is possible that employers, life
insurance companies, and society in general will put indirect,
and on occasion, direct pressure on those at high at risk to be
tested (p. 327). Indeed, there are examples in which individuals
at risk of HD have received prejudicial treatment in relation to
employment, and higher than average insurance premiums can
be expected on the basis of the family history alone. A significant
problem raised by predictive testing for late-onset disorders is
that it can, in theory, be used for children and minors. This issue
can be very contentious, with parents sometimes arguing that it
is their right to know the status of their child(ren). However,
this conflicts with the high ideal of upholding the principle of
individual autonomy wherever possible. Presymptomatic testing
of children is therefore usually discouraged unless an early
medical intervention or screening is beneficial for the disorder,
which is certainly true for a number of the familial cancer condi-
tions. The issue of genetic testing of children is addressed more
fully in Chapter 22 (p. 326).

Population Screening

One definition of population screening is: ‘The systematic
application of a test or inquiry, to identify individuals at suffi-
cient risk of a specific disorder to warrant further investigation
or treatment, amongst persons who have not sought medical
attention on account of symptoms of that disorder’. Neonatal
screening for phenylketonuria is the paradigm of a good screen-
ing program and has been available since 1969 in the UK, with
screening for congenital hypothyroidism from 1981. In the
United Kingdom, since 1996, population screening has been
overseen by the UK National Screening Committee (NSC),
which advises the government. The current, nationally managed,
screening programs are listed in Box 11.2. The implementation
of a screening program is a huge logistical exercise requiring
financial and statistical expertise, and technology resources, as
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Box 11.2 Current Nationally Managed
Screening Programs in the UK
(With Genetic or Potentially
Genetic Causes)

Antenatal

Down syndrome

Sickle cell disease

Thalassemia

Structural abnormalities (fetal anomaly scanning at 18-20
weeks’ gestation)

Newborn Bloodspot

Phenylketonuria (PKU)

Congenital hypothyroidism (CHT)

Sickle cell disease (SCD)

Cystic fibrosis (CF)

Medium chain acyl-CoA dehydrogenase deficiency (MCADD)

Maple syrup urine disease (MSUD)

Isovaleric acidemia (IVA)

Glutaric aciduria type 1 (GAT1)

Homocystinuria (HCU)

Newborn and Infant Physical Examination

Newborn hearing

Adult

Breast cancer (women >50y)

Bowel cancer (>60y, fecal occult blood)

Sight-threatening diabetic retinopathy

Abdominal aortic aneurysm (men >65y)

well as setting up practical mechanisms to introduce the
program and monitor outcomes and quality assurance.

Criteria for a Screening Program

These can be considered under the headings of the disease, the
test, and the practical aspects of the program (Box 11.3). These
criteria apply equally to prenatal screening, which is addressed
in Chapter 20.

The Disease

To justify the applied effort and resources allocated to screen-
ing, the disease should be sufficiently common and have
potentially serious effects that are amenable to prevention or
amelioration. This may involve early treatment, as in phenyl-
ketonuria diagnosed in the neonatal period (p. 255), or the
offer of termination of pregnancy for disorders that cannot be

Box 11.3 Criteria for a Screening Program

Disease

High incidence in target population
Serious effect on health

Treatable or preventable

Test

Non-invasive and easily carried out
Accurate and reliable (high sensitivity and specificity)
Inexpensive

Program

Widespread and equitable availability
Voluntary participation

Acceptable to the target population

Full information and counseling provided

Table 11.2 Sensitivity and Specificity

Disease Status

Affected Unaffected

Screening Test Result

Positive a (true positive) b (false positive)
Negative c (false negative) d (true negative)
Sensitivity: a/(a + c) — proportion of true positives

Specificity: d/(d + b) — proportion of true negatives

treated effectively and are associated with serious morbidity
and/or mortality.

The Test

The test should be accurate and reliable with high sensitivity
and specificity. Sensitivity refers to the proportion of cases that
are detected. A measure of sensitivity can be made by deter-
mining the proportion of false-negative results (i.e., how many
cases are missed). Thus, if a test detects only 70 of 100 cases,
it shows a sensitivity of 70%. Specificity refers to the extent
to which the test detects only affected individuals. If unaffected
people test positive, these are referred to as false positives.
Thus, if 10 of 100 unaffected individuals have a false-positive
test result, the test shows a specificity of 90%. Table 11.2
explains this further. Of great interest too is the positive pre-
dictive value of a screening test, which is the proportion
of positive tests that are true positives; this is illustrated in
Table 11.3.

The Program

The program should be offered in a fair and equitable manner,
and should be widely available. It must also be morally accept-
able to a substantial proportion of the population to which it
is offered. Participation must be entirely voluntary in the case
of prenatal programs, but the ethical principles are more
complex in neonatal screening for conditions where early treat-
ment is essential and effective in preventing morbidity. In these
situations, the principles of beneficence (doing good) and non-
maleficence (not doing harm) are relevant. Easily understood
information and well-informed counseling should both be
readily available.

It is often stated that the cost of a screening program should
be reasonable and affordable. This does not mean that the
potential savings gained through a reduction in the number of
affected cases requiring treatment should exceed or even
balance the cost of screening. The incidence of several condi-
tions screened for in the UK, based on data from 2005-2011,
is shown in Table 11.4. Financial considerations can never be

Table 11.3 In This Hypothetical Scenario a
Screening Test for Congenital Adrenal Hyperplasia

(CAH) Has Been Implemented, With the Following
Results

CAH Present CAH Absent
Positive Negative Positive Negative
96 4 4980 510,100

Positive predictive value: 96/(96 + 4980) = 2%
Sensitivity: 96/(96 + 4) = 96%
Specificity: 510,100/(510,100 + 4980) = 99%
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Table 11.4

Incidence of Conditions in the UK

Detected by Newborn Bloodspot Screening (NBS),
Based on 6 Million Births 2005-2011
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Newborn Bloodspot Screening

This methodology is indebted to Robert Guthrie, an American
microbiologist, whose niece was diagnosed with PKU in 1958.
Using a bacterial inhibition assay he developed a method that
could detect high levels of phenylalanine in blood shortly after
a baby was born, which he pioneered from 1961. For this he
introduced the filter paper on which blood spots could be easily

Phenylketonuria (PKU) :10,000

Congenital hypothyroidism (CHT) :3,000

Medium chain Acyl CoA dehydrogenase deficiency 110,000
(MCADD)

Cystic fibrosis (CF) 1:2,500

Sickle cell disease (SCD) 1:2,400

ignored but cost-benefit analyses must also take into account
non-tangible factors such as the emotional costs of human
suffering borne by both the affected individuals and those who
care for them.

Prenatal and Postnatal Screening

In the UK the NSC has overseen the establishment of a com-
prehensive program of screening through pregnancy and the
neonatal period (see Figure 11.5), and to a greater or lesser
extent similar programs are in place elsewhere in the world
where public healthcare systems exist. This comprises fetal
anomaly screening, Newborn Bloodspot Screening (NBS), the
newborn and infant physical examination, and newborn hearing.
In addition, the NHS Sickle Cell and Thalassaemia screening
program is available both prenatally, aimed at identifying
mothers and parents who are carriers for sickle cell, thalassemia
and other hemoglobin disorders, and as part of the NBS for
sickle cell and B-thalassemia major. This program is backed up
by an educational resource called Professional Education for
Genetic Assessment and Screening (PEGASUS), aimed at
training in basic genetics using recessively inherited hemoglo-
binopathies as the model. Screening is constantly evolving and,
for example, the early detection of ‘critical’ congenital heart
disease by pulse oximetry is likely to be introduced in the near
future.

Fetal Anomaly Screening

Aspects of prenatal screening and testing are covered in more
detail in Chapter 20. Fetal anomaly screening essentially con-
sists of the combined test, optimally performed between 11
to 14" weeks of pregnancy, aimed mainly at the detection of
Down syndrome but also trisomies 13 and 18, and has four
components: maternal age, the nuchal translucency measure-
ment, free beta human chorionic gonadotropin, and pregnancy
associated plasma protein A. Subsequently, the program con-
sists of ultrasound scanning of the fetus sometime between
18" and 20 weeks’ gestation.

Newborn Screening
Clinical Examination

A competent and thorough clinical examination of the newborn
infant within 2-3 days of birth is a fundamental screening
episode and should be performed by a trained clinician or
health visitor who is familiar with the normal range. To miss
developmental dysplasia of the hip at this stage and not
embark on treatment, for example, may have lifelong disabling
consequences. Follow-up examinations are usually performed
by health visitors, who refer to a pediatrician if they have
concerns about developmental progress or hearing, vision, and
vocalization/speech.

Week
— 0 —
— 1 —
— 2 —
Blood for _ 2 _
sickle cell and _5_
thalassemia —6—
— 7 —
— 8 —
— 9 —
Blood for T21, —12— Early pregnancy scan to
T18and T13 —13— support T21, T18 and
(combined test) —]g— T13 screening
Blood for T21 —18— .
(quadruple test) —19— Detailed ultrasound
—20— scan for structural
—21— abnormalities, including
—22— T18 and T13
Newborn _333;
physical - '| Newborn blood spot screens
examination 4 (ideally on day 5) for
by 72 hours +1 ; ;
| sickle cell disease (SCD),
Newor | ~F o o ()
hseca:zzg _+|3_ hypqthyrqidism (CHT).
4 and inherited metabolic
| diseases
— 45— (PKU, MCADD, MSUD, IVA,
| GA1 and HCU — see Box 11.2).
Infant physical —+6— NB: babies who missed the
examination -. screen can be tested up to
at 6-8 weeks 1 year (except CF offered
up to 8 weeks)
Key
T21,T18, T13 and fetal Newborn
anomaly ultrasound blood spot
Sickle cell and Newborn
thalassemia hearing

Newborn and infant
physical examination

FIGURE 11.5 Prenatal and postnatal screening timeline, indicat-

ing the key routine events.
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collected and transported—still used today—and overcame
commercial pressures to see his methods introduced at low
cost. NBS programs have been extended significantly after
being limited to phenylketonuria, galactosemia, and congenital
hypothyroidism for many years, and the analytical methods
vary, with tandem mass spectrometry greatly extending the
range (Tables 11.4 and 11.5).

In the UK nine conditions are now screened, the most
recently introduced in 2014 (see Box 11.2). For all these dis-
orders early diagnosis leads either to treatment that essentially
prevents the development of learning disability, or other inter-
ventions that prevent or ameliorate medical problems. World-
wide, there is significant variation in NBS programs with the
USA leading the way. Here the ‘Newborn Screening Saves
Lives Act’ was signed into law in 2007 with the intention
of unifying and expanding the program nationwide. This is
overseen by the Centers for Disease Prevention and Control
and at least 29 conditions are screened in all states, and more
than 50 in some. The list includes severe combined immuno-
deficiency as well as a wide range of metabolic disorders.
Germany screens for 15 conditions, and across the Middle
East and North Africa, where rates of consanguinity are high,
there is wide variation. In Saudi Arabia, for example, NBS
covers more than 10 disorders but this does not reach the
whole population. In The Netherlands, newborn screening is
voluntary with informed parental consent, though highly rec-
ommended. Generally speaking, screening is mandatory or
consent is implied.

Table 11.5 Some Conditions for Which Neonatal

Screening Is Undertaken, and the Methods of Testing

Disorder Test/Method

Guthrie test* or tandem
mass spectrometry

Thyroid-stimulating hormone
(fluoroimmunoassay)

Enzymatic assay
(fluororescence
measurement)

Enzymatic assay
(fluororescence
measurement)

Tandem mass spectrometry

Tandem mass spectrometry

Tandem mass spectrometry

Tandem mass spectrometry

Phenylketonuria
Congenital hypothyroidism

Biotinidase deficiency

Galactosemia

Maple syrup urine disease
Glutaric aciduria, type 1
Isovaleric acidemia

Medium chain acyl-CoA
dehydrogenase-deficiency
(MCADD)

Very long chain acyl-CoA
dehydrogenase-deficiency
(VLCAD)

Long chain 3-hydroxyacyl-
CoA-dehydrogenase
deficiency (LCHAD)

Congenital adrenal hyperplasia

Tandem mass spectrometry

Tandem mass spectrometry

17-Hydroxyprogesterone
assay (fluoroimmunoassay)

Immunoreactive trypsin and
DNA analysis

Creatine kinase

Hemoglobin electrophoresis

Cystic fibrosis

Duchenne muscular dystrophy
Sickle-cell disease

*The Guthrie test is based on reversal of bacterial growth inhibition by a high
level of phenylalanine.

The importance of adhering to the principle of screening for
a disorder that needs to be treated early is illustrated by the
Swedish experience of neonatal screening for oy-antitrypsin
deficiency. In this condition neonatal complications occur in up
to 10%, but for most cases the morbidity is seen in adult life,
and the main message on diagnosing the disorder is avoidance
of smoking. Between 1972 and 1974, 200,000 newborns were
screened and follow-up studies showed that considerable
anxiety was generated when the information was conveyed to
parents, who perceived their children to be at risk of a serious,
life-threatening disorder. The case of newborn screening for
Duchenne muscular dystrophy also deviates from the screening
paradigm because, thus far, no early intervention is helpful.
Here, the parents (or mother) can be counseled before having
more children and, in the wider family, identification of female
carriers (of reproductive age) may be possible. However,
parental reaction has not been uniformly favorable. The ratio-
nale of screening for the following conditions is well

established.

Phenylketonuria

This was introduced in the UK in 1969 after it had been shown
(some 10 years earlier) that a low-phenylalanine diet could
prevent the severe learning disabilities that previously had been
a hallmark of this condition (p. 255). The bloodspot is obtained
by heel-prick at approximately 67 days of age and an abnormal
test result is followed by repeat analysis of phenylalanine levels
in a venous blood sample. A low-phenylalanine diet is not
particularly palatable but affected children can be persuaded
to adhere to it until early adult life when it can be relaxed.
However, because high phenylalanine levels are toxic to the
developing brain, a woman with phenylketonuria who is con-
templating pregnancy should adhere toastrict low-phenylalanine
diet both before and during pregnancy (p. 227).

Galactosemia

Classic galactosemia affects approximately 1 in 50,000 newborn
infants and usually presents with vomiting, lethargy, and severe
metabolic collapse within the first 2 or 3 weeks of life. Early
introduction of appropriate dietary restriction can prevent the
development of serious complications such as cataracts, liver
failure, and learning disability. Newborn screening was based
on a modification of Guthrie’s early methods with subsequent
confirmation by specific enzyme assay, but was discontinued in
the UK around 2000 on the recommendation of the NSC, the
rationale being that if present it will manifest within the first
few days of life and should be clinically recognizable. However,
it is included in the extended screening programs of some
countries.

Congenital Hypothyroidism

Screening was introduced in the United States in 1974, the
UK in 1981, and is now widespread. The test is usually based
on assay of thyroid-stimulating hormone. This disorder is
particularly suitable for screening as it is relatively common,
with an incidence of approximately 1 in 4000, and treatment
with lifelong thyroxine replacement is extremely effective in
preventing the severe developmental problems associated with
the classic picture of ‘cretinism’. The most common cause of
congenital hypothyroidism is absence of the thyroid gland
rather than an inborn error of metabolism (see Chapter 18).
Congenital absence of the thyroid gland is usually not caused
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by genetic factors but on rare occasion is part of a wider
syndrome.

Cystic Fibrosis

Newborn screening for cystic fibrosis (CF, p. 286) is particu-
larly relevant for northern European countries with a high
population carrier frequency and was introduced in England in
2006. It is based on the detection of a raised blood level of
immunoreactive trypsin, which is a consequence of blockage
of pancreatic ducts in utero, supplemented by DNA analysis.
Early treatment with physiotherapy and antibiotics improves
the long-term prognosis.

Sickle Cell Disease and Thalassemia

Newborn screening based on hemoglobin electrophoresis is
undertaken in many countries with a significant Afro-Caribbean
community. As with CF, it is anticipated that early prophylaxis
will reduce morbidity and mortality, and the long-term outlook.
In the case of sickle cell disease, treatment involves the use of
oral penicillin to reduce the risk of pneumococcal infection
resulting from immune deficiency secondary to splenic infarc-
tion (p. 158). Even in Western countries with good medical
facilities, a significant proportion of sickle cell homozygotes,
possibly as many as 15%, die as a result of infection in early
childhood. In the case of thalassemia, early diagnosis makes it
possible to optimize transfusion regimens and iron-chelation
therapy from an early stage. Neonatal screening programs for
both of these hemoglobinopathies were implemented in the
United Kingdom in 2005, with antenatal screening (the mother,
followed by the father if necessary) also in place. In some
low-risk areas there is a preference for antenatal screening to
be targeted to high-risk couples after completion of an ethnic-
ity questionnaire (p. 162).

Newborn Hearing Screening

The acquisition of language skills is an early developmental
process in postnatal life and crucially dependent on adequate
hearing sense. Although individuals, and their community, with
hearing impairment make the best of life opportunities, and
should not be subject to discrimination, most would concur
that good communication skills are very important through life.
If hearing impairment is identified early then aids can be fitted.
The assessment should be performed in the first month of life
and consists of the automated otoacoustic emission (AOAE)
test for well babies followed by the automated auditory brain-
stem response test where there is no clear AOAE response.

Population Carrier Screening

Widespread screening for carriers of autosomal recessive disor-
ders in high-incidence populations was first introduced for the
hemoglobinopathies (see Chapter 12) and has been extended
to several other disorders (Table 11.6). The rationale behind
these programs is that carrier detection can be supported by
genetic counseling so that carrier couples can be forewarned of
the 1 in 4 risk that each of their children could be affected.
The example of Tay-Sachs disease in orthodox Jewish com-
munities has been discussed previously (p. 145) but this does
not amount to ‘population’ screening.

Experience with the two common hemoglobinopathies,
thalassemia and sickle cell disease, illustrates the extremes of
success and failure that can result from well or poorly planned
screening programs.
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Table 11.6 Autosomal Recessive Disorders Suitable

for Population Carrier Screening

Ethnic Group or

Disorder Community Test

o-Thalassemia China and eastern Mean corpuscular
Asia hemoglobin and
hemoglobin
electrophoresis

Mean corpuscular

B-Thalassemia Indian subcontinent

and hemoglobin and
Mediterranean hemoglobin
countries electrophoresis

Afro-Caribbean Sickle test and
hemoglobin
electrophoresis

Common mutation
analysis

Hexosaminidase A

Sickle cell disease

Cystic fibrosis Western European
whites

Tay-Sachs disease  Ashkenazi Jews

Thalassemia

o-Thalassemia and B-thalassemia are caused by abnormal globin
chain synthesis because of mutations involving the o- and
B-globin genes or their promoter regions (p. 159) and show
autosomal recessive inheritance. They are very common in
South-East Asia (o-thalassemia), Cyprus and the Mediterra-
nean region, Italy, and the Indian subcontinent (B-thalassemia).

In Cyprus in 1974 the birth incidence of B-thalassemia was
1 in 250 (carrier frequency 1 in 8). After the introduction of
a comprehensive screening program to determine the carrier
status of young adults, which had the support of the Greek
Orthodox Church, the incidence of affected babies declined
by more than 95% within 10 years. Similar programs in Greece
and Italy have seen a drop in the incidence of affected homo-
zygotes of more than 50%.

Sickle Cell Disease

In contrast to the Cypriot response to B-thalassemia screening,
early attempts to introduce sickle cell carrier detection in the
black population of North America were disastrous. Informa-
tion pamphlets tended to confuse the sickle cell carrier state,
or trait, which is usually harmless, with the homozygous
disease, which conveys significant morbidity (p. 158). Several
US states passed legislation making sickle cell screening in
black people mandatory, and carriers suffered discrimination
by employers and insurance companies, resulting in screening
programs being abandoned. This experience emphasizes the
importance of ensuring voluntary participation and providing
adequate and appropriate information and counseling. Later
pilot studies in the United States and in Cuba have shown that
individuals of Afro-Caribbean origin are perfectly receptive to
well planned, non-directive sickle cell screening programs.

Cystic Fibrosis

In the white population of the United Kingdom, the CF carrier
frequency is approximately 1 in 25 and the Phe508del muta-
tion accounts for 75% to 80% of all heterozygotes. Initial
studies of attitudes to CF carrier detection yielded quite
divergent results. A casual, written invitation generates a poor
take-up response of approximately 10%, whereas personal
contact during early pregnancy, whether mediated through
general practice or the antenatal clinic, results in uptake rates
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of more than 80%. Studies have been undertaken to explore
attitudes to CF screening among specific groups, such as school
leavers and women in early pregnancy.

Two approaches for screening pregnant women have been
considered. The first is referred to as two-step and involves
testing pregnant mothers at the antenatal clinic. Those who test
positive for a common mutation (approximately 85% of all
cystic fibrosis carriers) are informed of the result and invited
to bring their partners for testing—hence ‘two-step’ testing. If
both partners are found to be carriers, an offer of prenatal
diagnosis is made. This approach has the advantage that all
carriers detected are informed of their result and further family
studies—cascade screening—can be initiated.

The second approach is referred to as couple screening,
which involves testing both partners simultaneously and dis-
closing positive results only if both partners are found to be
carriers. In this way much less anxiety is generated, but the
opportunity for offering tests to the extended family when only
one partner is a carrier is lost. The results of these studies
suggested that the ‘two-step’ and ‘couple’ screening approaches
were equally acceptable to pregnant women, with take-up rates
of approximately 70%. However, there is no publicly available
CF screening for adults in the UK and newborn screening is
now established.

Positive and Negative Aspects of
Population Screening

Well-planned population screening enhances informed choice
and offers the prospect of a significant reduction in the inci-
dence of disabling genetic disorders. These potential advantages
have to be weighed against the potential disadvantages that can
arise from the overenthusiastic pursuit of a poorly planned or
illjudged screening program (Box 11.4). Experience to date
indicates that in relatively small, well-informed groups, such as
the Greek Cypriots and American Ashkenazi Jews, community
screening is welcomed. When screening is offered to larger
populations the outcome is less certain.

A 3-year follow-up of almost 750 individuals screened for
CF carrier status in the United Kingdom revealed that a posi-
tive test result did not cause undue anxiety, although some
carriers had a relatively poor perception of their own general
health. A more worrying outcome was that almost 50% of the
individuals tested could not accurately recall or interpret their
results. This emphasizes the importance of pretest counseling

Box 11.4 Potential Advantages and
Disadvantages of Population
Genetic Screening

Advantages

Informed choice

Improved understanding

Early treatment when available

Reduction in births of affected homozygotes

Disadvantages and hazards

Pressure to participate causing mistrust and suspicion
Stigmatization of carriers (social, insurance, and employment)
Irrational anxiety in carriers

Inappropriate reassurance if test is not 100% sensitive

Box 11.5 Roles and Benefits of
Genetic Registers

e To maintain a communication process between the family
and the genetics center when necessary, thus providing
information and long term support

To link biological relatives in order to understand the
genetic risks that may apply to individuals, and help
coordinate predictive testing and prenatal testing when
requested

* To offer carrier detection to relevant family members
when age-appropriate (e.g. young women for X-linked
disorders)

To schedule the start (and continuation) of conventional
screening investigations and multidisciplinary management
when age-appropriate (e.g. inherited cardiac conditions)
To rapidly identify individuals eligible for new or modified
screening programs (e.g. in cancer genetics) and,
increasingly, treatment

To readily identify suitable patients for new research
projects

To contribute to national and international efforts to
assemble information in the genomic era and thus determine
the significance of DNA sequence data through good
phenotyping

and the provision of accurate information that is easily pro-
cessed and understood.

Genetic Registers

Regional genetic centers maintain confidential patient informa-
tion systems and registers of families and individuals according
to specific disease groups. The main difference compared with
conventional medical records is the linking of biological
relatives—some affected, some unaffected, and others at risk.
They greatly assist patient and family management and calls for
their destruction at a given time after death will be vigorously
resisted. Confidentiality and data security are of course
paramount.

One important function of registers is the facility to rapidly
identify patients eligible for new or modified screening pro-
grams and modalities when introduced, for example in cancer
genetics (Chapter 14). Similarly, patients with specific diagno-
ses or phenotypes can be readily found for new research
projects. The uses of genetic registers are listed in Box 11.5
and in the future it is anticipated there will be more amalgama-
tion of register information, particularly with respect to the
massive quantities of data generated through whole exome and
whole genome sequencing, the significance of which will
require good clinical phenotyping. This era is underway with
large scale population projects such as ‘100,000 Genomes’ in
England and the Human Variome Project.
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ing, including carrier testing.
Marteau, T, Richards, M. (Eds.), 1996. The troubled helix. Cambridge
University Press, Cambridge.
Perspectives on the social and psychological implications of genetic
testing and screening.
Nuffield Council on Bioethics, 1993. Genetic screening: ethical issues.
Nuffield Council on Bioethics, London.
This report remains a very helpful read even though technologies
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1 Targeted or family screening in genetics concerns those
who are at relatively high risk because of their family
history. Direct gene testing is often possible but there
remains a vital role for detailed clinical examination and
specialist clinical investigations, such as biochemical tests
and imaging.

2 Consideration should be given to the advantages and
disadvantages of presymptomatic or predictive testing from
both a practical and an ethical point of view.

3 Population screening involves the offer of genetic testing to
all members of a particular population, with the objectives
of preventing later ill-health and providing informed
personal choice. A good screening test has a high
sensitivity and specificity.

4 Participation should be voluntary and each program should
be widely available, equitably distributed, acceptable to the
target population, and supported by full information and
counseling.
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Websites

Centers for Disease Control and Prevention. Newborn Screening

(http://www.cdc.gov/newbornscreening/).
A source of information on newborn screening in the USA

Hilary Burton, Sowmiya Moorthie, 2010. Expanded Newborn Screen-

ing. A review of the evidence. PHG Foundation, Cambridge (http://
www.phgfoundation.org/file/5502/).

The Human Variome Project (http://www.humanvariomeproject.org/).

Portal to the successor to the Human Genome Project

UK National Screening Committee (https://www.gov.uk/government/

groups/uk-national-screening-committee-uk-nsc).
A source of up-to-date information on screening in the UK

Prenatal screening is routinely available and based

on ultrasound examination at approximately 12 and

20 weeks’ gestation, as well as combined testing to
refine the risk for aneuploidies such as Down syndrome,
which may lead to the offer of amniocentesis for fetal
karyotyping.

Newborn screening for phenylketonuria was introduced
in the 1960s but has now expanded to incorporate

a wide range of metabolic conditions as well as hearing
testing.

Population screening programs for carriers of B-thalassemia
have resulted in a major fall in the incidence of births of
affected homozygotes. This has provided the paradigm for
the introduction of screening for other disorders with serious
long-term morbidity.

Well-organized genetic registers provide an effective means
of identifying individuals eligible for testing and screening
when new programs or modalities are introduced.
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Chapter 12

Hemoglobin and the
Hemoglobinopathies

Blood is a very special juice.
JOHANN WOLFGANG VON GOETHE, IN FAUST I (1808)

At least a quarter of a million people are born in the world each
year with one of the disorders of the structure or synthesis of
hemoglobin (Hb)—the hemoglobinopathies. These disorders
therefore have the greatest impact on morbidity and mortality
of any single group of disorders following Mendelian inheritance
and have served as a paradigm for our understanding of the
pathology of inherited disease at the clinical, protein, and DNA
levels. The mobility of modern society means that new com-
munities with a high frequency of hemoglobinopathies have
become established in countries whose indigenous populations
have a low frequency. As they are a major public health concern
many countries have introduced screening programs. In England
and Wales, there are an estimated 600,000 healthy carriers of
Hb variants.

To understand the various hemoglobinopathies and their
clinical consequences, it is first necessary to consider the
structure, function, and synthesis of Hb.

Structure of Hb

Hb is the protein present in red blood cells that is responsible
for oxygen transport. There are approximately 15 grams of Hb
in every 100 mL of blood, making it amenable to analysis.

Protein Analysis

In 1956, by fractionating the peptide products of digestion of
human Hb with the proteolytic enzyme, trypsin, Ingram found
30 discrete peptide fragments. Trypsin cuts polypeptide chains
at the amino acids arginine and lysine. Analysis of the 580
amino acids of human Hb had previously revealed a total of 60
arginine and lysine residues, suggesting that Hb was made up
of two identical peptide chains with 30 arginine and lysine
residues on each chain.

At about the same time, a family was reported in which two
hemoglobin variants, HbS and Hb Hopkins II, were both
present in some family members. Several members of the
family who possessed both variants had children with normal
Hb—offspring who were heterozygous for only one Hb variant,
as well as offspring who, like their parents, were doubly het-
erozygous for the two Hb variants. These observations provided
further evidence that at least two different genes were involved
in the production of human Hb.

Soon after, the amino-terminal amino acid sequence of
human Hb was determined and showed valine-leucine and
valine-histidine sequences in equimolar proportions, with two
moles of each of these sequences per mole of Hb. This was
consistent with human Hb being made up of a tetramer
154

consisting of two pairs of different polypeptides, referred to as
the o~ and B-globin chains.

Analysis of the iron content of human Hb revealed that iron
constituted 0.35% of its weight, from which it was calculated
that human Hb should have a minimum molecular weight of
16,000 Da. In contrast, determination of the molecular weight
of human Hb by physical methods gave values of the order of
64,000 Da, consistent with the suggested tetrameric structure,
0B, with each of the globin chains having its own iron-
containing group—heme (Figure 12.1).

Subsequent investigators demonstrated that Hb from
normal adults also contained a minor fraction, constituting 2%
to 3% of the total Hb, with an electrophoretic mobility differ-
ent from the majority of human Hb. The main component was
called HbA, whereas the minority component was called HbA,.
Subsequent studies revealed HbA, to be a tetramer of two
normal o chains and two other polypeptide chains whose
amino-acid sequence resembled most closely the B chain and
was designated delta (§).

Developmental Expression of Hemoglobin

Analysis of Hb from a human fetus revealed it to consist pri-
marily of an Hb with a different electrophoretic mobility from
normal HbA, and was designated fetal Hb or HbF. Subsequent
analysis showed HbF to be a tetramer of two o chains and two

Porphyrin molecule

Globin chain

FIGURE 12.1 Diagrammatic representation of one of the
globin chains and associated porphyrin molecule of human
hemoglobin.
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Table 12.1 Human Hemoglobins

Proportion
Stage in in Normal
Development Hemoglobin Structure Adult (%)
Embryonic Gower | (S —
Gower |l 0,€; —
Portland | Gove —
Fetal F LY, <1
Adult A o, 97-98
AZ (XQSZ 2-3

polypeptide chains whose sequence resembled the B chain and
which were designated gamma (y). HbF makes up somewhere
in the region of 0.5% of hemoglobin in the blood of normal
adults.

Analysis of Hb from embryos earlier in gestation revealed a
developmental, or ontological, succession of different embry-
onic Hbs: Hb Gower I and II, and Hb Portland, which are
produced transiently in varying amounts at different gestational
ages. These occur in tetramers of various combinations of o, or
o-like, zeta ({) chains with B, or B-like, y- and epsilon (€) chains
(Table 12.1). Although both the { chain and € chain are
expressed transiently in early embryonic life, the o and ¥
chains are expressed throughout development, with increasing
levels of expression of the B chain toward the end of fetal life
(Figure 12.2).

Globin Chain Structure

Analysis of the structure of the individual globin chains was
initially carried out at the protein level.

Protein Studies

Amino acid sequencing in the 1960s showed that the o chain
was 141 amino acids long compared with the B chain’s 146
amino acids. Their sequences were similar but not identical.
The & chain differs from the B chain by 10 amino acids, and
analysis of the y chain showed that it also most closely resembles
the B chain, differing by 39 amino acids. In addition, two types
of HbF were identified, in which the y chain contains either
the amino acid glycine or alanine at position 136, designated
(G)y and (A)y, respectively. Partial sequence analyses of the {
and € chains of embryonic Hb suggest that { is similar in amino
acid sequence to the o chain, whereas € resembles the [ chain.

Thus, there are two groups of globin chains, the o-like and
B-like, possibly derived from an ancestral Hb gene that has
changed over time.

Normal
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B
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-
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FIGURE 12.2 Hemoglobin synthesis during prenatal and post-
natal development. There are several embryonic hemoglobins.
(After Huehns ER, Shooter EM 1965 Human haemoglobins. | Med
Genet 2:48-90, with permission.)

Globin Gene Mapping

Analysis of the Hb electrophoretic variant, Hb Lepore, helped
our understanding of how globin genes are assembled on human
chromosomes. Comparison of trypsin digests of Hb Lepore
with normal Hb revealed normal o chains, whereas the non-o
chains consisted of an amino-terminal 8-like sequence and a
carboxy-terminal B-like sequence. This suggested Hb Lepore
could represent a ‘fusion’ globin chain resulting from a cross-
over coincidental with mispairing of the 8- and B-globin genes
during meiosis because of sequence similarity of the two genes
and their close proximity on the same chromosome (Figure
12.3). If correct, it was argued that there should also be an
‘anti-Lepore’ Hb—i.e., a B-8-globin fusion product in which
the non-o-globin chains contained B-chain residues at the
amino-terminal end and &-chain residues at the carboxy-
terminal end. In the late 1960s Hb Miyada was identified in
Japan, which was shown to contain B-globin sequence at the
amino-terminal end and &-globin sequence at the carboxy-
terminal end, as predicted.

Further evidence at the protein level for the physical
mapping of globin genes came from another electrophoretic
variant, Hb Kenya. Amino acid analysis suggested it was a y-3
fusion product with a crossover having occurred somewhere
between amino acids 81 and 86 in the two globin chains, which
in turn suggested the y-globin structural gene must also be in
close physical proximity to the B-globin gene.

Little evidence was forthcoming from protein studies about
the mapping of the o-globin genes. The presence of normal
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FIGURE 12.3 Mechanism of unequal crossing over which generates Hb Lepore and anti-Lepore. (Adapted from Weatherall D, Clegg

JB 1981 The thalassaemia syndromes. Blackwell, Oxford.)
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HbA in individuals who, from family studies, should have been
homozygous for a particular o chain variant, or obligate com-
pound (double) heterozygotes (p. 71), suggested there could
be more than one o-globin gene. In addition, the proportion of
the total Hb made up by the o chain variant in subjects het-
erozygous for those variants was consistently lower (<20%)
than that seen with the B chain variants (usually >30%), sug-
gesting there could be more than one o-globin structural gene.

Globin Gene Structure

The detailed structure of globin genes has been made possible
by DNA analysis. Immature red blood cells, reticulocytes,
provide a rich source of globin mRNA for the synthesis of
cDNA—reticulocytes synthesize little else! Use of B-globin
cDNA for restriction mapping studies of DNA from normal
individuals revealed that the non-o, or B-like, globin genes are
located in a 50-kilobase (kb) stretch on the short arm of
chromosome 11 (Figure 12.4). The entire sequence of this
50-kb stretch containing the various globin structural genes is
known. Of interest are non-functional regions with sequences
similar to those of the globin structural genes—i.e., they
produce no identifiable message or protein product and are
pseudogenes.

Studies of the o-globin structural genes have shown that
there are two a-globin structural genes—oy; and o,—located
on chromosome 16p (see Figure 12.4). Sequencing has revealed
nucleotide differences between these two genes even though
the transcribed o-globin chains have an identical amino acid
sequence—considered as evidence for ‘degeneracy’ of the
genetic code. In addition, there are pseudo-o, pseudo-C, and
genes to the 5 side of the o-globin genes, as well as an addi-
tional theta (0)-globin gene to the 3" side of the o;-globin gene.
The 0-globin gene, whose function is unknown, is interesting
because, unlike the globin pseudogenes, which are not
expressed, its structure is compatible with expression. It has
been suggested that it could be expressed in very early erythroid
tissue such as the fetal liver and yolk sac.

Synthesis and Control of Hemoglobin
Expression

Translation studies with reticulocyte mRNA has shown that
o- and B-globin chains are synthesized in roughly equal propor-
tions. In vitro studies have shown, however, that B-globin
mRNA is slightly more efficient in protein synthesis than
o-globin mRNA, and this difference is compensated for in red
blood cell precursors by a relative excess of o-globin mRNA.
The most important level of regulation of expression of the

g 48 yol

globin genes, as with other eukaryotic genes, appears to occur
at the level of transcription (p. 14).

The timing and tissue-specific pattern of expression of
globin genes in development is due to the locus control region
(Icr). In addition to promoter sequences in the 5’ flanking
regions of the various globin genes, there are sequences 6-20 kb
5’ to the e-globin gene necessary for the expression of the
various B-like globin genes, which constitute the lcr. This region
regulates the switching of B-like globin genes. There is a similar
region 5’ to the a-globin genes involved in the control of their
expression, in both cases involved in the binding of proteins
and transcription factors.

Disorders of Hemoglobin

The disorders of human Hb can be divided into two main
groups: (1) structural globin chain variants, such as sickle-cell
disease, and (2) disorders of synthesis of the globin chains, the
thalassemias.

Structural Variants/Disorders

In 1975, Ingram demonstrated that the difference between
HbA and HbS lay in the substitution of valine for glutamic acid
in the B chain. In 2001 the HbVar database was established at
the Globin Gene Server (http://globin.bx.psu.edu) and more
than 600 Hb electrophoretic variants have been described
according to the type of mutation (Table 12.2). The majority
are single amino acid substitutions resulting from a point muta-
tion, are rare, and are not associated with clinical disease. A
number are of course associated with disease and often rela-
tively population-specific.

Types of Mutation

Point Mutation

A point mutation that results in substitution of one amino acid
for another can lead to altered hemoglobin, such as HbS, HbC,
or HbE, which are missense mutations (p. 17).

Deletion

There are a number of Hb variants in which one or more amino
acids of one of the globin chains are missing or deleted (p. 18)
(e.g., Hb Freiburg).

Insertion

Conversely, there are variants in which the globin chains are
longer than normal because of insertions (p. 18), such as Hb
Grady.
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FIGURE 12.4 The o~ and B-globin regions on chromosomes 16 and 11 showing the structural genes and pseudogenes (y) and the
various hemoglobins produced. (Adapted from Carrell RW, Lehman H 1985 The haemoglobinopathies. In: Dawson AM, Besser G,
Compston N eds. Recent advances in medicine 19, pp. 223-225. Churchill Livingstone, Edinburgh, UK.)
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Table 12.2 Structural Variants of Hemoglobin
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Type of Mutation Examples Chain/Residue(s)/Alteration
Point (>200 variants) HbS B, 6 glu to val
HbC B, 6 glu to lys
HbE B, 26 glu to lys
Deletion (shortened chain) Hb Freiburg B,23to 0
Hb Lyon B,17-18 to O
Hb Leiden B,6or7to0
Hb Gun Hill B, 92-96 or 93-97 to 0
Insertion (elongated chain)  Hb Grady o, 116-118 (glu, phe, thr) duplicated

Frameshift (insertion or
deletion of multiples
other than 3 base pairs)

Chain termination
Fusion chain (unequal
crossing over)

Hb Tak, Hb Cranston
Hb Wayne
Hb McKees Rock

Hb Constant Spring
Hb Lepore/anti-Lepore

Hb Kenya/anti-Kenya

B*, +11 residues, loss of termination codon, insertion of 2 base pairs in codon
146/147

o*, +5 residues, due to loss of termination codon by single base-pair deletion
in codon 138/139

B* -2 residues, point mutation in 145, generating premature termination
codon

o*, +31 residues, point mutation in termination codon

Non-a, &-like residues at N-terminal end and B-like residues at C-terminal end,
and vice versa, respectively

Non-a, y-like residues at N-terminal end and f-like residues at C-terminal end,

and vice versa, respectively

*Residues are either added (+) or lost ().

Frameshift Mutation

Frameshift mutations involve disruption of the normal triplet
reading frame—i.e., the addition or removal of a number of
bases that are not a multiple of three (p. 20). In this instance,
translation of the mRNA continues until a termination codon
is read ‘in frame’. These variants can result in either an elon-
gated or a shortened globin chain.

Chain Termination

A mutation in the termination codon itself can lead to an
elongated globin chain (e.g., Hb Constant Spring).

Fusion Polypeptides

Unequal crossover events in meiosis can lead to structural
variants called fusion polypeptides, of which Hbs Lepore and
Kenya are examples (p. 155).

Clinical Aspects

Some Hb variants are associated with disease—the more
common shown in Table 12.3—but most are harmless, having
been identified coincidentally in the course of population
surveys.

If the mutation is on the inside of the globin subunits, in
close proximity to the heme pockets, or at the interchain
contact areas, this can produce an unstable Hb molecule that
precipitates in the red blood cell, damaging the membrane and
resulting in hemolysis of the cell. Alternatively, mutations can
interfere with the normal oxygen transport function of Hb,
leading to either enhanced, or reduced, oxygen affinity, or an
Hb that is more stable in its reduced form, so-called
methemoglobin.

The structural variants of Hb identified by electrophoretic
techniques represent a minority of the total number of
variants that exist, as it is predicted that only one-third of
possible Hb mutations will produce an altered charge in the
Hb molecule, and thereby be detectable by electrophoresis
(Figure 12.5).

Table 12.3 Functional Abnormalities of Structural
Variants of Hemoglobin

Clinical Features Examples

Hemolytic Anemia

Sickling disorders HbS/S, HbS/C disease, or HbS/O
(Arab), HbS/D (Punjab),
HbS/B-thalassemia, HbS/Lepore

Other rare homozygous sickling

mutations—HbS-Antilles,

HbS-Oman
Unstable hemoglobin Hb Koln
Hb Gun Hill
Hb Bristol
Cyanosis
Hemoglobin M HbM (Boston)

(methemoglobinemia)
Low oxygen affinity

HbM (Hyde Park)
Hb Kansas
Polycythemia

High oxygen affinity Hb Chesapeake
Hb Heathrow

Origin—| =« -~ i et Sl
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HbF—

HbA—
v
+

FIGURE 12.5 Hemoglobin electrophoresis showing hemoglo-
bins A, C, and S. (Courtesy Dr. D. Norfolk, General Infirmary, Leeds,
UK.)
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FIGURE 12.6 Blood film showing sickling of red cells in sickle-
cell disease. Sickled cells are arrowed. (Courtesy Dr. D. Norfolk,
General Infirmary, Leeds, UK.)

Sickle Cell Disease

This severe hereditary hemolytic anemia was first recognized
clinically early in the twentieth century, but in 1940 red blood
cells from affected individuals with sickle cell (SC) disease
were noted to appear birefringent when viewed in polarized
light under the microscope, reflecting polymerization of the
sickle hemoglobin. This distorts the shape of red blood cor-
puscles under deoxygenated conditions—so-called sickling
(Figure 12.6). Linus Pauling, using electrophoresis in 1949,
showed that it had different mobility to HbA and called it HbS,
for sickle.

Clinical Aspects of SC Disease

SC disease, following autosomal recessive inheritance, is the
most common hemoglobinopathy, with some 9,500 sufferers
in the UK. This is a prevalence, not an incidence, figure,
and in England approximately 250,000 people are thought
to be carriers (sickle cell trait), dominated by those of

African-Caribbean origin. The disease is especially prevalent in
those areas of the world where malaria is endemic. The parasite
Plasmodium falciparum is disadvantaged because the red cells
of SC heterozygotes are believed to express malarial or altered
self-antigens more effectively, resulting in more rapid removal
of parasitized cells from the circulation. SC heterozygotes are
therefore relatively protected from malarial attacks and biologi-
cally fitter, meaning the SC gene can be passed to the next
generation. Over time this has resulted in relatively high gene
frequency in malarial-infested regions (see Chapter 7).

Clinical manifestations include painful sickle cell crisis,
chest crisis, aplastic crisis, splenic sequestration crisis, priapism,
retinal disease, and cerebrovascular accident. Pulmonary hyper-
tension may occur and heart failure can accompany severe
anemia during aplastic or splenic sequestration crises. All these
result from deformed, sickle-shaped red cells, which are less
able to change shape and tend to obstruct small arteries, thus
reducing oxygen supply to the tissues (Figure 12.7). Sickled
cells, with damaged cell membranes, are taken up by the
reticuloendothelial system. Shorter red cell survival time leads
to a more rapid red cell turnover and, consequently, anemia.

Sickling crises reduce life expectancy, so early recognition
and treatment of the complications are vital. Prophylactic peni-
cillin to prevent the risk of overwhelming sepsis from splenic
infarction has been successful and increased survival. The other
beneficial approach is the use of hydroxyurea, a simple chemical
compound that can be taken orally. Once-daily administration
has been shown to increase levels of HbF through pharmacologi-
cal induction. The HbF percentage has been shown to predict
the clinical severity of SC disease, preventing intracellular
sickling, which decreases vasoocclusion and hemolysis. It has
been suggested that a potential threshold of 20% HbF is required
to prevent recurrent vaso-occlusive events. Hydroxyurea is
well-tolerated, safe, and has many features of an ideal drug. The
US Food and Drug Administration approved hydroxyurea for
adult patients with clinically severe sickle cell disease some
years ago, but it has been used only sparingly.

SC Trait

The heterozygous, or carrier, state for the SC allele is known
as sickle cell trait and in general is not associated with any

| _radiographs

Mutant gene — Gut ——— Abdominal pain
— Spleen Splenic infarction
1 Limb pain
+_ Bone tenderness
Abnormal vilsnc(gsi?SZi d Ischaemia, Extremities ‘Rheumatism'’
B-polypeptide clum );n thrombosis, Osteomyelitis
in HbS ping infarction
of cells | Brah Cerebrovascular
I accident
— _ Kidne Hematuria
Low solubility — y Renal failure
of reduced Sickling
HbS = Lung '‘Pneumonia’
1 — Heart Heart failure
Destruction B Splenomegaly
of Anemia Weakness
sickle cells | Lassitude

[ Abnormal skull

FIGURE 12.7 The pleiotropic effects of the gene for sickle-cell disease.
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significant health risk. However, there may be a small increased
risk of sudden death associated with strenuous exercise, pos-
sible risks from hypoxia on airplane flights, and anesthesia in
pregnant women who are carriers.

Mutational Basis of SC Disease

The amino acid valine, at the sixth position of the B-globin chain,
is substituted by glutamic acid, the result of a missense change
from GAG to GTG, which is readily detected by PCR. In the
UK, as elsewhere, both antenatal and newborn screening pro-
grams are established to identify carriers (see Chapter 11).

Disorders of Hemoglobin Synthesis

The thalassemias are the most common single group of inher-
ited disorders in humans, occurring in persons from the Medi-
terranean region, Middle East, Indian subcontinent, and
Southeast Asia. They are heterogeneous and classified accord-
ing to the particular globin chain, or chains, synthesized in
reduced amounts (e.g., 0, B-, dB-thalassemia). There are simi-
larities in the pathophysiology of all forms of thalassemia,
though excessive o chains are more hemolytic than excessive
B chains. An imbalance of globin-chain production results in
the accumulation of free globin chains in the red blood cell
precursors which, being insoluble, precipitate, resulting in
hemolysis of red blood cells (i.e., a hemolytic anemia). The
consequence is compensatory hyperplasia of the bone marrow.

o-Thalassemia

This results from underproduction of the a-globin chains and
occurs most commonly in Southeast Asia but is also prevalent
in the Mediterranean, Middle East, India, and sub-Saharan
Africa, with carrier frequencies ranging from 15% to 30%.
There are two main types of o-thalassemia: the severe form,
in which no o chains are produced, is associated with fetal
death due to massive edema secondary to heart failure from
severe anemia—hydrops fetalis (Figure 12.8). Analysis of Hb
from such fetuses reveals a tetramer of y chains, originally
called Hb Barts. The milder forms of a-thalassemia are com-
patible with survival, and although some o chains are produced
there is still a relative excess of B chains, resulting in production
of the B-globin tetramer HbH—known as HbH disease. Both
Hb Barts and HbH globin tetramers have an oxygen affinity
similar to that of myoglobin and do not release oxygen as
normal to peripheral tissues. Also, HbH is unstable and pre-
cipitates, resulting in hemolysis of red blood cells.

Mutational Basis of a-Thalassemia

The absence of o chain synthesis in hydropic fetuses, and
partial absence in HbH disease, was confirmed using quantita-
tive mRNA studies from reticulocytes. Studies comparing the
quantitative hybridization of radioactively labeled o-globin
cDNA to DNA from hydropic fetuses, and in HbH disease,
were consistent with the o-globin genes being deleted, which

Hemoglobin and the Hemoglobinopathies 159

FIGURE 12.8 Longitudinal ultrasonographic scan of a coronal
section of the head (to the right) and thorax of a fetus with
hydrops fetalis from the severe form of o-thalassemia, Hb Barts,
showing a large pleural effusion (arrow). (Courtesy Mr. J. Camp-
bell, St. James’s Hospital, Leeds, UK.)

by restriction mapping studies were localized to chromosome
16p. The various forms of o-thalassemia are mostly the result
of deletions of one or more of these structural genes (Figure
12.9), and deletions are thought to have arisen as a result of
unequal crossover events in meiosis—more likely to occur
where genes with homologous sequences are in close proximity.
Support for this hypothesis comes from the finding of the other
product of such an event (i.e., individuals with three a-globin
structural genes located on one chromosome).

These observations resulted in the recognition of two other
milder forms of o-thalassemia that are not associated with
anemia and can be detected only by the transient presence of
Hb Barts in newborns. Mapping studies of the a-globin region
showed that these milder forms of o-thalassemia are due to
the deletion of one or two of the a-globin genes. Occasionally,
non-deletion point mutations in the o-globin genes, as well
as the 5’ transcriptional region, have been found to cause
o-thalassemia.

An exception to this classification of a-thalassemias is the
Hb variant Constant Spring, named after the town in the
United States from which the original patient came. This was
detected as an electrophoretic variant in a person with HbH
disease. Hb Constant Spring is due to an abnormally long o
chain resulting from a mutation in the normal termination
codon at position 142 in the o-globin gene. Translation of
o-globin mRNA therefore continues until another termination
codon is reached, resulting in an abnormally long o-globin
chain. The abnormal a-globin mRNA molecule is also unstable,
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FIGURE 12.9 Structure of the normal and deleted a-globin structural genes in the various forms of a-thalassemia. (Adapted from
Emery AEH 1984 An introduction to recombinant DNA. John Wiley, Chichester.)
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leading to a relative deficiency of o chains and the presence of
the B-globin tetramer, HbH.

B-Thalassemia

By now the reader will deduce that this is caused by underpro-
duction of the B-globin chain of Hb. Production of B-globin
chains may be either reduced (B*) or absent (B°). Individuals
homozygous for pB°-thalassemia mutations have severe,
transfusion-dependent anemia. Approximately 1:1000 North-
ern Europeans are PB-thalassemia carriers and in the United
Kingdom some 20 babies with B° thalassemia are born annually,
and approximately 1000 people live with the condition. There
are an estimated 214,000 carriers in England, mainly of Cypriot,
Indian, Pakistani, Bangladeshi, or Chinese origins.

Mutational Basis of B-Thalassemia

B-Thalassemia is rarely the result of gene deletion and DNA
sequencing is often necessary to determine the molecular
pathology. In excess of 100 different mutations have been shown
to cause B-thalassemia, including point mutations, insertions,
and base-pair deletions. These occur within both the coding and
non-coding portions of the B-globin genes as well as the 5
flanking promoter region, the 5" capping sequences (p. 15) and
the 3’ polyadenylation sequences (p. 15) (Figure 12.10). The
various mutations are often unique to certain population groups
and can be considered to fall into six main functional types.

Transcription mutations. Mutations in the 5" flanking TATA
box or the promoter region of the B-globin gene can result in
reduced transcription levels of the B-globin mRNA.

mRNA splicing mutations. Mutations involving the invariant
5" GT or 3’ AG dinucleotides of the introns in the B-globin
gene or the consensus donor or acceptor sequences (p. 15)
result in abnormal splicing with consequent reduced levels
of B-globin mRNA. The most common Mediterranean
B-thalassemia mutation leads to the creation of a new acceptor
AG dinucleotide splice site sequence in the first intron of the
B-globin gene, creating a ‘cryptic’ splice site (p. 20). The cryptic
splice site competes with the normal splice site, leading to
reduced levels of the normal B-globin mRNA. Mutations in the
coding regions of the B-globin region can also lead to cryptic
splice sites.

IR,

Polyadenylation signal mutations. Mutations in the 3" end of
the untranslated region of the B-globin gene can lead to loss of
the signal for cleavage and polyadenylation of the B-globin gene
transcript.

RNA modification mutations. Mutations in the 5" and 3’ DNA
sequences, involved respectively in the capping and polyadenyl-
ation (p. 15) of the mRNA, can result in abnormal processing
and transportation of the B-globin mRNA to the cytoplasm,
and therefore reduced levels of translation.

Chain termination mutations. Insertions, deletions, and point
mutations can all generate a nonsense or chain termination
codon, leading to premature termination of translation of the
B-globin mRNA. Usually this results in a shortened B-globin
mRNA that is unstable and more rapidly degraded leading to
reduced levels of translation of an abnormal B-globin.

Missense mutations. Rarely, missense mutations lead to a
highly unstable B-globin (e.g., Hb Indianapolis).

Clinical Aspects of B-Thalassemia

Children with thalassemia major, or ‘Cooley’s anemia’ as it was
originally known, usually present in infancy with a severe
transfusion-dependent anemia. Unless adequately transfused,
compensatory expansion of the bone marrow results in an
unusually shaped face and skull (Figure 12.11). Affected indi-
viduals typically died in their teens or early adulthood from
complications resulting from iron overload from repeated trans-
fusions. However, daily use of iron-chelating drugs, such as des-
ferrioxamine, has greatly improved their long-term survival.

Individuals heterozygous for B-thalassemia—thalassemia
trait or thalassemia minor—usually have no symptoms or signs
but do have a mild hypochromic, microcytic anemia. This can
easily be confused with simple iron deficiency anemia.

Op-Thalassemia

In this hemoglobinopathy, there is underproduction of both the
8 and B chains. Homozygous individuals produce no 8- or
B-globin chains, which one might expect to cause a profound
illness. However, they have only mild anemia because of
increased production of y chains, such that HbF levels are much
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FIGURE 12.10 Location and some of the types of mutation in the B-globin gene and flanking region that result in B-thalassemia.
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FIGURE 12.11 Facies of a child with B-thalassemia showing
prominence of the forehead through changes in skull shape as
a result of bone marrow hypertrophy. (Courtesy Dr. D. Norfolk,
General Infirmary, Leeds, UK.)

higher compared with the mild compensatory increase seen in
B thalassemia.

Mutational Basis of 8f-Thalassemia

The cause is extensive deletions in the B-globin region involving
the 8- and B-globin structural genes (Figure 12.12). Some large
deletions include the Ay-globin gene so that only the Gy-globin
chain is synthesized.

Hereditary Persistence of Fetal Hemoglobin

Hereditary persistence of fetal Hb (HPFH), in which HbF
production persists into childhood and beyond, is included in

P32 € Gy
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the thalassemias. It is usually a form of 8B-thalassemia in which
continued y-chain synthesis compensates for the lack of & and
B chains. HbF may account for 20% to 30% of total Hb in
heterozygotes and 100% in homozygotes. Individuals are
usually symptom free.

Mutational Basis of HPFH

Some forms of HPFH are due to deletions of the 8- and
B-globin genes, whereas non-deletion forms may have point
mutations in the 5" flanking promoter region of either the Gy
or Ay globin genes near the CAAT box sequences (p. 16), which
are involved in the control of Hb gene expression.

Clinical Variation of the
Hemoglobinopathies

The marked mutational heterogeneity of B-thalassemia means
that affected individuals are often compound heterozygotes
(p. 71), i.e., they have different mutations in their B-globin
genes, leading to a broad spectrum of severity, including inter-
mediate forms—thalassemia intermedia—which require less
frequent transfusions.

Certain areas of the world show a high prevalence of all the
hemoglobinopathies and, not unexpectedly, individuals may
have two different disorders of Hb. In the past, precise diag-
noses were difficult but DNA sequencing has greatly helped to
solve conundrums—e.g., individuals heterozygous for both
HbS and B-thalassemia (i.e., compound heterozygotes). Certain
combinations can result in a previously unexplained mild form
of what might otherwise be anticipated to be a severe hemo-
globinopathy. For example, deletion of one or two of the
o-globin genes in a person homozygous for B-thalassemia results
in a milder illness because there is less of an imbalance in globin
chain production. Similarly, the presence of one form of HPFH
in a person homozygous for B-thalassemia or sickle cell can
contribute to amelioration of the disease as the increased
production of y-globin chains compensates for the deficient
B-globin chain production. The relative severity of different
homozygous or compound heterozygous hemoglobinopathies
is helpfully summarized in a risk assessment tool produced by
the NHS Sickle Cell and Thalassaemia Screening Programme
(Figure 12.13).
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FIGURE 12.12 Some of the deletions in the B-globin region that result in some forms of thalassemia and hereditary persistence of

fetal hemoglobin.
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FIGURE 12.13 A hemoglobinopathy tool depicting the anticipated clinical severity associated with the occurrence of different

homozygous or compound heterozygous states.

Antenatal and Newborn
Hemoglobinopathy Screening

SC and thalassemia screening was introduced in newborns in
the United Kingdom in 2005, and in most areas antenatal
screening is under way. The purpose is the presymptomatic
diagnosis of infants with serious hemoglobinopathies so that
early treatment can be instituted and long-term complications
minimized. The genetic risk to future pregnancies is also identi-
fied. The programs also mean that parental testing, cascade
screening through the wider family, and genetic counseling, can
be offered when a carrier infant is identified.

The decision to perform antenatal screening is in some
regions guided by the findings of an ethnicity and family history
questionnaire administered to the pregnant woman. Initial
screening is undertaken on a simple full blood count, looking
for anemia (Hb < 11 g/dl) and microcytosis MCH (mean
corpuscular hemoglobin/0 <27 pg). These findings prompt
electrophoresis by high performance liquid chromatography,
summarized in Figure 12.14. As with all screening, this program
aims to reduce the burden of health care in the long term and
improve quality of life.
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FIGURE 12.14 Antenatal screening for hemoglobinopathies.
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ELEMENTS

1 Hemoglobin (Hb), the protein present in red blood cells
responsible for oxygen transport, is a tetramer made up of
two dissimilar pairs of polypeptide chains and the iron-
containing molecule, heme.

2 Human Hb is heterogeneous. During development, it
comprises a succession of different globin chains that are
expressed differentially during embryonic, fetal, and adult
life (e.g., o2&y, O2Y2, 08, 0f2).

3 The disorders of Hb—the hemoglobinopathies—can be
divided into two main groups: the structural disorders of
Hb, such as sickle-cell Hb (HbS), and disorders of
production, or synthesis—the thalassemias. The former can

be subdivided by the way in which they interfere with the
normal function of Hb and/or the red blood cell (e.g.,
abnormal oxygen affinity, hemolytic anemia). The latter can
be subdivided according to which globin chain is produced
abnormally (i.e., a-, B-, or §3-thalassemia).

Screening for hemoglobinopathies has been introduced in
many countries, not only in those areas with a high
prevalence. Without such measures the burden of disease
would be much higher; early detection facilitates early
treatment and reduced morbidity from long term
consequences, and in many places prenatal diagnosis for the
serious disorders is accepted.
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Chapter 13

Immunogenetics

Medicinal discovery,
It moves in mighty leaps,
It leapt straight past the common cold
And gave it us for keeps.
PAM AYERS

Immunity

The immune system defends us against armies of microorgan-
isms that, numerically, dwarf the human population. Without
it we would not survive and in order to understand the inher-
ited disorders of immunity we must look at the fundamentals
of the genetic basis of immunity.

Immune defense mechanisms can be divided into two main
types: innate immunity, which includes a number of non-
specific systems that do not require or involve prior contact
with the infectious agent, and specific acquired or adaptive
immunity, which involves a tailor-made immune response that
occurs after exposure to an infectious agent. Both types can
involve either humoral immunity, which combats extracellular
infections, or cell-mediated immunity, which fights intracel-
lular infections.

Innate Immunity

The first simple defense against infection is the mechanical
barrier of the skin, which functions most of the time as an
impermeable barrier but in addition, the acidic pH of sweat is
inhibitory to bacterial growth. Mucus membranes line the
respiratory and gastrointestinal tracts, and the respiratory tract
is further protected by ciliary movement. Other body fluids
contain a variety of bactericidal agents, such as lysozymes in
tears. If an organism succeeds in invading the body, a healthy
immune system reacts immediately by recognizing the alien
intruder and a chain of response is triggered.

Cell-Mediated Innate Immunity

Phagocytosis

Two major cell types go on the offensive when a foreign micro-
organism invades—macrophages and neutrophils. Macrophages
are the mature form of circulating monocytes that migrate into
tissues and occur primarily around the basement membrane of
blood vessels in connective tissue, lung, liver, and the lining of
the sinusoids of the spleen and the medullary sinuses of the
lymph nodes. They are believed to play a key role in the
orchestration of both the innate and adaptive responses, and
can recognize invading microorganisms through surface recep-
tors able to distinguishing between self and pathogen. Recogni-
tion of the foreign material leads to phagocytosis by the
macrophage, followed rapidly by neutrophils recruited from
the circulation during the inflammatory process. The activation
164

of the macrophage triggers the inflammatory process through
the release of inflammatory mediators. The invading organism
is destroyed by fusion with intracellular granules of the phago-
cyte and exposure to the action of hydrogen peroxide, hydroxyl
radicals, and nitrous oxide (Figure 13.1).

The Toll-Like Receptor Pathway

A key component of cell-mediated immunity is the Toll-like
receptor (TLR) pathway. TLRs are conserved transmembrane
receptors, which in fruit fly embryos play a critical role in
dorsal-ventral development. However, their mammalian homo-
logs function in innate immune responses and microbial recog-
nition (in adult Drosophila melanogaster, the pathway is
responsible for the formation of antimicrobial peptides) and
belong to the interleukin-1/TLR superfamily. The superfamily
has two subgroups based on the extracellular characteristics of
the receptor—i.e., whether they possess an immunoglobulin-
like domain or leucine-rich repeats. TLRs typically have
extracellular leucine-rich repeats.

There are 10 TLRs in man, each receptor being responsible
for recognition of a specific set of pathogen-associated molecular
patterns. TLR2 has been well characterized and has an essential
role in the detection of invading pathogens, recognizing pepti-
doglycans and lipoproteins associated with gram-positive bacte-
ria, as well as a host of other microbial and endogenous ligands.
The primary function of TLR2 is therefore lipoprotein-mediated

Opsonization of bacteria
—> fixed to cell surface

Ingestion

Granules (G) discharge
enzymes into vacuoles to
kill and digest bacteria

FIGURE 13.1 Phagocytosis and the pathways involved in intra-
cellular killing of microorganisms.
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FIGURE 13.2 The Toll-like receptor (TLR) and interleukin-1
receptor (IL-TR) pathways, which share many of the same pro-
teins. Activation of TLR2 and other TLRs, via NFkB activation and
gene induction, leads to dendritic cell maturation, upregulation
of expression of the major histocompatibility complex and
co-stimulatory molecules, and production of immuno-stimulatory
cytokines. IKK, | kappa kinase; /B, NF«kB inhibitor; /RAK, IL-1R—
associated protein kinases; MKK, MAP kinases; MyD88, adapter
molecule; TAB1, TAK1-binding protein 1; TAB2, TAK1-binding
protein 2; TAK1, transforming growth factor-f-activated kinase;
TRAF6, tumor necrosis factor receptor-associated factor 6.

signaling, and activation of the pathway by recognition of its
ligand results in activation of the transcription factor NF-xB,
whichinturnresultsintheincreased expression of co-stimulatory
molecules and inflammatory cytokines (Figure 13.2). These
cytokines help mediate migration of dendritic cells frominfected
tissue to lymph nodes, where they may encounter and activate
leukocytes involved in the adaptive immune response. The sig-
naling pathways used by TLRs share many of the same proteins
as the interleukin-1 receptor (IL-1R) pathway (Figure 13.2).
Activation of TLR leads to recruitment of the MyD88 (this is
sometimes known as the MyD88-dependent pathway) which
mediates the interaction between IL-1R associated kinases 1 and
4 (IRAKI and IRAK4).

The activation of the Toll pathway has several important
effects in inducing innate immunity. These effects include the
production of cytokines and chemokines, including IL-1, IL-6,
and tumor necrosis factor-alpha (TNF-co), which have local
effects in containing infection and systemic effects with the
generation of fever and induction of acute phase responses,
including production of C-reactive protein. One important
medical condition related to the Toll pathway is septic shock,
as activation of the Toll pathway by certain ligands induces
systemic release of TNF-o. There are also important health-
related consequences that result from TLR2 deficiency or
mutation. TLR2 deficient mice are susceptible to infection by
Gram-positive bacteria as well as meningitis from Streptococcus
pneumoniae.
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Extracellular Killing

Virally infected cells can be killed by large granular lympho-
cytes, known as natural killer (NK) cells. These have
carbohydrate-binding receptors on their cell surface that rec-
ognize high molecular weight glycoproteins expressed on the
surface of the infected cell as a result of the virus taking over
the cellular replicative functions. NK cells play an early role in
viral infections and are activated by cytokines from macro-
phages. They recognize virally infected cells through changes
either in glycoproteins or in the expression of major histocom-
patibility complex (MHC) class 1 on virally infected host cells.
Binding to the infected cells results in the release of a number
of agents, which in turn results in damage to the membrane of
the infected cell, leading to cell death.

Humoral Innate Immunity

Several soluble factors are involved in innate immunity; they
help to minimize tissue injury by limiting the spread of infec-
tious microorganisms. These are called the acute-phase proteins
and include C-reactive protein, mannose-binding protein, and
serum amyloid P component. The first two act by facilitating
the attachment of one of the components of complement, C3b,
to the surface of the microorganism, which becomes opsonized
(made ready) for adherence to phagocytes, whereas the latter
binds lysosomal enzymes to connective tissues. In addition,
cells infected by virus synthesize and secrete interferon-o, and
interferon-B, which have a role in promoting the cellular
response to viral infection by NK cell activation and upregula-
tion of the MHC class I. In addition, interferon interferes with
viral replication by reducing messenger RNA (mRNA) stability
and interfering with translation.

Complement

The complement system is a complex of 20 or so plasma
proteins that cooperate to attack extracellular pathogens.
Although the critical role of the system is to opsonize patho-
gens, it also recruits inflammatory cells and kills pathogens
directly through membrane attack complexes. The comple-
ment system can be activated through three pathways: the
classical pathway, the alternative pathway, and the mannose-
binding lectin (MBL) pathway (see Figure 13.3).
Complement nomenclature, like much else in immunology,
can be confusing. Each component is designated by the letter

CLASSIC MB-LECTIN ALTERNATIVE

PATHWAY PATHWAY PATHWAY
Antigen:antibody Lectin binding to Pathogen

complexes pathogen surfaces surfaces

I_l_l

Complement
activation

| S S—

Recruitment of Opsonization Killing of
inflammatory cells of pathogens pathogens

FIGURE 13.3 The classic and alternative pathways of comple-
ment activation. The main functions of complement are recruit-
ment of inflammatory cells, opsonization of pathogens, and
killing of pathogens. MB, mannose-binding.
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C, followed by a number. But they were numbered in order of
their discovery rather than the sequence of reactions. The
reaction sequence is C1, C4, C3, C5, C6, C7, C8, and C9.
The product of each cleavage reaction is designated by letters,
the larger fragment being ‘b’ (b = big), and the smaller fragment

‘a’. In the lectin pathway, MBL in the blood binds another

protein, a serine protease called MBL-associated serine protease

(MASP). When MBL binds to its target (for example, mannose

on the surface of a bacterium), the MASP protein functions

like a convertase to clip C3 into C3a and C3b. C3 is abundant
in the blood, so this happens very efficiently. The other two
complement pathways also converge toward C3 convertase,
which cleaves C3. C3a mediates inflammation while C3b binds
to the pathogen surface, coating it and acting as an opsonin.

The effector roles of the major complement proteins can be

summarized according to function as follows (Figure 13.4):

1. Opsonisation: C3b and C4b are opsonins that coat foreign
organisms, greatly enhancing their phagocytosis—phagocytes
have receptors that recognize complement proteins bound
to a pathogen.

2. Inflammation: C5a, as well as C4a and C3a, are inflamma-
tory activators that induce vascular permeability, and recruit
and activate phagocytes.

3. Lysis: C5b binds and recruits C6 and C7, eventually
forming the membrane attack complex (MAC), C5b678,
which catalyzes the polymerization of the final component
C9, forming a transmembrane pore of approximately
10 nm diameter, and cell lysis.

4. Immune complex clearance: Complement has a critical role
in removing immune complexes from the circulation. The
immune complex binds C4b and C3b, which then binds to
receptors on red blood cells and the complexes are trans-
ported to the liver and spleen, where the complexes are
given up to phagocytes for destruction.

There are clinical consequences relating to mutations in the

genes of these pathways. The frequency of mutations of the

MBL2 gene in the general population may be 5% to 10%.

Although most individuals with MBL deficiency from muta-

tions and promoter polymorphisms in MBL2 are healthy, there

is an increased risk, severity, and frequency of infections and
autoimmunity, as reported in infants with recurrent respiratory
tract infection, otitis media, and chronic diarrhea.

Specific Acquired Immunity

Many infective microorganisms have, through mutation and
selective pressures, developed strategies to overcome or evade
the mechanisms associated with innate immunity. There is a
need, therefore, to be able to generate specific acquired or
adaptive immunity. This can, as with innate immunity, be sepa-
rated into both humoral and cell-mediated processes.

Humoral Specific Acquired Immunity

The main mediators of humoral specific acquired immunity are
immunoglobulins, or antibodies. Antibodies are able to recog-
nize and bind to surface antigens of infecting microorganisms,

CLASSIC MB-LECTIN ALTERNATIVE
PATHWAY PATHWAY PATHWAY
Antigen:antibody Mannose-binding
N Pathogen
complexes lectin binds mannose surfaces

(pathogen surfaces) on pathogen surfaces

| |

C1q, Ci1r, C1s MBL, MASP-1, MASP-2 C3
C4 C4 B
Cc2 c2 D

I_l_l

| C3 convertase |

——

|  csacsa || C3b

Terminal complement
components
C5b
C6

=

|

c7
| s
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Peptide mediators
of inflammation,

Binds to complement
receptors on phagocytes
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Opsonization
of pathogens

Membrane-attack
complex, lysis of

Removal of
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FIGURE 13.4 Overview of the main components and effector actions of complement. Note that the MBL pathway involves the MBL
protein, MASP-1, MASP-2, C4, and C2. MASP acts as a C3 convertase, creating a C3b fragment from C3. C3b attaches to the
pathogen surface and binds to receptors on phagocytes, leading to opsonization. C3b can also combine with other proteins on the

pathogen surface and form a membrane attack complex.
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leading to the activation of phagocytes and the initiation of the
classic pathway of complement, resulting in the generation of
the MAC (see Figure 13.4) and other complement effector
functions. Exposure to a specific antigen results in the clonal
proliferation of a small (‘B”) lymphocyte derived from the bone
marrow, resulting in mature antibody-producing cells, or
plasma cells.

Lymphocytes that produce antibodies express copies of the
immunoglobulin (Ig) for which they code on their surface,
which acts as a surface receptor for antigen. Binding of the
antigen, in conjunction with other MASPs, results in signal
transduction leading to the clonal expansion and production of
antibody. The primary response is the production of IgM,
followed by IgG. Re-exposure to the same antigen results in a
swifter response and enhanced antibody levels, which is the
secondary response, amounting to the antigen-specific immu-
nological memory.

Immunoglobulins

The immunoglobulins, or antibodies, are one of the major
classes of serum protein. Their function, both in the recogni-
tion of antigenic variability and in effector activities, was first
revealed by study of their structure, and later by DNA
analysis.

Immunoglobulin Structure

Papain, a proteolytic enzyme, splits the immunoglobulin mol-
ecule into three fragments. Two of the fragments are similar,
each containing an antibody site capable of combining with a
specific antigen and therefore referred to as the antigen-binding
fragment or Fab. The third fragment can be crystalized and
was called Fc, and this component determines the secondary
biological functions of antibodies, binding complement and Fc
receptors on different cell types involved in the immune
response.

The immunoglobulin molecule is made up of four polypep-
tide chains—two ‘light’ (L) and two ‘heavy’ (H)—of approxi-
mately 220 and 440 amino acids in length, respectively. They
are held together in a Y-shape by disulfide bonds and non-
covalent interactions. Each Fab fragment is composed of L
chains linked to the amino-terminal portion of the H chains,
whereas each Fc fragment is composed only of the carboxy-
terminal portion of the H chains (Figure 13.5).

Immunoglobulin Isotypes, Subclasses, and Idiotypes
There are five different types of heavy chain, designated

respectively as v, |, 0, 8, and €, one each for the five major
antibody classes—the isotypes—IgG, IgM, IgA, IgD, and IgE,
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FIGURE 13.5 Model of antibody molecule structure.

respectively. The L chains are of two types—kappa (k) or
lambda (1), and these occur in all five classes of antibody, but
only one type occurs in each individual antibody. Thus, the
molecular formula for IgG is Ay, or ¥yy,. The characteristics
of the various classes of antibody are outlined in Table 13.1. In
addition, there are four IgG subclasses—IgG1, 1gG2, IgG3,
and IgG4—and two IgA subclasses—IgAl and IgA2—that
differ in their amino acid sequence and interchain disulfide
bonds. Individual antibody molecules that recognize specific
antigens are known as idiotypes.

Immunoglobulin Allotypes

The five immunoglobulin classes occur in all normal individuals,
but allelic variants, or what are known as antibody allotypes of
these classes, have also been identified. These are the Gm
system associated with the heavy chain of IgG, the Am system
associated with the IgA heavy chain, the Km and Inv systems
associated with the « light chain, the Oz system for the A light
chain and the Em allotype for the IgE heavy chain. The Gm
and Km systems are independent of each other and are poly-
morphic (p. 88), the frequencies of the different alleles varying
in different ethnic groups.

Table 13.1 Classes of Human Immunoglobulin (Ig)

Serum Concentration Complement Placental
Class Mol. wt (Da) (mg/mL) Antibody Activity Fixation Transfer
IgG 150,000 8-16 Binds to microorganisms and + +
neutralizes bacterial toxins
IgM 900,000 0.5-2 Produced in early immune response, + -
especially in bacteremia
IgA 160,000 1.4-4 Guards mucosal surfaces + -
IgD 185,000 0-0.4 On lymphocyte cell surface, involved in - -
control of activation and suppression
IgE 200,000 Trace In parasitic and allergic reactions - -
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Generation of Antibody Diversity

It could seem paradoxical for a single protein molecule to
exhibit sufficient structural heterogeneity to have specificity
for a large number of different antigens. Different combina-
tions of H and L chains could, to some extent, account for this
diversity. It would, however, require thousands of structural
genes for each chain type to provide sufficient variability for
the large number of antibodies produced in response to the
equally large number of antigens to which individuals can be
exposed. Our initial understanding of how this works came
from persons with a malignancy of antibody-producing cells—
multiple myeloma.

Multiple Myeloma

People with multiple myeloma make a single or monoclonal
antibody species in large abundance, which in a proportion of
patients is detected in their urine. This is known as Bence
Jones protein and consists of antibody L chains. The amino-
terminal ends of this protein molecule in different patients are
quite variable in sequence, whereas the carboxy-terminal ends
are relatively constant. These are called the variable (V) and
constant (C) regions, respectively. However, the V regions of
different myeloma proteins show four regions that vary little
from one antibody to another, known as framework regions
(FR 1-4), and three markedly variable regions interspersed
between these, known as hypervariable regions (HV I-III) (see
Figure 13.5).

DNA Studies of Antibody Diversity

In 1965 Dreyer and Bennett proposed that an antibody could
be encoded by separate ‘genes’ in germline cells that undergo
rearrangement or, as they termed it, ‘scrambling’, in lympho-
cyte development. Comparison of the restriction maps of the
DNA segments coding for the C and V regions of the immu-
noglobulin A light chains in embryonic and antibody-producing
cells revealed that they were far apart in the former but close
together in the latter. Detailed analysis revealed that the DNA
segments coding for the V and C regions of the light chain are
separated by some 1500 base-pairs (bp) in antibody-producing
cells. The intervening DNA segment was found to code for a
joining (J) region immediately adjacent to the V region of the
light chain. The x L-chain was shown to have the same struc-
ture. Cloning and DNA sequencing of H-chain genes in
germline cells revealed that they have a fourth region, called
diversity (D), between the V and J regions.

There are estimated to be some 60 different DNA segments
coding for the V region of the H-chain, 40 for the V region of
the x L-chain, and 30 for the A L-chain V region. Six functional
DNA segments code for the J region of the H-chain, five for
the J region of the x L-chain, and four for the J region of the
A L-chain. A single DNA segment codes for the C region of
the K L-chain, seven for the C region of the A L-chain and 11
functional DNA segments code for the C region of the differ-
ent classes of H-chain. There are also 27 functional DNA
segments coding for the D region of the H-chain (Figure 13.6).
The genomic regions in question also contain a large number
of unexpressed DNA sequences or pseudogenes (p. 12).

Antibody Gene Rearrangement

The genes for the kK and A L-chains and the H-chains are located
on chromosomes 2, 22, and 14, respectively. Only one of each
of the relevant types of DNA segment is expressed in any single

Variable Diversity Junctional Constant
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Chromosome 14 mm cHﬁ;xy
60 27 6 1

FIGURE 13.6 Estimated number of the various DNA segments
coding for the k, A, and various heavy chains.

antibody molecule. The DNA coding segments for the various
portions of the antibody chains on these chromosomes are
separated by DNA that is non-coding. Somatic recombinational
events involved in antibody production involve short conserved
recombination signal sequences that flank each germline DNA
segment (Figure 13.7). Further diversity occurs by variable
mRNA splicing at the V-J junction in RNA processing and by
somatic mutation of the antibody genes. These mechanisms
readily account for the antibody diversity seen in nature,
though how particular DNA segments are selected to produce
an antibody to a specific antigen is not fully resolved.

Class Switching of Antibodies

There is a normal switch of antibody class produced by B cells
on continued, or further, exposure to antigen—from IgM, the
initial class of antibody produced in response to exposure to an
antigen, to IgA or IgG. This class switching retains specificity
of the antibody to the same antigen. Analysis of class switching
in a population of cells derived from a single B cell has shown
that both classes of antibody have the same antigen-binding
sites, having the same V region but differing only in their C
region. Class switching occurs by a somatic recombination
event that involves DNA segments, designated S (for switch-
ing), that lead to looping out and deletion of the intervening

Somatic
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V DJSCu SCo

Class
switching

l

V DJSCa
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FIGURE 13.7 Immunoglobulin heavy-chain gene rearrange-
ment and class switching.
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DNA. The result is to eliminate the DNA segment coding for
the C region of the H-chain of the IgM molecule, and to bring
the gene segment encoding the C region of the new class of
H-chain adjacent to the segment encoding the V region (see
Figure 13.7).

The Immunoglobulin Gene Superfamily

Several other molecules involved in the immune response have
been shown to have structural and DNA sequence homology
to the immunoglobulins. This involves a 110-amino acid
sequence characterized by a centrally placed disulfide bridge
that stabilizes a series of antiparallel B strands into an ‘antibody
fold’. This group of structurally similar molecules has been
called the immunoglobulin superfamily (p. 12). It consists of
eight multigene families that, in addition to the x and A L-chains
and different classes of H-chain, include the chains of the T-cell
receptor (p. 12), the class I and II MHC, or human leukocyte
antigens (HLA) (p. 170). Other molecules in this group include
the T-cell CD4 and CDS cell surface receptors, which cooper-
ate with T-cell receptors in antigen recognition, and the
intercellular adhesion molecules-1, -2, and -3, which are
involved in leukocyte-endothelial adhesion and extravasation,
T-cell activation, and T-cell homing.

Antibody Engineering

At the beginning of the 20th century, Paul Ehrlich proposed
the idea of the ‘magic bullet’—the hope that one day there
might be a compound that would selectively target a disease-
causing organism. Today we have monoclonal antibodies (mAb)
and, for almost any substance, it is possible to create a specific
antibody that binds that substance. Monoclonal antibodies are
the same because they are made by one type of immune cell
which are all clones of a unique parent cell.

In the 1970s it was found that the B-cell cancer, multiple
myeloma, produced a single type of antibody—a paraprotein.
This facilitated the study of the structure of antibodies but it
was not possible to produce identical antibodies specific to a
given antigen. Myeloma cells cannot grow because they lack
hypoxanthine-guanine-phosphoribosyl transferase, which is
necessary for DNA replication. Typically, mAb are made by
fusing myeloma cells with spleen cells from a mouse (or rabbit)
that has been immunized with the desired antigen. They are
then grown in medium which is selective for these hybrids—the
spleen cell partner supplies hypoxanthine-guanine-phosphori-
bosyl transferase and the myeloma has immortal properties
because it is a cancer cell. The cell mixture is diluted and clones
grown from single parent cells. The antibodies secreted by
different clones are assayed for their ability to bind the antigen,
and the healthiest clone selected for future use. The hybrids
can also be injected into the peritoneal cavity of mice to
produce tumors containing antibody-rich ascitic fluid, and the
mAb then has to be extracted and purified.

To overcome the problem of purification, recombinant DNA
technologies have been used since the 1980s. DNA that
encodes the binding portion of mouse mAb is merged with
human antibody-producing DNA. Mammalian cell culture is
then used to express this DNA, producing chimeric antibodies.
The goal, of course, is to create ‘fully human’ mAb, which has
met with success in ‘phage display-generated’ antibodies and
mice that have been genetically modified to produce more
human-like antibodies.

Specific mAb have now been developed and approved for
the treatment of cancer, cardiovascular disease, inflammatory
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diseases, macular degeneration, and transplant rejection, among
others. A mAb that inhibits TNF-a has applications in rheuma-
toid arthritis, Crohn disease, and ulcerative colitis; one that
inhibits IL-2 on activated T cells is used in preventing rejection
of transplanted kidneys, and another inhibits vascular endothe-
lial growth factor with a role in antiangiogenic cancer therapy.

Cell-Mediated Specific Acquired Immunity

Certain microorganisms, viruses, and parasites live inside host
cells. As a result, a separate form of specific acquired immunity
has developed to combat intracellular infections involving
lymphocytes differentiated and matured in the thymus—hence
T cells. T lymphocytes have specialized receptors on the cell
surface, known as T-cell surface antigen receptors, which in
conjunction with the MHC on the cell surface of the infected
cell result in the involvement of different subsets of T cells,
each with a distinct function—T helper cells and cytotoxic
T cells. The battle against intracellular infections is a coopera-
tive, coordinated response from these separate components of
the immune system, leading to death of the infected cell
(Figure 13.8).

T-Cell Surface Antigen Receptor

T cells express on their surface an antigen receptor, which
distinguishes them from other lymphocyte types, such as B
cells and NK cells. The antigen consists of two different poly-
peptide chains, linked by a disulfide bridge, that both contain
two immunoglobulin-like domains, one that is relatively invari-
ant in structure, the other highly variable like the Fab portion
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when they encounter a cell such as a dendritic
ks cell or a B cell that has digested an antigen
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@. bound to its MHC molecules.
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FIGURE 13.8 T cells and the cooperative response resulting in
death of an infected cell. MHC, Major histocompatibility
complex.
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of an immunoglobulin. The diversity in T-cell receptors required
for recognition of the range of antigenic variation that can occur
is generated by a process similar to that seen with immuno-
globulins. Rearrangement of variable (V), diversity (D), junc-
tional (J), and constant (C) DNA segments during T-cell
maturation, through a similar recombination mechanism as
occurs in B cells, results in a contiguous VDJ sequence. Binding
of antigen to the T-cell receptor, in conjunction with an associ-
ated complex of transmembrane peptides, results in signaling
the cell to differentiate and divide.

The Major Histocompatibility Complex

The MHC plays a central role in the immune system. Its role
is to bind antigen peptides processed intracellularly and present
this material on the cell surface, with co-stimulatory molecules,
where it can be recognized by T cells. MHC molecules occur
in three classes: class I occur on virtually all cells and are
responsible for presenting cytotoxic T cells; class IT occur on B
cells and macrophages and are involved in signaling T-helper
cells to present further B cells and macrophages; and the non-
classic class III molecules include a number of other proteins
with a variety of other immunological functions. The latter
include inflammatory mediators such as the TNF, heat-shock
proteins, and the various components of complement.

Structural analysis of class I and II MHC molecules reveal
them to be heterodimers with homology to immunoglobulin.
The genes coding for the class I (A, B, C, E, F, and G), class
IT (DR, DQ, and DP) and class II MHC molecules, or what
is also known as the human leukocyte antigen (HLA) system,
are located on chromosome 6.

Transplantation Genetics

Organ transplantation has become routine in clinical medicine
and, with the exception of corneal and bone grafts, success
depends on the degree of antigenic similarity between donor
and recipient. The closer the similarity, the greater the likeli-
hood that the transplanted organ or tissue (the homograft),
will be accepted rather than rejected. Homograft rejection
does not occur between identical twins or between non-
identical twins where there has been mixing of the placental
circulations before birth (p. 40). In all other instances, the
antigenic similarity of donor and recipient has to be assessed
by testing them with suitable antisera or monoclonal antibodies
for antigens on donor and recipient tissues. These were origi-
nally known as transplantation antigens but are now known to
be a result of the MHC. As a general rule, a recipient will reject
a graft from any person who has antigens that the recipient
lacks. HLA typing of an individual is carried out using PCR-
based techniques (p. 50).

The HLA system is highly polymorphic (Table 13.2). A
virtually infinite number of phenotypes resulting from different
combinations of the various alleles at these loci are theoretically
possible. Two unrelated individuals are therefore very unlikely

Table 13.2 Alleles at the HLA Loci

HLA Locus Number of Alleles
A 57
B 111
C 34
D 228

HLA, Human leukocyte antigen.

Table 13.3 Some HLA-Associated Diseases

Disease HLA
Ankylosing spondylitis B27
Celiac disease DR4
21-Hydroxylase deficiency A3/Bw47/DR7
Hemochromatosis A3
Insulin-dependent diabetes (type 1) DR3/4
Myasthenia gravis B8
Narcolepsy DR2
Rheumatoid arthritis DR4
Systemic lupus erythematosus DR2/DR3
Thyrotoxicosis (Graves’ disease) DR3

HLA, Human leukocyte antigen.

to have identical HLA phenotypes. The close linkage of the
HLA loci means that they tend to be inherited en bloc, the
term haplotype being used to indicate the particular HLA
alleles that an individual carries on each of the two copies of
chromosome 6. Thus, any individual will have a 25% chance of
having identical HLA antigens with a sibling, as there are only
four possible combinations of the two paternal (say P and Q)
and the two maternal (say R and S) haplotypes, i.e., PR, PS,
QR, and QS. The siblings of a particular recipient are more
likely to be antigenically similar than either of his or her
parents, and the latter more than a non-relative. Therefore, a
sibling is frequently selected as a potential donor.

Although recombination occurs within the HLA region,
certain alleles tend to occur together more frequently than
would be expected by chance, i.e. they tend to exhibit linkage
disequilibrium (p. 92). An example is the association of the HLA
antigens Al and B8 in populations of western European origin.

H-Y Antigen (aka Miillerian Inhibiting Factor, MIF)

In a number of different animal species, it was noted that tissue
grafts from males were rejected by females of the same inbred
strain. These incompatibilities were found to be due to a his-
tocompatibility antigen known as H-Y. However, H-Y seems to
play little part in transplantation in humans. The H-Y antigen,
aka Miillerian Inhibiting Factor (MIF), which is not the SRY
gene, is important for testicular differentiation (see p. 124) and
function, but its expression does not correlate with the pres-
ence or absence of testicular tissue.

HLA Polymorphisms and Disease Associations

The association of certain diseases with certain HLA types
(Table 13.3) should shed light on the pathogenesis of the
disease, but in reality this not well understood. The best docu-
mented is between ankylosing spondylitis and HLA-B27.
Narcolepsy, a condition of unknown etiology characterized by
a periodic uncontrollable tendency to fall asleep, is almost
invariably associated with HLA-DR2. The possession of a
particular HLA antigen does not mean that an individual will
necessarily develop the associated disease, only that the relative
risk of being affected is greater than the general population. In
a family, the risks to first-degree relatives of those affected are
low, usually no more than 5%.

Explanations for the various HLA-associated disease suscep-
tibilities include close linkage to a susceptibility gene near the
HLA complex, cross-reactivity of antibodies to environmental
antigens or pathogens with specific HLA antigens, and abnor-
mal recognition of ‘self’ antigens through defects in T-cell
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receptors or antigen processing. These conditions are known as
autoimmune diseases. An example of close linkage is congenital
adrenal hyperplasia from a 21-hydroxylase deficiency (p. 261)
from mutated CYP21, which lies within the HLA major histo-
compatibility locus. This form of congenital adrenal hyperplasia
is strongly associated with HLA-A3/Bw47/DR7 in northern
European populations. Non-classical 21-hydroxylase deficiency
is associated with HLA-B14/DR1, and HLA-A1/B8/DR3 is
negatively associated with 21-hydroxylase deficiency.

Inherited Immunodeficiency Disorders

Inherited immunodeficiency disorders are uncommon and
sometimes severe but, with early diagnosis and optimum
management many patients with primary immune deficiency
(PID) can remain very well. Prompt diagnosis is very important
in order that treatment, for example antimicrobials, immuno-
globulin, or bone marrow transplant, be instituted before sig-
nificant irreversible end-organ damage takes place. Presentation
is variable but often in childhood for more severe immune
defects, especially after the benefits of maternal transplacental
immunity have declined from 3-4 months of age. New diag-
noses of PID are sometimes made in adults. Investigation of
immune function should be considered in all patients with
recurrent infections and in children with failure to thrive.
Failure to thrive, diarrhea, and hepatosplenomegaly may also
be features.

Primary Inherited Disorders of Immunity

The manifestations of at least some of the PID diseases in
humans can be understood by considering whether they are
disorders of either innate or specific acquired immunity. Abnor-
malities of humoral immunity are associated with reduced
resistance to bacterial infections and may be lethal in infancy.
Abnormalities of cell-mediated specific acquired immunity are
associated with increased susceptibility to viral infections and
are manifest experimentally in animals by prolonged survival
of skin homografts.

Disorders of Innate Immunity

Primary disorders of innate immunity are considered under
humoral and cell-mediated immunity categories.

Disorders of Innate Humoral Immunity

A variety of defects of complement can lead to disordered
innate immunity.

Disorders of complement. If a complement defect is sus-
pected, investigation of the integrity of the classic and alterna-
tive pathways should begin with functional assays looking at
the entire pathway. If functional abnormalities are found,
measurement of the individual components of that pathway
can be undertaken.

The clinical effects of MBL deficiency have been described
previously. Defects of the third component of complement,
C3, lead to abnormalities of opsonization of bacteria, resulting
in difficulties in combating pyogenic infections. Defects in the
later components of complement—those involved in the for-
mation of the MAC (p. 166)—also result in susceptibility to
bacterial infection, particularly Neisseria (meningococcal
infections). This includes deficiency of properdin (factor P), a
plasma protein active in the alternative complement pathway.

C1 inhibitor deficiency follows autosomal dominant inheri-
tance and there are two forms—type 1 due to low levels, and
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type 2 resulting from non-functioning protein. Inappropriate
activation and poor control of the complement pathway occurs
with breakdown of C2 and C4, and production of inflammatory
mediators. C1 inhibitor also controls the kinin-bradykinin
pathway and when deficient an accumulation of bradykinin in
the tissues occurs, and is believed to be the main cause of
edema, triggered by episodes of surgery, dental work, trauma,
and some drugs. Attacks vary in severity from mild cutaneous
to abdominal pain and swelling, which can be severe, and
laryngeal edema is potentially fatal. This is known as hereditary
angio-edema. Acute attacks are treated with CI1 inhibitor
concentrate, a blood product, which has superseded fresh frozen
plasma when available. In due course, a recombinant C1 inhibi-
tor may become the treatment of choice. The drug Danazol,
an androgen, is the mainstay of long-term prevention.

Other associations with disease include homozygous C2
deficiency. There are various case reports of individuals who
developed cutaneous vasculitis, Henoch-Schénlein purpura,
seropositive rheumatoid arthritis, polyarteritis, membranopro-
liferative glomerulonephritis, and an association with systemic
lupus erythematosus (SLE). Similarly, C4 is associated with
SLE. The copy number of C4 genes in a diploid human genome
varies from two to six in the white population. Each of these
genes encodes either a C4A or C4B protein. Individuals with
only two copies of total C4 are at significantly increased risk
of SLE, whereas those with five copies or more are at decreased
risk.

Defects in NFxB Signaling

Inappropriate activation of nuclear factor kappa-B (NFxB) has
been linked to inflammation associated with autoimmune
arthritis, asthma, septic shock, lung fibrosis, glomerulonephri-
tis, atherosclerosis, and AIDS. Conversely, persistent inhibition
of NFkB has been linked directly to apoptosis, abnormal
immune cell development, and delayed cell growth.

Since 2000, mutations have occasionally been found in the
X-linked IKK-gamma gene, part of the TLR pathway (p. 164),
in children demonstrating failure to thrive, recurrent digestive
tract infections, often with intractable diarrhea, and recurrent
ulcerations, respiratory tract infections with bronchiectasis,
and recurrent skin infections. Presentation is in infancy, sug-
gesting susceptibility to various gram-positive and gram-negative
bacteria. Sparse scalp hair is sometimes a feature and in older
children oligodontia and conical-shaped maxillary lateral inci-
sors have been noted. Survival ranged from 9 months to 17
years in one study. IgG is low and IgM usually high. Interest-
ingly, IKKg is the same as NEMO, the gene that causes X-linked
dominant incontinentia pigmenti (pp. 73-74). However, in this
condition of the immune system mutations occur in exon 10
of the gene.

IRAK4 is another component of the TLR pathway and
deficiency leads to recurrent infections, mainly from gram-
positive microorganisms, though also fungi. There is a reduced
inflammatory response. Infections begin early in life but
become less frequent with age, some patients requiring no
treatment by late childhood. It follows autosomal recessive
inheritance.

Disorders of Innate Cell-Mediated Immunity

An important mechanism in innate cell-mediated immunity is
phagocytosis, as previously discussed, which results in subse-
quent cell-mediated killing of microorganisms.
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Chronic granulomatous disease (CGD). This is the best
known example of a disorder of phagocytic function, and
follows either an X-linked or an autosomal recessive inheri-
tance. It results from an inability of phagocytes to kill ingested
microbes, due to defects in the NADPH oxidase enzyme
complex which generates the so-called microbicidal ‘respira-
tory burst’ (see Figure 13.1). Hypergammaglobulinemia may
be present. CGD is therefore associated with recurrent bacte-
rial or fungal infections, and may present as suppurative
lymphadenitis, hepatosplenomegaly, pulmonary infiltrates,
and/or eczematoid dermatitis. Childhood mortality was high
until the advent of supportive treatment and prophylactic
antibiotics. Bone marrow transplant has been successful, as well
as transplantation of peripheral blood stem cells from an HLA-
identical sibling.

The neutropenias. The neutropenias are a heterogeneous
group of disorders of varying severity, following different pat-
terns of inheritance, and characterized by very low neutrophil
counts. Autosomal dominant or sporadic congenital neutrope-
nia (SCNI1) is caused by mutation in the neutrophil elastase
gene (ELA2), whilst mutation in the proto-oncogene GFII,
which targets ELA2, also causes dominantly inherited neutro-
penia (SCN2). Mutation in the HAX]I gene causes autosomal
recessive SCN3 (‘classical’ SCN—Kostmann disease), whereas
autosomal recessive SCN4 is caused by mutation in the G6PC3
gene. SCN patients with acquired mutations in the granulocyte
colony-stimulating factor receptor (CSF3R) gene in hemato-
poietic cells are at high risk for developing acute myeloid
leukemia.

In SCN, hematopoiesis is characterized by a maturation
arrest of granulopoiesis at the promyelocyte level; peripheral
absolute neutrophil counts are below 0.5 x 10°/L and there is
early onset of severe bacterial infections. As well as dominantly
inherited SCN1, there is an X-linked form caused by a consti-
tutively activating mutation in the WAS gene, mutated in
Wiskott-Aldrich syndrome.

Cyclic neutropenia is rare, characterized by regular 21-day
fluctuations in the numbers of blood neutrophils, monocytes,
eosinophils, lymphocytes, platelets, and reticulocytes. This
results in patients experiencing periodic symptoms of fever,
malaise, mucosal ulcers, and occasionally life-threatening infec-
tions. As with SCN1, it is due to mutated ELA2.

Leukocyte adhesion deficiency (LAD). Individuals with
LAD present with life-threatening bacterial infections of the
skin and mucous membranes and impaired pus formation. The
increased susceptibility to infections occurs because of defec-
tive migration of phagocytes from abnormal adhesion-related
functions of chemotaxis and phagocytosis. This disorder is fatal
unless antibiotics are given, both for infection and prophylacti-
cally, until bone marrow transplantation can be offered. Three
different forms of LAD are recognized, each with unique clini-
cal features, though leukocytosis is a constant feature. LAD I
and LAD II, and usually LAD III, follow autosomal recessive
inheritance; LAD II and LAD III are very rare.

LAD I is characterized by delayed separation of the umbili-
cal cord, omphalitis, and severe recurrent infections with no
pus formation. It is due to mutated ITGB2 (21g22) and
encodes the B, subunit of the integrin molecule.

LAD II patients have the rare Bombay blood group and
suffer from psychomotor retardation and growth delay; it is
also known as congenital disorder of glycosylation type Ilc
(CDG2Q). It is caused by mutations in SLC35C1 (11pll),
the gene encoding the Golgi-specific GDP-fucose transporter.

LAD III is similar to LAD I but includes severe neonatal
bleeding tendency. Various defects in leukocyte chemotaxis and
adhesion to endothelial cells have been found and the diagnosis
is reached by showing defects in the integrin activation process;

the CD18 molecule is structurally intact. It is due to mutated
FERMT3 (11p13).

Autoimmune Polyendocrinopathy-Candidosis-
Ectodermal Dysplasia Syndrome

Autoimmune polyendocrinopathy syndrome type I is charac-
terized by the presence of two of three major clinical symptoms:
Addison disease, hypoparathyroidism, and chronic mucocuta-
neous candidiasis, and is caused by mutations in the auto-
immune regulator (AIRE) gene. Malabsorption and diarrhea
can be striking and dominate the clinical picture, and immune
disorders may be present, though diabetes mellitus and thyroid
disease are infrequent. The onset of Addison disease is mostly
in childhood or early adulthood, and frequently accompanied
by chronic active hepatitis, malabsorption, juvenile-onset per-
nicious anemia, alopecia, and primary hypogonadism.

Disorders of Specific Acquired Immunity

Again, these can be considered under the categories of disorders
of humoral and cell-mediated specific acquired immunity.

Disorders of Humoral Acquired Immunity

Abnormalities of immunoglobulin function lead to an increased
tendency to develop bacterial infections.

Bruton-type agammaglobulinemia. Boys with this X-linked
immunodeficiency usually develop multiple recurrent bacterial
infections of the respiratory tract and skin after the first few
months of life, having been protected initially by placentally
transferred maternal IgG. Features similar to rheumatoid
arthritis develop in many and they are not prone to viral infec-
tion. Treatment of life-threatening infections with antibiotics
and the use of prophylactic intravenous immunoglobulins have
improved survival prospects, but children with this disorder
can still die from respiratory failure through complications of
repeated lung infections. The diagnosis of this type of immu-
nodeficiency is confirmed by demonstration of immunoglobulin
deficiency and absence of B lymphocytes. The disorder has
been shown to result from mutations in a tyrosine kinase
specific to B cells (Btk) that result in loss of the signal for B
cells to differentiate to mature antibody-producing plasma
cells. A rarer, autosomal recessive, form of agammaglobulin-
emia shows marked depression of the circulating lymphocytes,
and lymphocytes are absent from the lymphoid tissue.

Hyper-IgM syndrome (HIGM). HIGM is another geneti-
cally heterogeneous condition that includes increased levels of
IgM, and also usually of IgD, with levels of the other immu-
noglobulins being decreased or virtually absent. Patients are
susceptible to recurrent pyogenic infections, as well as oppor-
tunistic infections such as Preumocystis and Cryptosporidium,
because of primary T-cell abnormality. In the X-linked form
(HIGM1) the mutated gene encodes a cell surface molecule
on activated T cells called CD40 ligand (renamed TNFSF5).
When the gene is not functioning immunoglobulin class
switches are inefficient, so that IgM production cannot be
readily switched to IgA or IgG. IgM levels are therefore high,
and IgG levels reduced. At least four other types are recognized
including autosomal recessive forms, HIGM2 (CD40 defi-
ciency) and HIGM3 (activation-induced cytidine deaminase,

AICDA) deficiency.
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Hyper-IgE syndrome (HIES). Again heterogeneous, this
condition is sometimes known as Job syndrome and is a PID
characterized by chronic eczema, recurrent staphylococcal
infections, increased serum IgE, and eosinophilia. Abscesses
may be ‘cold’, i.e. they lack associated warmth, erythema, or
tenderness. Patients have a distinctive coarse facial appearance,
abnormal dentition, hyperextensibility of the joints, and bone
fractures. Autosomal dominant HIES is caused by mutation in
the STAT3 gene and autosomal recessive by mutation in
DOCKS.

Common variable immunodeficiency (CVID). CVID has
tended to be a ‘wastebasket’ category but constitutes the most
common group of B-cell deficiencies characterized by normal
numbers of immunoglobulin-bearing B-cell precursors and a
broad deficiency of immunoglobulin isotypes. It is very hetero-
geneous with at least 12 genetic varieties identified. The presen-
tation is similar to other forms of immune deficiency, at any age,
including nodular lymphoid hyperplasia, and males and females
are equally affected. Affecting approximately 1:800 Cauca-
sians, selective IgA deficiency is the most frequently recognized
PID. Many affected people have no obvious health problems,
but others may have recurrent infections, gastrointestinal disor-
ders, autoimmune diseases, allergies, or malignancies. The
pathogenesis is arrest of B-cell differentiation, giving rise to a
normal number of IgA-bearing B-cell precursors but a profound
deficit in IgA-producing plasma cells. The response to immuni-
zation with protein and polysaccharide antigens is abnormal.

Disorders of Cell-Mediated Specific Acquired Immunity

The most common inherited disorder of cell-mediated specific
acquired immunity is severe combined immunodeficiency
(SCID).

Severe combined immunodeficiency. SCID, as the name
indicates, is associated with an increased susceptibility to both
viral and bacterial infections because of profoundly abnormal
humoral and cell-mediated immunity. Common to all forms of
SCID is the absence of T cell-mediated cellular immunity
from defective T-cell development. Presentation is in infancy
with recurrent, persistent, opportunistic infections by many
organisms, including Candida albicans, Pneumocystis carinii,
and cytomegalovirus. The incidence of all types of SCID is
approximately 1:75,000. Death usually occurs in infancy
because of overwhelming infection, unless a bone marrow
transplant is performed. SCID is genetically heterogeneous and
can be inherited as either an X-linked or autosomal recessive
disorder. The X-linked form (SCIDX1) is the most common
form of SCID in males, accounting for 50% to 60% overall,
and has been shown to be due to mutations in the y chain of
the cytokine receptor for IL-2 (IL2RG). In approximately
one-third to one-half of children with SCID that is not X-linked,
inheritance is autosomal recessive (SCID1) and the different
forms are classified according to whether they are B-cell nega-
tive (T-B-) or B-cell positive (T-B+). The presence or absence
of NK cells is variable.

T-B+ SCID, apart from SCIDXI, includes deficiencies of
the protein tyrosine phosphatase receptor type C (or CD45)
deficiency. CD45 suppresses Janus kinases (JAK), and there is
a specific B-cell-positive SCID due to JAK3 deficiency, which
can be very variable—from subclinical to life threatening in
early childhood. Other rare autosomal recessive forms of SCID
include mutation in the IL7R gene—IL2RG is dependent on a
functional interleukin-7 receptor.
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T-B- SCID includes adenosine deaminase deficiency, which
accounts for approximately 15% of all SCID and one-third of
autosomal recessive SCID. The phenotypic spectrum is vari-
able, the most severe being SCID presenting in infancy and
usually resulting in early death. Ten to 15% of patients have a
‘delayed’ clinical onset by age 6 to 24 months, and a smaller
percentage of patients have ‘later’ onset, diagnosed from 4
years to adulthood, showing less severe infections and gradual
immunologic deterioration. The immune system is affected
through the accumulation of purine degradation products that
are selectively toxic to T cells. Rare forms of B-cell negative
SCID include mutated RAGI/RAG2 (recombination activat-
ing genes), which are normally responsible for VDJ recombina-
tions (p. 170) that lead to mature immunoglobulin chains
and T-cell receptors. In addition, cases occur due to mutation
in the Artemis gene (DNA cross-link repair protein lc—
DCLREIC). The latter forms are both sensitive to ionizing
radiation. Lastly, reticular dysgenesis is a rare and very severe
form of SCID characterized by congenital agranulocytosis,
lymphopenia, and lymphoid and thymic hypoplasia with absent
cellular and humoral immunity functions. It is due to mutation
in the mitochondrial Adenylate kinase-2 gene (AK2).

Secondary or Associated Immunodeficiency

There are a number of hereditary disorders in which immuno-
logical abnormalities occur as one of a number of associated
features as part of a syndrome.

DiGeorge/Sedlackova Syndrome
(Deletion 22q11.2)

Children with the DiGeorge/del22ql1.2 syndrome (see
p. 245), well described by Sedldckova in 1955, 10 years earlier
than DiGeorge, present with recurrent viral illnesses and are
found to have abnormal cellular immunity as characterized by
reduced numbers of T lymphocytes, as well as abnormal anti-
body production. This is due to partial absence of the thymus
gland, leading to defects in cell-mediated immunity and T cell-
dependent antibody production. Usually these defects are rela-
tively mild and improve with age, as the immune system matures,
but occasionally the immune deficiency is very severe because
no T cells are produced and bone marrow transplantation is
indicated. It is important for all patients diagnosed to be inves-
tigated by taking a full blood count with differential CD3, CD4,
and CD8 counts, and immunoglobulins. The levels of diphtheria
and tetanus antibodies can indicate the ability of the immune
system to respond. These patients usually have a characteristic
face (see Figure 17.17, p. 246), frequently congenital heart
disease, and hypoplastic parathyroid glands. The latter can result
in presentation in the newborn period with hypocalcemic tetany
secondary to low parathyroid hormone levels.

Ataxia Telangiectasia

Ataxia telangiectasia is an autosomal recessive disorder in
which children present in early childhood with signs of cerebel-
lar ataxia, dilated blood vessels on the sclera of the eyes, ears,
and face (oculocutaneous telangiectasia), and a susceptibility
to sinus and pulmonary infections. Low serum IgA levels occur,
and a hypoplastic thymus, as a result of a defect in the cellular
response to DNA damage. The diagnosis is made by the dem-
onstration of low or absent serum IgA and IgG as well as
characteristic chromosome abnormalities on culture of periph-
eral blood lymphocytes—a form of chromosome instability
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FIGURE 13.9 Non-random inactivation in T lymphocytes for carrier testing in X-linked SCID.

(p- 253), and/or DNA testing. Patients have an increased risk
of developing leukemia or lymphoid malignancies.

Wiskott-Aldrich Syndrome (WAS)

This X-linked recessive disorder affects boys who present with
eczema, diarrhea, recurrent infections, thrombocytopenia, and,
usually, low serum IgM levels and impaired T-cell function and
numbers. Mutations in the WAS gene (Xpl1) result in loss of
cytotoxic T-cell responses and T-cell help for B-cell response,
leading to an impaired response to bacterial infections. Until
the advent of bone marrow transplantation, the majority of
affected boys died by mid-adolescence from hemorrhage or
B-cell malignancy.

Carrier Tests for X-Linked
Immunodeficiencies

Before it was possible to sequence the genes responsible for
Wiskott-Aldrich syndrome, Bruton-type hypogammaglobu-
linemia, and X-linked SCID, the availability of closely linked
DNA markers allowed female carrier testing by studies of the
pattern of X-inactivation (p. 121) in the lymphocytes of females
at risk. A female relative of a sporadically affected male with
an X-linked immunodeficiency would be confirmed as a carrier
by the demonstration of anon-random pattern of X-inactivation—
‘skewed’ X-inactivation (p. 122)—in the T-lymphocyte popula-
tion, indicating that all her peripheral blood T lymphocytes had
the same chromosome inactivated (Figure 13.9).

The carrier (C) and non-carrier (NC) are both heterozygous
for an Hpall/Mspl restriction site polymorphism. Hpall and
Mspl recognize the same nucleotide recognition sequence, but
Mspl cuts double-stranded DNA whether it is methylated
or not, whereas Hpall cuts only unmethylated DNA (i.e.,
only the active X chromosome). In the carrier female, the
SCID gene mutation is on the X chromosome on which the

Hpall/Mspl restriction site is present. EcoRI/Mspl double
digests of T lymphocytes result in 6, 4, and 2-kilobase (kb)
DNA fragments on gel analysis of the restriction fragments for
both the carrier and non-carrier females. EcoRI/Hpall double
digests of T-lymphocyte DNA result, however, in a single 6-kb
fragment in the carrier female. This is because in a carrier the
only T cells to survive will be those in which the normal gene
is on the active unmethylated X chromosome. Thus, whilst
X-inactivation appears to be non-random, it is actually cell
population survival that is non-random.

Blood Groups

Blood groups reflect the antigenic determinants on red cells
and were one of the first areas in which an understanding of
basic biology led to significant advances in clinical medicine.
Our knowledge of the ABO and Rhesus blood groups has
resulted in safe blood transfusion and the prevention of Rhesus
hemolytic disease of the newborn.

The ABO Blood Groups

The ABO blood groups were discovered by Landsteiner early
in the twentieth century. In some cases blood transfusion
resulted in rapid hemolysis because of incompatibility. Four
major ABO blood groups were discovered: A, B, AB, and O.
Those with blood group A possess the antigen A on the surface
of their red blood cells, blood group B has antigen B, AB has
both antigens, and those with blood group O have neither.
People of blood group A have naturally occurring anti-B anti-
bodies, and blood group B have anti-A, whereas blood group O
have both. The alleles at the ABO blood group locus are
inherited in a co-dominant manner but are both dominant to
the gene for the O antigen. There are, therefore, six possible
genotypes (Table 13.4).

Table 13.4 ABO Blood Group Phenotypes and Genotypes

Red Blood Cells

React With Antiserum

Phenotype Genotype Antibodies Anti-A Anti-B
O (o]0 Anti-A,B - -
A AA, AO Anti-B + -
B BB, BO Anti-A = &
AB AB = + +
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Blood group AB individuals do not produce A or B antibod-
ies, so they can receive a blood transfusion from people of all
other ABO blood groups, and are therefore referred to as
universal recipients. On the other hand, because individuals of
group O do not express either A or B antigens on their red
cells, they are referred to as universal donors. Antisera can
differentiate two subgroups of blood group A, Al, and A2, but
this is of little practical importance as far as blood transfusions
are concerned.

Individuals with blood groups A, B, and AB possess enzymes
with glycosyltransferase activity that convert the basic blood
group, known as the ‘H’ antigen, into the oligosaccharide
antigens ‘A’ or ‘B’. The alleles for blood groups A and B differ
in seven single base substitutions that result in different A and
B transferase activities, the A allele being associated with the
addition of N-acetylgalactosaminyl groups and the B allele with
the addition of D-galactosyl groups. The O allele results from
a critical single base-pair deletion that results in an inactive
protein incapable of modifying the H antigen.

Rhesus Blood Group

The Rhesus (Rh) blood group system involves three sets of
closely linked antigens, Cc, Dd, and Ee. D is very strongly
antigenic and persons are, for practical purposes, either Rh
positive (possessing the D antigen) or Rh negative (lacking the
D antigen).

Rhesus Hemolytic Disease of the Newborn

A proportion of women who are Rh-negative have an increased
chance of having a child who will either die in utero or be born
severely anemic because of hemolysis, unless transfused in
utero. This occurs because if Rh-positive blood is given to
persons who are Rh-negative, the majority will develop anti-Rh
antibodies. Such sensitization occurs with exposure to very
small quantities of blood and, once a person is sensitized,
further exposure results in the production of very high antibody
titers.

In the case of an Rh-negative mother carrying an Rh-positive
fetus, fetal red cells that cross to the mother’s circulation can
induce the formation of maternal Rh antibodies. In a subse-
quent pregnancy, these antibodies can cross the placenta from
the mother to the fetus, leading to hemolysis and severe
anemia. In its most severe form, this is known as erythroblas-
tosis fetalis, or hemolytic disease of the newborn. After a
woman has been sensitized there is a significantly greater risk
that a child in a subsequent pregnancy, if Rh-positive, will be
more severely affected.

To avoid sensitizing an Rh-negative woman, Rh-compatible
blood must always be used in any blood transfusion. Further-
more, the development of sensitization, and therefore Rh
incompatibility after delivery, can be prevented by giving the
mother an injection of Rh antibodies—anti-D—so that fetal
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cells in the maternal circulation are destroyed before the
mother can become sensitized.

It is routine to screen all Rh-negative women during preg-
nancy for the development of Rh antibodies. Despite these
measures, a small proportion of women do become sensitized.
If Rh antibodies appear, tests are carried out to see whether
the fetus is affected. If so, there is a delicate balance between
the choice of early delivery, with the risks of prematurity and
exchange transfusion, and treating the fetus in utero with blood
transfusions.

Molecular Basis of the Rh Blood Group

There are two types of Rh red cell membrane polypeptide. One
corresponds to the D antigen and the other to the C and E
series of antigens. Two genes code for the Rh system: one for
D and d, and a second for both C and ¢ and E and e. The D
locus is present in most persons and codes for the major D
antigen present in those who are Rh-positive. Rh-negative
individuals are homozygous for a deletion of the D gene.
Therefore, an antibody has never been raised to ‘d’.

Analysis of complementary DNA from reticulocytes in
Rh-negative persons who were homozygous for dCe, dcE, and
dce, allowed identification of the genomic DNA sequences
responsible for the different antigenic variants at the second
locus, revealing that they are produced by alternative splicing
of the mRNA transcript. The Ee polypeptide is a full-length
product of the CcEe gene, very similar in sequence to the D
polypeptide. The E and e antigens differ by a point mutation
in exon 5. The Cc polypeptides are, in contrast, products of a
shorter transcript of the same gene through splicing. The dif-
ference between C and ¢ is four amino-acid substitutions in
exons 1 and 2.

Other Blood Groups

There are approximately a further 12 ‘common’ blood group
systems of clinical importance in humans, including Duffy,
Lewis, MN, and S. These are usually of concern only when
cross-matching blood for persons who, because of repeated
transfusions, have developed antibodies to one of these other
blood group antigens. Until the advent of DNA fingerprinting
(p. 52), they were used in linkage studies (pp. 89-90) and
paternity testing (p. 321).

FURTHER READING
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1 The immune response can be divided into two main types,
innate and specific acquired, or adaptive, immunity. Both
can be further subdivided into humoral and cell-mediated
immunity.

2 Innate humoral immunity involves acute-phase proteins
that act to minimize tissue injury by limiting the spread of
infective organisms that, through the alternative pathway
of complement activation, results in a localized
inflammatory response and the attraction of phagocytes
and opsonization of microorganisms. Complement, which
consists of a series of inactive blood proteins that are
activated sequentially in a cascade, can also be activated
through the classic pathway by antibody binding to
antigen.

3 Innate cell-mediated immunity involves phagocytosis of
microorganisms by macrophages and their intracellular
destruction.

4 Specific acquired humoral immunity involves production of
antibodies by mature B cells or plasma cells in response to
an antigen. Antibodies are Y-shaped molecules composed
of two identical heavy (H) chains and two identical light (L)
chains. The antibody molecule has two parts that differ in
their function: two identical antigen-binding sites (Fab) and
a single binding site for complement (Fc). There are five
classes of antibody, immunoglobulin (Ig)A, IgD, IgE, IgG,
and IgM, each with a specific heavy chain. The L chain of
any class of antibody can be made up of either kappa (k)
or lambda (1) chains.

5 Each Ig L or H chain has a variable (V) region of
approximately 110 amino acids at the amino-terminal end.
The carboxy-terminal end consists of a constant (C) region
of approximately 110 amino acids in the x and A L chains

and 3-4 times that length in the H chain. Most of the
amino-acid sequence variation in both the L and H chains
occurs within several small hypervariable regions, which are
thought to be the sites of antigen binding. The Ig chains are
produced from combinations of separate groups of DNA
segments. These consist of one from a variable number of
DNA segments coding for the constant (C), variable (V), and
joining (J) regions between the V and C regions for the k and
A L chains and the various types of H chains. The H chains also
contain a diversity (D) region located between the V and |
regions. The total number of possible antibodies that could be
produced by various combinations of these DNA segments
accounts for the antibody diversity seen in humans.

Cell-mediated specific acquired immunity primarily involves T
cells that, through the T-cell surface antigen receptor, in
conjunction with the major histocompatibility complex
(MHC) molecules on the surface of infected cells, engage T
helper cells and cytotoxic T cells to combat intracellular
infections.

The MHC or human leukocyte antigen (HLA) system consists
of a series of closely linked loci on chromosome 6. The many
different alleles that can occur at each locus mean that a
very large number of different combinations can result. The
HLA loci are inherited en bloc as a haplotype. The closer the
match of HLA antigens between the donor and recipient in
organ transplantation, the greater the likelihood of long-term
survival of the homograft. Possession of certain HLA antigens
is associated with an increased relative risk of developing
specific diseases.

An understanding of the ABO and Rhesus blood groups has
resulted in safe blood transfusions and the prevention of
Rhesus hemolytic disease of the newborn.
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Cell biology and molecular genetics have revolutionized our
understanding of cancer, especially in recent years as next
generation sequencing has been applied to analyzing the genetic
architecture of tumors. Concurrently, novel approaches to the
treatment of cancer, through targeted drug therapies and
immunotherapy, are providing great hope for dramatic improve-
ments in the morbidity and mortality from the disease in its
numerous different forms. This is an exciting and rapidly
moving field.

All cancer is a genetic disease of somatic cells because of
aberrant cell division or loss of normal programmed cell death,
and the processes from the start of life as a fertilized egg
through to advanced cancer are summarized schematically in
Figure 14.1. However, a small proportion is strongly predis-
posed by inherited germline mutations behaving as Mendelian
traits, but this does not contradict our traditional understand-
ing that, for many cancers, environmental factors are etiologi-
cally important, whereas heredity plays a lesser role. This
certainly applies to the ‘industrial cancers’, which result from
prolonged exposure to carcinogenic chemicals, e.g. cancer of
the skin in tar workers, of the bladder in aniline dye workers,
angiosarcoma of the liver in process workers making polyvinyl
chloride, and of the lung (mesothelioma) in asbestos workers.
Even so, for those who have suffered cancer as a consequence
of such exposures, it is possible, if not likely, that a proportion
may have a genetic predisposition to the action of the carcino-
gen. The link between cigarette smoking and lung cancer
(among others) has been recognized for half a century, but not
all smokers develop a tobacco-related malignancy. Studies have
shown that smokers with short chromosome telomeres (p. 25)
appear to be at substantially greater risk for tobacco-related
cancers than people with short telomeres who have never
smoked, or smokers who have long telomeres. Lung cancer can
also cluster in families and a range of germline mutations,
polymorphisms, and susceptibility loci have been identified as
risk factors.

The recognition that a number of rare cancer-predisposing
syndromes, as well as a small but significant proportion of
common cancers having a hereditary basis, has led to an explo-
sion in our understanding of the genetic basis and cellular
biology of cancer in humans. As a general principle, it is now
clear that cancers arise as the end result of an accumulation of
both inherited and somatic mutations, occurring throughout
life, in proto-oncogenes and tumor suppressor genes. A third
class of genes—the DNA mismatch repair genes—are also
important because their inactivation is thought to contribute
to the genesis of mutations in other genes directly affecting
DNA repair, cell-cycle control, and cell-death pathways.
Germline mutations in at least 100 genes and somatic

Chapter 14

The Genetics of
Cancer...and Cancer
Genetics

All cancer is genetic, but some cancers are more
genetic than others.
PARAPHRASED FROM ANIMAL FARM, BY GEORGE ORWELL

mutations in hundreds of others are known to contribute to
the total burden of human cancer. The relationship between
cancer risk and the presence of mutations with variable pene-
trance can be expressed graphically (Figure 14.2).

Differentiation Between Genetic and
Environmental Factors in Cancer

For many cancers, distinguishing between genetic and environ-
mental causative factors is not obvious. There is usually neither
a clear-cut mode of inheritance nor a clearly identified environ-
mental cause. Historically, evidence to help distinguish envi-
ronmental and genetic factors came from a combination of
epidemiology, family and twin studies, disease associations, and
viral factors, all of which are considered briefly here. Increas-
ingly, in the modern era, molecular analysis and/or DNA tumor
profiling provide further evidence, and these are considered
later.

Epidemiology

Breast cancer is the most common cancer in women, with
reproductive and menstrual histories being well-recognized risk
factors. Parous women, especially multiparous, are at lower risk
of developing breast cancer than nulliparous women. Further-
more, the younger the age at first pregnancy and the later the
age at menarche, the lower the risk of breast cancer.

The incidence of breast cancer varies greatly between dif-
ferent populations, being highest in women in North America
and Western Europe, and up to eight times lower in women of
Japanese and Chinese origin. Although these differences could
be attributed to genetic differences between these population
groups, study of immigrant populations moving from an area
with a low incidence to one with a high incidence has shown
that the risk of developing breast cancer rises with time to that
of the native population, supporting the view that non-genetic
factors are highly significant. Some of this changing risk may
be accounted for by epigenetic factors.

It has long been recognized that people from lower socio-
economic groups have an increased risk of developing gastric
cancer. Specific dietary irritants, such as salts and preservatives,
or potential environmental agents, such as nitrates, have been
suggested as possible carcinogens. Gastric cancer also shows
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FIGURE 14.1 The lineage of mitotic cell divisions from the fertilized egg to a single cell within a cancer showing the timing of the
somatic mutations acquired by the cancer cell and the processes that contribute to them. Mutations may be acquired through both
intrinsic cell division processes and as a result of mutagens. DNA repair defects may contribute, but driver mutations will cause clonal
expansion, with passenger mutations having little overall effect. Relapse following chemotherapy may be due to resistant mutations
predating treatment. (Reproduced with permission from Stratton MR, Campbell PJ, Futreal PA 2009 The cancer genome. Nature

458:719-24.)

variations in incidence in different populations, being up to
eight times more common in Japanese and Chinese populations
than in those of western European origin. Migration studies
have shown that the risk of gastric cancer for immigrants from
high-risk populations does not fall to that of the native low-risk
population until two to three generations later. It has been
suggested that this could be due to exposure to environmental

Genetic architecture of cancer risk

y N

Common variants

) (low penetrance)
&
3
o
Qo
@
= Rare variants )
= (moderate Rare( r:/ig::ants
penetrance) penelrance)
——
1 2 5 10
Relative risk

FIGURE 14.2 Genetic architecture of cancer risk. In the
majority of cancer there is a low risk to relatives because genetic
associations tend to be with common, low-penetrance alleles
identified in genome-wide association studies. The risk to rela-
tives increases markedly when the cancer is associated with rare,
high-penetrant genetic variants, such as mutations in the BRCA1/
BRCAZ2 genes, e.g. hereditary breast and ovarian cancer and the
mismatch repair genes associated with Lynch syndrome. (Repro-
duced with permission from National Cancer Institute: PDQ Cancer
Genetics Overview. Bethesda, MD: National Cancer Institute. Date
last modified January 15, 2016. Available at: http://www.cancer
.gov/about-cancer/causes-prevention/genetics/overview-pdgq.
Accessed January 15, 2016.)

factors at an early critical age, e.g. early infection with Helico-
bacter pylori, causing chronic gastric inflammation and associ-
ated with a fivefold to sixfold increased gastric cancer risk.

Family and Twin Studies

The clustering of cancer cases within families can provide sig-
nificant evidence supporting a genetic contribution. The lifetime
risk of developing breast cancer for a woman who lives until
80 in Western Europe is now approximately 1 in 8. For a
woman who has a first-degree relative with breast cancer, the
risk that she will also develop breast cancer is between 1.5 and
3 times the risk for the general population. The risk varies
according to the age of onset in the affected family member—
the earlier the age at diagnosis, the greater the risk to close
relatives (p. 192).

Concordance rates for breast cancer in both monozygotic
(MZ) and dizygotic (DZ) twins are low, being only slightly
greater in MZ female twins, at 17% compared with 13% in DZ
female twins. This suggests, overall, that environmental factors
are more important than genetic factors. Twin studies in gastric
cancer have not shown an increased concordance rate in either
MZ or DZ twins.

Disease Associations

Blood groups are genetically determined, and therefore the
association of a particular blood group with a disease suggests
a possible genetic contribution to the etiology. A large number
of studies have shown an association between blood group A
and gastric cancer. It is estimated that those with blood group
A have a 20% increased risk of developing gastric cancer. Blood
group A is associated with an increased risk of developing perni-
cious anemia, which is also closely associated with chronic
gastritis. However, pernicious anemia appears to have a separate
association with gastric cancer, as affected individuals have a
threefold to sixfold increased risk.

https://CafePezeshki.IR


http://www.cancer.gov/about-cancer/causes-prevention/genetics/overview-pdq
http://www.cancer.gov/about-cancer/causes-prevention/genetics/overview-pdq

The Genetics of Cancer...and Cancer Genetics 179

Table 14.1 Human DNA Viruses Implicated in Carcinogenesis

Virus Family Type Tumor

Papova Papilloma (HPV) Warts (plantar and genital), urogenital cancers (cervical, vulval, and penile), skin cancer
Herpes Epstein-Barr (EBV) Burkitt lymphoma*, nasopharyngeal carcinoma, lymphomas in immunocompromised hosts
Hepadna Hepatitis B (HBV) Hepatocellular carcinoma’

*For full oncogenicity, ‘co-carcinogens’ are necessary
'E.g., aflatoxin B, in hepatitis B-associated hepatocellular carcinoma

Viral Factors

The first indication that transmissible factors can cause cancer
came from animal studies performed by Peyton Rous early in
the 20th century, among others. In due course these agents
were shown to be viruses. Subsequently it was shown that
certain viruses are tumor-forming or oncogenic in humans. A
limited number of DNA viruses are associated with certain
types of human tumors (Table 14.1), whereas a variety of RNA
viruses, or retroviruses, cause neoplasia in animals.

The genetic information of retroviruses is encoded in RNA
and they replicate through DNA by coding for an enzyme
known as reverse transcriptase (p. 12), which makes a double-
stranded DNA copy of the viral RNA. This DNA intermediate
integrates into the host cell genome, facilitating appropriate
protein manufacture, which results in the repackaging of new
progeny virions.

Naturally occurring retroviruses have only three genes
necessary to ensure replication (Figure 14.3). Study of the virus
responsible for a transmissible tumor in chickens, the so-called
Rous sarcoma virus, identified a fourth gene that transforms
host cells both in vitro and in vivo, causing malignancy. This
viral gene is known as an oncogene.

Oncogenes

Oncogenes are the altered forms of normal genes—proto-
oncogenes—that have key roles in cell growth and differentia-
tion pathways. Normal mammalian cells contain sequences of
DNA that are homologous to viral oncogenes, called proto-
oncogenes or cellular oncogenes. Although the terms proto-
oncogene and cellular oncogene are often used interchangeably,
strictly speaking proto-oncogene is reserved for the normal
gene, and cellular oncogene, or c-onc, refers to a mutated
proto-oncogene, which has oncogenic properties such as the
viral oncogenes, or v-onc. Approximately 100 oncogenes have
been identified.

Relationship Between c-onc and v-onc

Cellular oncogenes are highly conserved in evolution, suggest-
ing that they have important roles as regulators of cell growth,
maintaining the ordered progression through the cell cycle, cell
division, and differentiation. Retroviral oncogenes are thought
to acquire their dominant transforming activity during viral
transduction through errors in the replication of the retrovirus
genome following their random integration into the host DNA.
The end result is a viral gene that is structurally similar to
its cellular counterpart but is persistently different in its
function.

Identification of Oncogenes

Oncogenes have been identified by two types of cytogenetic
finding in association with certain types of leukemia and
tumor in humans. These include the location of oncogenes at

chromosomal translocation breakpoints, or their amplification
in double-minute chromosomes or homogeneously staining
regions of chromosomes (p. 180). In addition, a number of
oncogenes have also been identified by the ability of tumor
DNA to induce tumors in vitro by DNA transfection.

Identification of Oncogenes at Chromosomal
Translocation Breakpoints

Chromosome aberrations are common in malignant cells, which
often show marked variation in chromosome number and
structure. Certain chromosomes seemed to be more commonly
involved and it was initially thought that these changes were
secondary to the transformed state rather than causal. This
understanding changed when evidence suggested that chromo-
somal structural changes, often translocations (p. 35), resulted
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FIGURE 14.3 Model for acquisition of transforming ability in
retroviruses. A, Normal retroviral replication. B, The Rous
sarcoma virus has integrated near a cellular oncogene. The
transforming ability of this virus is due to the acquired homolog
of the cellular oncogene, v-src. €, A defective transforming virus
carries an oncogene similar to src but is defective in the structural
genes (e.g., Moloney murine sarcoma virus, which carries mos).
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in rearrangements within, or adjacent to, proto-oncogenes. It
has been found that chromosomal translocations can lead to
novel chimeric genes with altered biochemical function, or
level of proto-oncogene activity. There are numerous examples
of both types, of which chronic myeloid leukemia is an example
of the former and Burkitt lymphoma an example of the latter.

Chronic Myeloid Leukemia

In 1960, investigators in Philadelphia were the first to describe
an abnormal chromosome in white blood cells from patients
with chronic myeloid leukemia (CML). The abnormal chromo-
some, referred to as the Philadelphia, or Ph', chromosome, is
an acquired abnormality found in blood or bone marrow cells
but not in other tissues from these patients. The Ph' is a tiny
chromosome that is now known to be a chromosome 22 from
which long arm material has been reciprocally translocated to
and from the long arm of chromosome 9 (Figure 14.4), i.e.,
t(9;22)(q34;q11). This chromosomal rearrangement is seen in
90% of those with CML. This translocation has been found to
transfer the cellular Abelson (ABL) oncogene from chromo-
some 9 into a region of chromosome 22 known as the break-
point cluster, or BCR, region, resulting in a chimeric transcript
derived from both the c-:ABL (70%) and the BCR genes. This
results in a chimeric gene expressing a fusion protein consisting
of the BCR protein at the amino end and ABL protein at the
carboxy end, which transforms activity.

Burkitt Lymphoma

An unusual form of neoplasia seen in children in Africa is a
lymphoma that involves the jaw, known as Burkitt lymphoma,
named after Dennis Burkitt, a medical missionary who first
described the condition in 1958. Chromosomal analysis has
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FIGURE 14.4 Karyotype from a patient with chronic myeloid
leukemia showing the chromosome 22 (arrow) or Philadelphia
chromosome, which has material translocated to the long arm
of one of the number 9 chromosomes (arrow).

revealed the majority (90%) of affected children to have a
translocation of the c-MYC oncogene from the long arm of
chromosome 8 on to heavy (H) chain immunoglobulin locus
on chromosome 14. Less commonly the MYC oncogene is
translocated to regions of chromosome 2 or 22, which encode
genes for the kappa (k) and lambda ()) light chains, respectively
(pp. 167-168). As a consequence of these translocations, MYC
comes under the influence of the regulatory sequences of the
respective immunoglobulin gene and is overexpressed 10-fold
or more.

Oncogene Amplification

Proto-oncogenes can also be activated by the production of
multiple copies of the gene (known as gene amplification), a
mechanism known to have survival value when cells encounter
environmental stress. For example, leukemic cells exposed to
the chemotherapeutic agent, methotrexate, acquire resistance
to the drug by making multiple copies of the gene for dihydro-
folate reductase, the target enzyme for methotrexate. The
number of copies of the oncogene per cell can increase several
hundred times, with greater amounts of oncoprotein as a
consequence. The amplified sequence of DNA in tumor cells
gives rise to small extra chromosomes (double-minute chro-
mosomes) seen in approximately 10% of tumors, especially in
the later stages of the malignant process.

Amplification of specific proto-oncogenes is a feature of
certain tumors and is frequently seen with the MYC family of
genes. For example, N-MYC is amplified in approximately 30%
of neuroblastomas, but in advanced cases the proportion rises
to 50%, where gene amplification can be up to 1000-fold.
Human small cell carcinomas of the lung show amplification
of MYC, N-MYC, and L-MYC. Also in lung cancer, multiple
downstream components of the EGFR-family-signaling
pathway, including CDK5, AKTI, and SHCI, are overex-
pressed. Amplification of ERBB2 (HER2), MYC, and cyclin D1
is a feature in 20% of breast carcinomas, where it correlates
with a number of well-established prognostic factors such as
lymph node status, estrogen and progestogen receptor status,
tumor size, and histological grade. Currently available tests of
oncogene activity in breast cancer cover more than 20 genes.

Detection of Oncogenes by
DNA Transfection Studies

The ability of DNA from a human bladder carcinoma cell line
to transform a well-established mouse fibroblast cell line called
NIH3T3, as demonstrated by the loss of contact inhibition of
the cells in culture, or what is known as DNA transfection, led
to the discovery of the human sequence homologous to the ras
gene of the Harvey murine sarcoma virus. The human RAS gene
family consists of three closely related members, H-RAS,
K-RAS, and N-RAS. The RAS proteins are closely homologous
to their viral counterparts and differ from one another only near
the carboxy termini. Oncogenicity of the ras proto-oncogenes
has been shown to arise by acquisition of point mutations in the
nucleotide sequence. In approximately 50% of colorectal
cancers and 95% of pancreatic cancers, as well as in a proportion
of thyroid and lung cancers, a mutation in a ras gene can be
demonstrated. Similarly, mutations in BRAF, which encodes a
serine/threonine protein kinase is associated with various
cancers, including non-Hodgkin lymphoma, colorectal cancer,
malignant melanoma, thyroid carcinoma, non-small cell lung
carcinoma, and adenocarcinoma of lung. Both RAS and BRAF
are key constituents of the RAS-MAPK signaling pathway,
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which affects cell division, differentiation, and secretion.
Germline mutations in these genes are associated with neurofi-
bromatosis type 1 (p. 279) and the Noonan/cardio-facio-
cutaneous/Costello group of syndromes (pp. 220-221), which
are variably associated with an increased tumor risk.

DNA transfection studies have also led to identification of
other oncogenes that have not been demonstrated through
retroviral studies. These include MET (hereditary papillary
renal cell carcinoma), TRK, MAS, and RET (multiple endocrine
neoplasia type 2, see pp. 119-120; Tables 14.4, 14.9).

Function of Oncogenes

Oncogene products consistently have a role in the control of
cellular proliferation and differentiation in the process known
as intracellular signal transduction. This is a complex multistep
pathway from the cell membrane, through the cytoplasm to
the nucleus, involving a variety of types of proto-oncogene
product involved in positive and negative feedback loops
necessary for accurate cell proliferation and differentiation
(Figure 14.5).

Proto-oncogenes are highly conserved, being present in a
variety of different species, indicating they are likely to have
essential biological functions. They act in three main ways in
the process of signal transduction: (1) through phosphorylation
of serine, threonine, and tyrosine residues of proteins by the
transfer of phosphate groups from ATP; this leads to alteration
of the configuration activating the kinase activity of proteins
and generating docking sites for target proteins, resulting in
signal transduction; (2) through the guanosine diphosphate—
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FIGURE 14.5 Simplified schema of the steps in signal transduc-
tion and transcription from cell surface to nucleus. The intracel-
lular pathway amplifies the signal by a cascade that involves one
or more of the steps.
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guanosine triphosphate (GDP-GTP) cycle as intermediates
relaying the transduction signal from membrane-associated
tyrosine kinases to serine threonine kinases (includes the RAS
family); or (3) through proteins located in the nucleus that
control progress through the cell cycle, DNA replication, and
the expression of genes.

Types of Oncogene
Growth Factors

Growth factors stimulate cells to grow by binding to growth
factor receptors and they govern the transition of a cell from
Gy to the start of the cell cycle (p. 30). The v-SIS oncogene,
which encodes part of the biologically active platelet-derived
growth factor B subunit, acts as a growth factor. When v-SIS
oncoprotein is added to cell cultures they are transformed,
behaving like neoplastic cells—their growth rate increases and
they lose contact inhibition. In vivo they form tumors when
injected into nude mice. Oncogene products showing homol-
ogy to fibroblast growth factors include HST and INT-2, which
are amplified in stomach cancers and in malignant melanomas,
respectively.

Growth Factor Receptors

Many oncogenes encode proteins that form growth factor
receptors, possessing tyrosine kinase domains that allow cells
to bypass normal control mechanisms. More than 40 different
tyrosine kinases are known and there are two main types: those
that span the cell membrane (growth factor receptor tyrosine
kinases), and those located in the cytoplasm (non-receptor
tyrosine kinases). Examples of tyrosine kinases include ERBB,
which encodes the epidermal growth factor receptor, and the
related ERBB2 (HER2) oncogene. Mutations, rearrangements,
and amplification of ERBB2 result in ligand-independent acti-
vation, associated with cancer of the stomach, pancreas, and
ovary. Mutations in KIT and PDGFRA occur in sporadic and
hereditary gastrointestinal stromal tumor syndrome (known as
GIST) as a result of point mutations. Germline mutations
alone do not cause carcinogenesis.

Intracellular Signal Transduction Factors

As mentioned in the previous section, there are two forms of
intracellular signal transduction—proteins with GTPase activ-
ity and cytoplasmic serine threonine kinases (see Figure 14.5).
Examples of both are found in the RAS-MAPK pathway, with
mutations in RAS genes leading to increased or sustained
GTPase activity, and mutations in BRAF resulting in sustained
or increased transmission of a growth-promoting signal to the
nucleus.

DNA-Binding Nuclear Proteins

These proteins bind to single or double-stranded DNA, usually
in the major groove if the binding is sequence-specific. There-
fore, they are specific transcription factors that activate or
suppress neighboring DNA sequences. Mutations in ¢-MYC are
found in many cancers and the c-MYC oncoprotein activates
expression of many genes through binding enhancer box
sequences and recruiting histone acetyltransferases. It also has
a direct role in the control of DNA replication and overproduc-
tion results in persistent cellular proliferation.

Cell-Cycle Factors and Apoptosis

Abnormal regulation of the cell cycle (p. 30), e.g. at G; when
a cell becomes committed to DNA synthesis in the S phase,
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or G; for cell division in the mitosis (M) phase, can result in
uncontrolled cell growth. This may be through growth factors,
growth factor receptors, GTPases or nuclear proteins, or loss
of inhibitory factors lead to activation of the cyclin-dependent
kinases, such as cyclin D1. Alternatively, loss of factors that
lead to normal programmed cell death, apoptosis (p. 104), can
result in the prolonged cell survival as a mechanism of develop-
ment of some tumors. Activation of the BCL2 oncogene
through chromosomal rearrangements is associated with inhibi-
tion of apoptosis, leading to certain types of lymphoma.

Signal Transduction and the Phakomatoses

Phakomatosis derives from the Greek phakos, meaning
‘lentil’ (i.e., ‘lentil-shaped object’), originally referring to three
conditions with benign lesions—neurofibromatosis, tuberous
sclerosis, and von Hippel-Lindau disease. We now include
nevoid basal cell carcinoma (Gorlin) syndrome, Cowden
disease, familial adenomatous polyposis, Peutz-Jegher syn-
drome, and juvenile polyposis in this group. The genes for these
conditions are known and are normally active within intracel-
lular signal transduction, and their protein products are tumor
suppressors.

Tumor Suppressor Genes

The study of human hereditary cancer has identified the
existence of tumor suppressor genes, which constitute the
largest group of hereditary cancer genes.

Studies in the 1960s, which involved fusion of malignant
cells with normal cells in culture, resulted in the suppression
of the malignant phenotype in the hybrids. Malignancy recurred
with the loss of certain chromosomes from the hybrids, sug-
gesting that normal cells contain a gene(s) with tumor suppres-
sor activity which, if lost or inactive, result in malignancy and
behaved like a recessive trait. The paradigm for our under-
standing of the biology of tumor suppressor genes is the eye
tumor retinoblastoma (Rb). It is important to appreciate,
however, that a germline mutation in a tumor suppressor gene
(as with an oncogene) does not by itself provoke carcinogenesis:
further somatic mutation at one or more loci is necessary and
environmental factors, such as ionizing radiation, may be sig-
nificant in the process. More than 20 tumor suppressor genes
have been identified.

Retinoblastoma

This is a rare but highly malignant childhood cancer of the
developing retinal cells of the eye, usually occurring before 5
years of age (Figure 14.6). Early diagnosis and treatment are
associated with a good long-term outcome. Rb can occur either
sporadically, the so-called non-hereditary form, or be familial,
the so-called hereditary form, which is inherited in an autosomal
dominant manner. Non-hereditary cases usually involve only
one eye, whereas hereditary cases can be unilateral but are more
commonly bilateral or multifocal in one eye. The familial form
also tends to present at an earlier age than the sporadic form.

‘Two-Hit’ Hypothesis

In 1971 Knudson studied the epidemiology of both types of
Rb and advanced a ‘two-hit’ hypothesis to explain the occur-
rence of this rare tumor in patients with and without a positive
family history. He proposed that affected individuals with a
positive family history had inherited one non-functional gene
that was present in all cells of the individual, known as a

FIGURE 14.6 Section of an eye showing a retinoblastoma in
situ.

germline mutation, with the second gene at the same locus
becoming inactivated somatically in a developing retinal cell
(Figure 14.7A). The occurrence of a second mutation was likely
given the large number of retinal cells, explaining the autosomal
dominant pattern of inheritance. This would also explain the
observation that in hereditary Rb the tumors were often (but
not always) bilateral and multifocal. In contrast, in the non-
heritable or sporadic form, two inactivating somatic mutations
would need to occur independently in the same retinoblast cell
(see Figure 14.7B), which was much less likely to occur,
explaining the fact that tumors in these patients were often
unilateral, unifocal, and occurring at a later age than in the
hereditary form. Hence, although the hereditary form of Rb
follows an autosomal dominant pattern of inheritance, at the

FIGURE 14.7 Retinoblastoma and Knudson'’s ‘two-hit" hypoth-
esis. All cells in the hereditary form (A) have one mutated copy
of the gene, RBT (i.e., the mutation is in the germline). In the
non-hereditary form (B) a mutation in RBT arises as a post-
zygotic (somatic) event sometime early in development. The
retinoblastoma tumor occurs only when both RBT genes are
mutated—i.e., after a(nother) somatic event, which is more likely
to be earlier in life in the hereditary form compared with the
non-hereditary form; it is also more likely to give rise to bilateral
and multifocal tumors.
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FIGURE 14.8 Two homologs of chromosome 13 from a patient
with retinoblastoma showing an interstitial deletion of 13q14 in
the right-hand homolog, as indicated.

molecular level it is recessive because a tumor occurs only after
the loss of both alleles.

Approximately 5% of children presenting with Rb had other
physical abnormalities and developmental concerns. Some of
these children had a cytogenetically visible interstitial deletion
of chromosome 13q, and in due course the common critical
region was determined to lie at 13ql4 (Figure 14.8). This
suggested it could also be the locus for the autosomal dominant
familial form of Rb, which was subsequently confirmed by
linkage studies.

Loss of Heterozygosity

By comparing DNA sequences from both peripheral blood and
the Rb tumor in children with inherited Rb it was shown that
there was loss of an allele at the Rb locus in the tumor material.
This is known as loss of heterozygosity (LOH). In Figure 14.9A
the mother transmits the Rb gene along with allele 2 at a closely
linked marker locus. The father is homozygous for allele 1 at
this locus, so the child shows heterozygosity at this locus.
However, tumor tissue analysis reveals apparent homozygosity
for allele 2, which is due to loss of the paternally derived allele
1—LOH in the tumor material—consistent with Knudson’s
‘two-hit” hypothesis.

LOH may occur through several somatic mechanisms,
illustrated in Figure 14.9B—loss of a chromosome through
mitotic non-disjunction (p. 34), non-disjunction and reduplica-
tion, mitotic recombination (leading to homozygosity for the
mutant allele), gene conversion, gene deletion, and a point
mutation. Observation of consistent cytogenetic rearrange-
ments in other malignancies has led to demonstration of LOH
in a number of other cancers (Table 14.2).

Function of Tumor Suppressor Genes

The Rb paradigm, where absence of the gene product in the
homozygous state leads to the development of the tumor,
indicates that the normal function of tumor suppressor genes is
to suppress inappropriate cell proliferation. Further support for
the RBI gene acting as a tumor suppressor comes from the
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observation thatindividuals with hereditary Rb have an increased
risk of developing second new malignancies later in life, includ-
ing osteosarcoma, fibrosarcoma, and chondrosarcoma.

The RB1 Gene/p105-Rb Protein

The RBI gene specifies a 4.7-kilobase (kb) transcript that
encodes a nuclear protein called pl05-Rb, which associates
with DNA and is involved in the regulation of the cell cycle.
The protein forms a complex with an oncogene-regulated
inhibitor of a transcription factor called E2F, and the complex
interferes with the ability of E2F to activate transcription of
some key proteins required for DNA synthesis. When p105-Rb
is hyperphosphorylated this complex does form and the cell
cycle proceeds to the S phase (p. 30). In the presence of
abnormal pl105-Rb, retinoblasts fail to differentiate normally.
These findings highlight potentially complex mechanisms of
interaction between oncogenes, tumor suppressor genes, and
the cell cycle in cancer biology.

TP53

The p53 protein was first identified as a host cell protein bound
to T antigen, the dominant transforming oncogene of the DNA
tumor virus SV40. After the murine p53 gene was cloned it
was shown to be able to cooperate with activated Ras and act
as an oncogene transforming primary rodent cells in vitro, even
though the rodent cells expressed the wild-type or normal p53.
Subsequently, inactivation of p53 was frequently found in
murine Friend virus-induced erythroleukemia cells, which led
to the proposal that the Tp53 gene was, in fact, a tumor sup-
pressor gene.

In man the TP53 gene is the most frequently mutated of
all the known cancer genes. Some 20% to 25% of breast and

Table 14.2 Syndromes and Cancers That Show

Loss of Heterozygosity and Their Chromosomal
Location

Syndrome or Cancer Chromosomal Location

Retinoblastoma 13914
Osteosarcoma 13q, 17p

Wilms tumor 11p13, 11p15, 16q
Renal carcinoma 3p25, 17p13

von Hippel-Lindau disease 3p25
Bladder carcinoma 921, 11p15, 17p13
Lung carcinoma 3p, 13914, 17p
Breast carcinoma 11p15, 11q, 13912, 13q14,
17p13, 17921
Rhabdomyosarcoma 11p15, 17p13
Hepatoblastoma 5q, 11p15
Gastric cancer 1p, 59, 7q, 11p, 13q, 17p, 18p
Familial adenomatous 5921
polyposis
Colorectal carcinoma 1p, 5921, 8p, 17p13, 18921
Neurofibromatosis | (NF1, 179
von Recklinghausen

disease)
Neurofibromatosis Il (NF2) 22q
Meningioma 22q
Multiple endocrine 11q
neoplasia type | (MENT)
Melanoma 9p21, 17q
Ovarian 11925, 16q, 17q
Pancreatic 9p21, 13q14, 17p13

Prostate cancer 1p36, 7q, 8p, 10q, 13q, 16q
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FIGURE 14.9 A, Diagrammatic representation of the loss of heterozygosity (LOH) in the development of a tumor. The mother (M)
and father (F) are both homozygous for different alleles at the same locus, 2-2 and 1-1, respectively. The child (C) will therefore
be constitutionally heterozygous, 1-2. If an analysis of DNA from a tumor at that locus reveals only a single allele, 2, this is consistent
with LOH. B, Diagrammatic representations of the mechanisms causing the ‘second hit’ leading to the development of
retinoblastoma.
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more than 50% of bladder, colon, and lung cancers have been
found to have TP53 mutations, which occur in different codons
but are clustered in highly conserved regions in exons 5 to 10.
This is in contrast to TP53 mutations in hepatocellular carci-
noma, which occur in a ‘hotspot’ at codon 249. The base
change in this mutated codon, usually G to T, could be the
result of an interaction with the carcinogen aflatoxin B, which
is associated with liver cancer in China and South Africa, or
with the hepatitis B virus that is also implicated as a risk factor
in hepatomas. Aflatoxin B; is a ubiquitous food-contaminating
aflatoxin in these areas and a mutagen in many animal species,
inducing G to T substitutions in mutagenesis experiments.

Cancers frequently have a decreased cell death rate through
altered apoptosis, and a major activator of apoptosis is TP53—
thus p53 has been coined the ‘guardian of the genome’. The
p53 protein is a multimeric complex and it functions as a
checkpoint control site in the cell cycle at G, before the S
phase, interacting with other factors, including cyclins and p21,
preventing DNA damaged through normal ‘wear and tear’ from
being replicated. Mutant p53 protein monomers are more
stable than the normal p53 proteins and can form complexes
with the normal wild-type TP53, acting in a dominant-negative
manner to inactivate it.

Li-Fraumeni Syndrome

Because mutations in TP53 appear to be a common event in
the genesis of many cancers, an inherited or germline mutation
of TP53 would be expected to have serious consequences, and
indeed causes Li-Fraumeni syndrome. Members of families
with this rare syndrome, inherited as an autosomal dominant
trait, are highly susceptible to a variety of malignancies at an
early age, including adrenal carcinomas, sarcomas, and breast
cancer. Point mutations in highly conserved regions of the TP53
gene (codons 245 to 258) are common, with tumor analysis
revealing loss of the normal allele.

Epigenetics and Cancer

Much of this chapter discusses familial cancer syndromes that
follow Mendelian inheritance, characterized by mutations in
disease-specific genes. However, no discussion about cancer
genetics is complete without considering epigenetic mecha-
nisms. As discussed in Chapter 9 (p. 121), epigenetics refers
to heritable changes to gene expression that are not due to
differences in the genetic code. Such gene expression can be
transmitted stably through cell divisions, both mitosis and
meiosis. In cancer, much is now known about alterations to
methylation status of the genome, both hypomethylation and
hypermethylation, and in this section we also discuss telomere
length and cancer.

DNA Methylation and Genomic Imprinting

The methylation of DNA is an epigenetic phenomenon
(p. 121), and is the mechanism responsible for X-inactivation
(p. 122) and genomic imprinting (p. 77). Methylation of DNA
has the effect of silencing gene expression and maintaining
stability of the genome, especially in areas where there is a vast
quantity of repetitive DNA (heterochromatin), which might
otherwise become erroneously involved in recombination
events leading to altered regulation of adjacent genes. The
relevance of this for cancer emerged in 1983 when studies
showed that the genomes of cancer cells were hypomethylated
compared with those of normal cells, primarily within
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repetitive DNA. This loss of imprinting (LOI) may lead to
activation of an allele that is normally silent, and hence the high
expression of a product that confers advantageous cellular
growth. This appears to be an early event in many cancers and
may correlate with disease severity. Chromosomal instability is
strongly associated with increased tumor frequency, which is a
feature of the ‘chromosome breakage’ syndromes (p. 250),
associated with a significant increased cancer risk, particularly
leukemia and lymphoma.

LOI and removal of normal gene silencing may lead to
oncogene activation, and hence cancer risk. LOI has been
studied extensively at the IGF2/HI9 locus on chromosome
11p15.5, previously discussed in Chapter 6 (p. 79). Insulin-like
growth factor 2 (IGF2) and HI9 are normally expressed from
the paternal and maternal alleles, respectively (see Figure
6.27), but reduced silencing of the maternal allele (i.e., hypo-
methylation) results in increased IGF2 expression. This is a
common LOI event across a wide range of common tumor
types (e.g., lung, liver, colon, ovary), as well as Wilms tumor
in which it was first identified.

Just as hypomethylation may lead to activation of oncogenes,
the opposite effect of hypermethylation may also give rise to
an increased cancer risk, in this case through silencing of tumor
suppressor genes. Aberrant hypermethylation usually affects
CpG nucleotide islands (C and G adjacent to each p, phospho-
diester, bond), which are mostly unmethylated in somatic cells.
This results in changes in chromatin structure (hypoacetylation
of histone) that effectively silence transcription. When genes
involved in cell regulatory activity are silenced, cells have a
growth advantage. Early hypermethylation has been detected
in colonic cancer. The effects of altered methylation leading
to cancer are summarized in Figure 14.10, although
the mechanism(s) that initiate the processes are poorly
understood.

Telomere Length and Cancer

Telomeres are specialized chromatin structures at the tips of
chromosomes (p. 25) and have a protective function. The
sequence of DNA is specific and consists of multiple double-
stranded tandem repeats as follows: TTAGGG. This sequence
is approximately 10 to 15 kb long in human cells and is bound
by specific proteins. It is also the substrate for telomerase, an
enzyme that can lengthen the telomeres in those cells in which
it is expressed. The final stretch of DNA at the very tip of the
telomere is a single-stranded overhang of 150 to 200 nucleo-
tides. Telomerase recognizes the 3’ end of the overhang, allow-
ing lengthening to proceed.

Every cell division appears to result in the loss of some
TTAGGG repeats because conventional DNA polymerases
cannot replicate a linear chromosome in its entirety, known as
the ‘end-replication problem’. This progressive loss of telomere
length is a form of cellular clock believed to be linked to both
aging and human disease. This relationship is displayed graphi-
cally in Figure 14.11. When telomeres reach a critically short
length, there is loss of protection and a consequence is chro-
mosomal, and therefore genomic, instability, which reduces cell
viability. Short telomeres are a feature of the premature aging
syndromes, such as ataxia telangiectasia, and other chromo-
some breakage disorders (p. 250), associated with early onset
cancer. It appears that the rate of telomere shortening is mark-
edly increased in these conditions, so that cells and tissues liter-
ally ‘age’ more quickly. However, some cancer cells express
high levels of telomerase, so maintaining cell viability. Most
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FIGURE 14.10 Methylation of DNA and cancer. The top schema shows a region of hypermethylated repetitive DNA sequence
(heterochromatin). When this loses its methylation imprint, chromosome instability may result, which may lead to activation of
oncogene(s). In the lower panel, hypomethylated stretches of CpG sequence (p. 185) become methylated, resulting in transcriptional

suppression of tumor suppressor and cell regulatory genes.

metastatic tissue contains telomerase-positive cells, suggesting
that telomerase is required to sustain such growth, but cancer
cells generally have relatively short telomeres. Thus, telomerase
activation in cancer rescues short telomeres and perpetuates
genomically unstable cells.

Genetics of Common Cancers

Approximately 5% of colorectal and breast cancers arise as a
result of an inherited cancer susceptibility gene. A similar
proportion of many other cancers are due to inherited predis-
posing genetic factors, but there are some notable exceptions
in which only a very low incidence of a dominantly inherited

predisposition is recorded. These include the lung and cervix,
as well as leukemias, lymphomas, and sarcomas. In these
external agents or stimuli, and/or stochastic genetic events, are
presumed to be the main factors. Nevertheless, studies of the
common cancers—colorectal and breast—have provided great
insights into the genetics of cancer.

Colorectal Cancer (CRC)

Approximately 1 in 40 people in the developed countries of
Western Europe and North America will develop cancer of the
bowel or colon, and an understanding of the development of
colorectal tumorigenesis has shed light on carcinogenesis more
generally.

Telomere length

Disease

Premature
aging

Germline cells

Normal
somatic cells

Age

FIGURE 14.11 Telomere length over age, in normal life and premature aging syndromes. The only cells in the body that maintain
telomere length throughout life, and have high levels of telomerase, are those of the germline. Somatic cells, in the absence of
disease, undergo a slowly progressive decrease in telomere length throughout life, so that disease and cancer become an increasing
risk in the elderly. In premature aging syndromes, the process of telomere shortening is accelerated, and the risk of cancer becomes

high from early adult life onward.
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FIGURE 14.12 The development of colorectal cancer is a multistage process of accumulating genetic errors in cells. The red arrows
represent a new critical mutation event, followed by clonal expansion. At the stage of carcinoma, the proliferating cells contain all

the genetic errors that have accumulated.

Multistage Process of Carcinogenesis

The majority of CRCs are thought to develop from ‘benign’
adenomas, though only a small proportion of adenomas proceed
to invasive cancer. Histologically, adenomatous polyps smaller
than 1 cm in diameter rarely contain areas of carcinomatous
change, whereas the risk of carcinomatous change increases to
5% to 10% when an adenoma reaches 2 cm in diameter. The
transition from a small adenomatous polyp to an invasive cancer
is thought to take between 5 and 10 years. Adenomatous
polyps less than 1 cm in diameter have mutations in the RAS
gene in less than 10% of cases. As the size of the polyp increases
to between 1 and 2 cm, the prevalence of RAS gene mutations
may reach 40%, rising to approximately 50% in full-blown
CRCs.

Similarly, allele loss of chromosome 5 markers occurs in
approximately 40% of adenomatous polyps and 70% of carci-
nomas. Deletions on chromosome 17p in the region containing
the TP53 gene occur in more than 75% of carcinomas, but
this is an uncommon finding in small or intermediate-sized
polyps. A region on 18q is deleted in approximately 10% of
small adenomas, rising to almost 50% when the adenoma
shows foci of invasive carcinoma, and in more than 70% of
carcinomas (Figure 14.12). Genes at this locus include deleted
in colorectal cancer (DCC), SMAD2, and SMAD4, the latter
being part of the transforming growth factor-B (TGF-B)
pathway (p. 105). In some CRCs mutations in the TGF-f
receptor gene have been identified. The DCC gene shows
homology with the family of genes encoding cell adhesion
molecules—and cell-cell and cell-basement membrane inter-
actions are lost in overt malignancy. DCC is expressed in

normal colonic mucosa but is either reduced or absent in
colorectal carcinomas.

It appears that mutations of the RAS and TP53 genes and
LOH on 5q and 18q accumulate during the transition from a
small ‘benign’ adenoma to carcinoma. The accumulation of
alterations, rather than the sequence, appears to be crucial.
More than one of these four alterations is seen in only 7% of
small, early adenomas. Tiwwo or more alterations are seen with
increasing frequency when adenomas progress in size and show
histological features of malignancy. More than 90% of carcino-
mas show two or more alterations, and approximately 40%
show three.

The multistage process of the development of cancer is
likely to be an oversimplification. The distinction between
oncogenes and tumor suppressor genes (Table 14.3) has not

Table 14.3 Some Familial Cancers or Cancer

Syndromes Due to Tumor Suppressor Mutations

Disorder Gene Locus
Retinoblastoma RBT 13914
Familial adenomatous polyposis APC 5931
Li-Fraumeni syndrome Tp53 17p13
von Hippel-Lindau syndrome VHL 3p25-26
Multiple endocrine neoplasia type Il RET 10q11.2
Breast-ovarian cancer BRCAT 17921
Breast cancer BRCA2 13912-13
Gastric cancer CDH1 16qg22.1
Wilms tumor WT1 11p13
Neurofibromatosis | NF1 17912-22
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always been clear-cut—e.g., the RET oncogene and MEN2
(p. 113). In addition, the same mutation in some of the inher-
ited cancer syndromes (p. 189) can result in cancers at different
sites in different individuals, which might be the consequence
of variable somatic mutations, variation in the background
(germline) genetic make-up, or separate environmental
exposures.

DNA Tumor Profiling and
Mutation Signatures

The advent of next generation sequencing has dramatically
enhanced our understanding of the genetics of cancer and a
global effort is underway to assemble big data on the cancer
genome, curated through sites such as the Catalogue of Somatic
Mutations in Cancer (COSMIC). Whereas cytogenetic and
microarray-CGH techniques highlighted the significance of
multiple somatic, and often recurring, genetic events in tumori-
genesis, such as disruptive chromosomal rearrangements and
allele loss, DNA profiling of tumor tissue is taking cancer
biology, treatment, monitoring and surveillance to an entirely
new level. The multiple mutational events that take place
can be schematically presented in the form depicted in
Figure 14.13.

We are learning from this technology that vast numbers
(often thousands) of mutational events occur in tumor tissue
when compared with analysis of germline DNA in an affected
individual, and there are likely to be some similarities as well
as many differences between the DNA profile of tumors from
two people, even though the histological diagnosis is the same.
This has given rise to the notion of ‘signatures’ of mutational
processes—derived from the observation that different
mutational processes appear to be associated with different

Point mutation

combinations of mutation types. Many of the differences
between the profiles of tumors comprise so-called ‘passenger’
mutations, i.e. variants that are generated but relatively non-
contributory in driving cellular proliferation.

In principle all classes of mutation, e.g. substitutions, indels,
rearrangements, and others, can be incorporated into the
genomic features that define a mutational signature. However,
to date signatures have been most clearly established for the
six classes of base substitution—C>A, C>G, C>T, T>A, T>C,
T>G. COSMIC currently lists 30 signatures based on the
pattern of these substitutions in various cancer genomes that
have been studied, and two examples are shown in Figure
14.14. As more is learned about the specificity and sensitivity
of molecular signatures the hope and expectation is that the
diagnosis, metastatic potential, and indeed treatment options,
will improve, thus bringing this field of genomics into the realm
of personalized, or precision, medicine.

Circulating Tumor DNA (ctDNA)

Another rapidly emerging application of next generation
sequencing in cancer genomics is the detection of circulating
tumor DNA (ctDNA) in patients with metastatic disease.
Tumor DNA may be present in the plasma of a cancer patient
either as circulating tumor cells (CTC) or cell free DNA.
It has been shown that the frequency of CTCs and ctDNA in
plasma correlates with the stage of cancer in the patient, i.e.
the more advanced the cancer, the higher the frequency of
CTC and ctDNA; this also correlates with survival. This
principle is well recognized in monitoring the response to treat-
ment in CML (p. 180), whereby the presence and load of the
specific chimeric ABL fusion product is monitored. However,
massively parallel sequencing (MPS)—as opposed to some
form of traditional PCR—facilitates the detection and

Interchromosomal
rearrangement

Intrachromosomal
rearrangement

Copy-number change

FIGURE 14.13 DNA profiling in a single cancer genome. Part of the catalog of somatic mutations in a cell line from a small-cell lung
cancer. Individual chromosomes are depicted on the outer circle followed by concentric tracks for point mutation, copy number and
rearrangement data relative to mapping position in the genome. Arrows indicate examples of the various types of somatic mutation
present in this cancer genome. (Reproduced with permission from Stratton MR, Campbell Pj, Futreal PA 2009 The cancer genome. Nature

458:719-724.)
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FIGURE 14.14 Examples of mutational signatures displayed on the basis of the trinucleotide frequency of the human genome. The

display uses a 96 substitution classification defined by the substitution class and the sequence context immediately 3" and 5’ to the
mutated base. The probability for each of the six types of substitutions and the mutated bases are displayed in different colors as
vertical bars. The mutation types appear on the horizontal axis, and percentage of mutations attributed to a specific mutation on
the vertical axis. A. Signature 3. Signature 3 is strongly associated with germline and somatic BRCAT and BRCA2 mutations in breast,
pancreatic, and ovarian cancers. It is also associated with increased numbers of large (>3 bp) insertions and deletions. It is thought
to be associated with failure of DNA double-strand break-repair by homologous recombination. B. Signature 6. Signature 6 is most
common in colorectal and uterine cancers, and associated with defective DNA mismatch repair, as in microsatellite unstable tumors.
It is also associated with large numbers of small (<3 bp) insertions and deletions at mono/polynucleotide repeats. (Adapted from
Alexandrov LB, Nik-Zainal S, Wedge DC et al 2013 Signatures of mutational processes in human cancer. Nature 500:415-421, and COSMIC

[http://cancer.sanger.ac.uk/cosmic/signatures].)

monitoring of the numerous genetic alterations occurring in
cancer tissue. The technical challenge derives from the fact
that circulating DNA is present in fragments with an average
length of 140-170 bp, is present in just a few thousand amplifi-
able copies per mL of blood, and of this only a fraction may be
clinically relevant. A technique called tagged-amplicon deep
sequencing (TAm-Seq) allows for the amplification and deep
sequencing of genomic regions spanning thousands of bases,
even from individual copies of fragmented DNA.

In a clinical setting one approach is to use MPS on solid
tumor samples to initially identify specific genomic rearrange-
ments and mutations, and these can then be identified in
plasma; another is to use TAm-Seq to search for mutations of
genes commonly found in cancer, such as TP53, EGFR,
PIK3CA, and KRAS in ovarian disease. An application of the
technique can also detect and quantify commonly occurring
deletions through targeting multiple heterozygous SNPs. These
methods of characterizing and monitoring cancer have the
potential advantage of providing a more comprehensive profile
because individual tumors may harbor different clonal expan-
sions of abnormal tissue which are not always captured in a
biopsy. This exciting advance is set to change the way we screen
for cancer in the future, monitor the response to treatment
(Figure 14.15), as well as inform the treatment protocol.

Inherited Cancer Syndromes

Familial cancer is a major component of the work of a clinical
geneticist and comprises both common and rare conditions
(Table 14.4). We begin with the condition which for many years
was the best known example of an inherited cancer
syndrome.

Familial Adenomatous Polyposis (FAP)

Approximately 1% of persons who develop CRC do so through
inheriting the altered gene for FAP. Affected individuals develop
numerous polyps of the large bowel, which can involve its
entirety (Figure 14.16). There is a high risk of carcinomatous
change taking place in these polyps, with more than 90% of
persons with FAP eventually developing bowel cancer. Gastric
and upper gastrointestinal cancer is also a significant risk in FAP,
as we know from the improved survival of those who have had
preventive colorectal surgery. They are also at risk of desmoid
tumors and cutaneous sebaceous cysts and lipomas.

The identification of an individual with FAP and an inter-
stitial deletion of chromosome 5q21 led to the demonstration
of linkage of FAP to DNA markers in that region, followed by
isolation of the adenomatous polyposis coli (APC) gene. Analy-
ses of the APC-linked cancers from people with FAP have
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FIGURE 14.15 Identification of treatment-associated mutational
changes from exome sequencing of serial plasma samples. This
diagram illustrates a study in which plasma was collected prior
to treatment for advanced cancer, and then at multiple time-
points during treatment. Exome sequencing was performed on
circulating tumor DNA (ctDNA) from plasma, and germline
DNA. The abundance (allele fraction) of mutations in ctDNA at
different time points was compared, and showed that some
mutations significantly increased in abundance, which may
indicate selection pressures associated with specific treatments.
Some of the mutations identified were known to promote tumor
growth and drug resistance, whilst others were of unknown
significance. Studies of this kind across large cohorts should lead
to the identification of genes and pathways with recurrent
mutations.

shown LOH, suggesting a similar mechanism of gene action at
the cellular level. In non-hereditary CRC LOH at 5g21 in the
tumor material is common, with APC being deleted in 40%
and 70% of sporadically occurring adenomas and carcinomas of
the colon respectively.

Lynch Syndrome (Hereditary Non-Polyposis
Colorectal Cancer—HNPCC)

A proportion of individuals with familial CRC may have a small
number of polyps, and the cancers occur more frequently in
the proximal, or right side, of the colon, which is sometimes
called ‘site-specific’ colonic cancer. The average age of onset
for colonic cancer in this condition is the mid-forties. This
familial cancer-predisposing syndrome is inherited as an auto-
somal dominant disorder and there is now a preference to
return to the original eponymous designation of Lynch syn-
drome (LS) rather than HNPCC. There is also a risk of small
intestinal cancers, including stomach, endometrial cancer, and
a variety of others.

DNA Mismatch Repair Genes

When looking for LOH, comparison of polymorphic microsat-
ellite markers in tumor tissue and constitutional cells in persons
with LS somewhat surprisingly revealed the presence of new,

rather than fewer, alleles in the DNA from tumor tissue. In
contrast to the site-specific chromosome rearrangements seen
with certain malignancies (see Table 14.2), this phenomenon,
known as microsatellite instability (MSI), is generalized, occur-
ring with all microsatellite markers analyzed, irrespective of
their chromosomal location.

This phenomenon was recognized to be similar to that seen
in association with mutations in genes known as mutator genes,
such as the MutHLS genes in yeast and Escherichia coli. In
addition, the human homolog of the mutator genes were located
in regions of the human chromosomes to which LS had previ-
ously been mapped, leading to rapid cloning of the genes
responsible for LS in humans (Table 14.5). The mutator genes
code for a system of ‘proof-reading’ enzymes and are known as
mismatch repair genes, which detect mismatched base pairs
arising through errors in DNA replication or acquired causes
(e.g., mutagens). The place of the TACSTDI gene is unusual. It
lies directly upstream of MSH?2 and, when the last exons of the
gene are deleted, transcription of TACSTDI extends into
MSH?2, causing epigenetic inactivation of the MSH?2 allele.
However, deletions in this gene appear to be a rare cause of LS.

Individuals who inherit a mutation in one of the mismatch
repair genes are constitutionally heterozygous for a loss-of-
function mutation (p. 20). Loss of function of the second copy
through any of the mechanisms discussed in relation to LOH
(p. 183, and Figure 14.9) results in defective mismatch repair
leading to an increased mutation rate associated with an
increased risk of developing malignancy. Certain germline
mutations, however, seem to have dominant-negative effects
(p. 20). Although LS accounts for a small proportion of CRC,
estimated as 2% to 4% overall, approximately 15% of all CRCs
exhibit MSI, the proportion being greater in tumors from
persons who developed CRC at a younger age. Some of these
individuals will have inherited constitutional mutations in one
of the mismatch repair genes in the absence of a family history
of CRC. In addition, for women with a constitutional mismatch
repair gene mutation, the lifetime risk of endometrial cancer
is up to 50%.

Analysis of tumor DNA for evidence of MSI has become a
routine first test in cases where a diagnosis of LS is a possibility.
High levels of MSI are suggestive of the presence of LS-related

FIGURE 14.16 Large bowel from a person with polyposis coli
opened up to show multiple polyps throughout the colon.
(Courtesy Mr. P. Finan, Department of Surgery, General Infirmary,
Leeds.)
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Table 14.4 Inherited Family Cancer Syndromes, Mode of Inheritance, Gene Responsible and Chromosomal Site
Mode of Chromosomal
Syndrome Inheritance  Gene Site Main Cancer(s)
Breast/ovary families AD BRCAT 17921 Breast, ovary, colon, prostate
Breast (+ ovary) families AD BRCA2 13q12 Breast, ovary
Familial adenomatous AD APC 5921 Colorectal, duodenal, thyroid
polyposis
Turcot syndrome AD APC 5g21 Colorectal, brain
hMLH1 3p21
hMSH2 2p22-21
Lynch syndrome AD hMLHT 3p21 Colorectal, endometrial, urinary tract, ovarian,
hMSH2 2p22-21 gastric, small bowel, hepatobiliary
hMSH6 2pl6
hPMS1 2931
hPMS2 7p22
TACSTD1 2p21
MYH polyposis AR MYH 1p33
Muir-Torré syndrome AD hMSH2 2p22-21 As Lynch syndrome plus sebaceous tumors, laryngeal
Juvenile polyposis AD SMAD4/DPC4  18q21.1 Colorectal
BMPRTA 10g22
Peutz-Jegher syndrome AD STK11 19p13.3 Gastrointestinal, breast, uterus, ovary, testis
Cowden disease AD PTEN 10923 Breast (females), thyroid (papillary), testicular
(seminoma)
Familial retinoblastoma AD RBT 13914 Retinoblastoma
Li-Fraumeni syndrome AD TP53 17p13 Sarcoma, breast, brain, leukemia, adrenal cortex
Multiple Endocrine Neoplasia (MEN)
Type | (MENT1) AD MENT 11913 Parathyroid, thyroid, anterior pituitary, pancreatic
islet cells, adrenal
Type Il (MEN2) AD RET 10q11.2 Thyroid (medullary), pheochromocytoma
von Hippel-Lindau disease =~ AD VHL 3p25-26 CNS hemangioblastoma, renal, pancreatic,
pheochromocytoma
Gorlin (nevoid basal cell AD PTCH 9q22 Basal cell carcinomas, syndrome medulloblastoma,
carcinoma) syndrome ovarian fibromas, (odontogenic keratocysts)
Birt-Hogg-Dubé syndrome AD FLCN 17p11.2 Renal
Dysplastic nevus syndrome  AD CMM1 1p Melanoma (familial atypical mole melanoma, FAMM)

AD, Autosomal dominant; AR, autosomal recessive; CNS, central nervous system.

mutations in the tumor, some of which will be somatic in origin
whereas in others there will be a germline mutation plus a
‘second hit’ in the normal allele. An additional technique,
immunohistochemistry (IHC), is very useful as an investigation
to discriminate those cases suitable for direct mutation analysis.
Taking paraffin-embedded tumor tissue, loss of expression of
specific mismatch repair genes can be tested using antibodies
against the proteins hMSH2, hMLH1, hMSH6, and hPMS2.
Where tumor cells fail to stain (in contrast to surrounding

Table 14.5 Mismatch Repair Genes Associated

With Lynch Syndrome

Chromosomal E. coli HNPCC

Human Gene Locus Homolog (%)
hMSH2 2p22-21 MutS 31
hMSH6 2p16 MutS Rare
hMLH1 3p21 MutL 33
hPMS1 2931 MutL Rare
hPMS2 7p22 MutL 4
TACSTD1 (deletions  2p21 Rare

affect h(MSH2,

which is

immediately

downstream)
Undetermined loci ~30

normal cells), a loss of expression of that protein has occurred
and direct gene mutation analysis can be justified.

Other Polyposis Syndromes

Although isolated intestinal polyps are common, occurring in
approximately 1% of children, there are familial forms of
multiple polyposis that are distinct from FAP but show
heterogeneity.

MYH Polyposis

In one large study, nearly 20% of familial polyposis cases
showed neither dominant inheritance nor evidence of an APC
gene mutation. Of these families, greater than 20% were found
to have mutations in the MYH gene, and affected individuals
were compound heterozygotes. In contrast to the other polypo-
sis conditions described in the following section, MYH polyposis
is an autosomal recessive trait, thus significantly affecting
genetic counseling as well as the need for screening in the wider
family. The gene, located on chromosome band 1p33, is the
human homolog of mutY in E. coli. This bacterial mismatch
repair operates in conjunction with mutM to correct A/G and
A/C base-pair mismatches. In tumors studied, an excess of
G:C to T:A transversions was observed in the APC gene.
Mutations that effectively knock out the MYH gene therefore
lead to defects in the base excision-repair pathway; this is a
form of DNA mismatch repair that, unusually, follows autoso-
mal recessive inheritance.

https://CafePezeshki.IR



192 The Genetics of Cancer...and Cancer Genetics

Juvenile Polyposis Syndrome

Autosomal dominant transmission is well described for a rare
form of juvenile polyposis that may present in a variety of ways,
including bleeding with anemia, pain, intussusception, and
failure to thrive. The polyps carry an approximate 13-fold
increased cancer risk and, once diagnosed, regular surveillance
and polypectomy should be undertaken. The average age at
diagnosis of cancer is in the third decade, so that colectomy in
adult life may be advisable. Twwo genes have been identified as
causative: SMAD4 (18q) and BMPRIA (10g22). Both are
components of the TGF-B signaling pathway (p. 105) and
SMAD4 mutations, which account for approximately 60% of
cases, appear to carry a higher malignancy potential and the
possibility of large numbers of gastric polyps.

Cowden (PTEN) Disease

Also known as multiple hamartoma syndrome, Cowden disease
is autosomal dominant but very variable. Gastrointestinal
polyps are found in about half of the cases and are generally
benign hamartomas or adenomas. Multiple lipomas occur with
similar frequency and the oral mucosa may have a ‘cobblestone’
appearance (Figure 14.17). Significant macrocephaly is very
common in this condition. Importantly, however, there is a high
incidence (50%) of breast cancer in females, usually occurring
at a young age, and papillary thyroid carcinoma affects approxi-
mately 7% of the patients. Testicular seminoma can occur in
males. Mutations in the tumor suppressor PTEN gene on
chromosome 1023, encoding a tyrosine phosphatase, cause
Cowden disease. A related phenotype with many overlapping
features, which glories in the eponymous name Bannayan-
Riley-Ruvalcaba syndrome, has also been shown to be due to
mutations in PTEN in a large proportion of cases.

Peutz-Jegher Syndrome (PJS)

Also autosomal dominant, this condition is characterized by the
presence of dark melanin spots on the lips, around the mouth
(Figure 14.18), on the palms and plantar areas, and other
extremities. These are usually present in childhood and can
fade in adult life. Patients often present with colicky abdominal
pain from childhood due to the development of multiple
polyps that occur throughout the gastrointestinal tract, although

FIGURE 14.17 Cowden disease. The so-called ‘cobblestone’
appearance of the tongue.

FIGURE 14.18 Pigmented melanin spots affecting the oral
mucosa of a child with Peutz-Jegher syndrome, which are usually
more prominent in childhood compared with adult life. Affected
individuals are at risk of multiple polypoid hamartomas through-
out the gastrointestinal tract, which may undergo malignant
change.

they are most common in the small intestine. These are ham-
artomas but there is a significant risk of malignant transforma-
tion. There is an increased risk of cancers at other sites,
particularly breast, uterus, ovary, and testis, and these tend to
occur in early adult life. Regular screening for these cancers
throughout life, from early adulthood, is warranted. Mutations
in a serine threonine kinase gene, STK11 (19p13), cause PJS.

Breast Cancer

This is the most common cancer in women, with nearly 50,000
new diagnoses made annually in the UK—a quarter of a million
in the United States; approximately 1 in 8 women in Western
societies will develop the disease in their lifetime. Some 15%
to 20% of women with breast cancer have a positive family
history of the disorder and the risk to a female relative is
greater when one or more of the following factors is present:
(1) a clustering of cases in close female relatives; (2) early age
(<50 years) at presentation; (3) the occurrence of bilateral
disease; (4) and the additional occurrence of ovarian cancer;
(5) a paternal (or close male relative) history of breast cancer.

Molecular studies of breast cancer tumors have revealed
many regions of LOH, including (in descending order of fre-
quency) 7q, 16q, 13q, 17p, 8p, 21q, 3p, 18q, 2q, and 19p, as
well as several other regions with known candidate genes or
fragile sites. With respect to cell growth and proliferation the
genes and pathways that are altered include the oncogenes
HER2, c-MYC, and RAS, the estrogen receptor genes, and the
genes for cell cyclin D1 and E. An oncogene called EMSY (aka
CI110ORF30) was found to be amplified in 13% of breast
cancers and 17% of ovarian cancers, and was ascertained when
looking for DNA sequences that interact with BRCA2—its
normal function may be to switch off BRCA2. In addition, the
tumor suppressor genes RB, TP53, and PTEN, and the breast
cancer susceptibility genes BRCA1 and BRCA2, are frequently
implicated.

In practical terms, in a clinical pathological setting, the key
protein markers evaluated are HER2, estrogen receptors (ER),
and progesterone receptors (PR). If these are all negative it
means that tumor growth is not supported by the hormones
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estrogen and progesterone, and will not respond to therapies
such as tamoxifen or Herceptin, but they tend to be more
aggressive tumors. However, there is much hope in a group of
drugs called PARP inhibitors—PARP is a protein required by
cancer cells for their repair. Some 10% to 20% of breast cancers
are ‘triple negative’ (TN) and at least one-third of the tumors
in women who have BRCAI germline mutations are TN.

BRCA1 and BRCA2 Genes

Family studies of early-onset or premenopausal breast cancer
showed that it behaved like a dominant trait in many families.
Linkage analysis then mapped a locus to chromosome 17q,
eventually leading to identification of the BRCAI gene. A
proportion of families with early-onset breast cancer that did
not show linkage to this region showed linkage to chromosome
13q, resulting in the identification of the BRCA2 gene.

Mutations in BRCAI account for 40% to 50% of familial
breast cancer, with gene carriers having a 60% to 85% lifetime
risk of developing the disease, as well as a 20% to 60% risk of
developing ovarian cancer; and an increased risk of developing
prostate cancer in males. Mutations in BRCA2 account for 30%
to 40% of familial breast cancer and the lifetime risks for gene
carriers are similar, though the ovarian cancer risk is a little
lower. Males have a similar increased risk of prostate cancer.
Males with a BRCA2 mutation also have risk of breast cancer—
a lifetime risk of approximately 6%, which is approximately
100 times greater than the population risk for men.

Ovarian Cancer

More than 7000 new diagnoses of ovarian cancer are made
annually in the UK, and approximately 1 in 55 women develop
the disease, the incidence increasing with age. The majority,
approximately 90%, arise as a result of genetic alterations
within the ovarian surface epithelium and are therefore referred
to as epithelial ovarian cancer, which are mostly serous adeno-
carcinomas (rather than clear cell or mucinous) that are rapidly
growing and aggressive. As with other cancers, a multi-step
process of genetic change and modification eventually leads to
malignancy, though overall it is not well understood.

Approximately 5% of women with ovarian cancer have a
family history of the disorder and it is estimated that 10% of
all ovarian cancer is strongly predisposed by single-gene muta-
tions, mainly BRCAI and BRCA2, but less commonly by the
genes responsible for Lynch syndrome. The age at presentation
is 10 to 15 years earlier when predisposed by germline muta-
tions in these genes. Recently mutations in the BRIPI gene
(17g32) have been shown to increase the risk of ovarian cancer
threefold compared with non-gene carriers, with sufferers
being in the older age group and experiencing an aggressive
form of disease. The BRIPI protein interacts directly with the
C-terminal domain of the BRCAI protein, but in due course
more susceptibility genes will be found. Gene panels available
in a service setting currently analyze TP53, PTEN, ATM, ATR,
and NF1, besides the BRCA genes.

Prostate Cancer

Prostate cancer is the most common cancer overall after breast
cancer, and is the most common cancer affecting men, who
have a lifetime risk of 10% of developing the disease and a 3%
chance of dying from it. Enquiries into the family history of
males presenting with prostate cancer have revealed a signifi-
cant proportion (approximately 15%) to have a first-degree
male relative with prostate cancer. Family studies have shown
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that first-degree male relatives of a man presenting with pros-
tate cancer have between two and five times the population
risk of developing prostate cancer.

Analysis of prostate cancer tumor material has revealed
LOH at several chromosomal locations. Segregation analysis of
family studies of prostate cancer suggested that a single domi-
nant susceptibility locus could be responsible, accounting for
9% of all prostate cancers and up to 40% of early-onset prostate
cancers (diagnosed before age 55 years). Linkage analysis
studies identified two major susceptibility loci, hereditary
prostate cancer-1 and -2 (HPC1 and HPC2), and genome wide
association studies have highlighted a number of other suscep-
tibility loci of variable significance. It is possible in due course
that testing of multiple susceptibility loci will enable identifica-
tion of high risk individuals who can be offered surveillance.
Mutations in the ribonuclease L gene (RNASEL) were identi-
fied in two families showing linkage to the HPC1 locus at 1g25.
Mutations have been found in the ELAC2 gene at 17pl1, the
HPC2 locus, and, rarely, mutations in three genes—PTEN,
MXI1, and KAI1—have been identified in a minority of families
with familial prostate cancer. A small proportion of familial
prostate cancer is associated with BRCAI or BRCA2. Men who
carry mutations in either BRCA1 or BRCA2 have an increased
risk, and in one study, conducted in Ashkenazi Jews, men with
such mutations had a 16% risk of prostate cancer by age 70
years, compared with 3.8% for the general population.

Although the majority of prostate cancers occur in men
older than age 65, individuals with a family history of prostate
cancer, consistent with an inherited predisposition, are at
increased risk of developing the disease at a relatively younger
age (younger than 55 years). Screening by measuring prostate-
specific antigen levels and performing digital rectal examination
is often offered, but problems with specificity and sensitivity
mean that interpretation of results is difficult.

Genetic Counseling in Familial Cancer

Recognition of individuals with an inherited susceptibility to
cancer usually relies on taking a careful family history to docu-
ment the presence or absence of other family members with
similar or related cancers. The malignancies that develop in
susceptible individuals are often the same as those that occur
in the population in general. There are a number of other
features that can suggest an inherited cancer susceptibility
syndrome in a family (Box 14.1).

Inherited Cancer-Predisposing Syndromes

Although most cancers from an inherited cancer syndrome
occur at a specific site, families have been described in which

Box 14.1 Features Suggestive of an Inherited
Cancer Susceptibility Syndrome in
a Family

Several close (first- or second-degree) relatives with a common
cancer

Several close relatives with related cancers (e.g., breast and
ovary or bowel and endometrial)

Two family members with the same rare cancer

An unusually early age of onset

Bilateral tumors in paired organs

Synchronous or successive tumors

Tumors in two different organ systems in one individual
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FIGURE 14.19 Facial trichodiscomas—the pale, dome-shaped
papules found on the head and neck of patients with Birt-Hogg-
Dubé syndrome. Affected individuals are at risk of renal cell
carcinoma.

cancers occur at more than one site in an individual, or at dif-
ferent sites in various members of the family, more commonly
than would be expected. These families are referred to as
having a familial cancer-predisposing syndrome. The majority
of the rare inherited familial cancer-predisposing syndromes
currently recognized are dominantly inherited, with offspring
of affected individuals having a 50% chance of inheriting the
gene and therefore of being at increased risk of developing
cancer (see Table 14.4). For the clinician, awareness of the
physical signs that may point to a diagnosis is important, e.g.
epidermoid cysts and desmoid disease in FAP, melanin spots
around the mouth and lips in Peutz-Jegher syndrome (see
Figure 14.18), macrocephaly, lipomas and the cobblestone
tongue in Cowden syndrome (Figure 14.17), and the dome-
shaped skin papules, called trichodiscomas, over the face and
neck in Birt-Hogg-Dubé syndrome (Figure 14.19). In the latter
condition pneumothorax may be a presenting feature. The
chromosomal breakage syndromes (p. 250), which include
ataxia telangiectasia and Bloom syndrome, also predispose to
malignancy and mostly follow autosomal recessive inheritance.

These cancer-predisposing syndromes carry a risk of a
second primary tumor (multifocal or bilateral in the case of
breast cancer), generally present at a relatively young age
compared with sporadic forms, and tumors may occur at dif-
ferent sites in the body, though one type of cancer usually
predominates.

Inherited Susceptibility for the
Common Cancers

The majority of people with a positive cancer family history do
not, in fact, have a cancer-predisposing syndrome. The level of
risk for persons with a family history of one of the common
cancers, such as bowel or breast cancer, depends on the number
of persons with cancer in the family, how closely related the
at-risk person is to the affected relative, and the age of onset
in affected family member(s). In most instances, where these
criteria are not convincingly fulfilled, there is doubt about
whether or not a cancer susceptibility gene is responsible. Here
one relies on empirical data gained from epidemiological studies
to provide risk estimates (Tables 14.6 and 14.7). With respect
to mainly breast and ovarian cancers, in recent years the Man-
chester Scoring System (Table 14.8) has gained acceptance as
a method of determining the likelihood of identifying a BRCAI
or BRCA2 mutation based on family history information and
tumor markers. The derived score discriminates the likelihood
of finding a mutation in one of these genes, which may guide
genetic testing—in many centers a threshold of approximately
15% is required.

Screening for Familial Cancer

Prevention or early detection of cancer is the ultimate goal of
screening individuals at risk of familial cancer. The means of
prevention for certain cancers can include a change in lifestyle
or diet, drug therapy, prophylactic surgery or screening.
Screening of those at risk of familial cancer is usually
directed at detecting the phenotypic expression of the geno-
type (i.e., surveillance for a particular cancer or its precursor).
Screening can also include diagnostic tests that indirectly reveal
the genotype, looking for other clinical features that are evi-
dence of the presence or absence of the gene. For example,
individuals at risk of FAP can be screened for evidence of the
APC gene by retinal examination, looking for areas of congenital
hypertrophy of the retinal pigment epithelium—known as
CHRPE;s. The finding of CHRPEs increases the likelihood of

Table 14.6 Lifetime Risk of Colorectal Cancer for

an Individual According to the Family History of
Colorectal Cancer

Population risk 1in 50

One first-degree relative affected Tin17

One first-degree relative and one second-degree 1in 12
relative affected

One relative younger than age 45 y affected 1in 10

Two first-degree relatives affected 1in6
Three or more first-degree relatives affected Tin2

*Data from Houlston RS, Murday V, Harocopos C, et al. 1990 Screening and
genetic counselling for relatives of patients with colorectal cancer in a family
screening clinic. Br Med | 301:366-368.

Table 14.7 Lifetime Risk of Breast Cancer in

Females According to the Family History of
Breast Cancer

Population risk 1in 10
Sister diagnosed at 65-70 y 1in8
Sister diagnosed younger than age 40 y 1in4
Two first-degree relatives affected younger than 1in3

age 40 y
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Table 14.8 The Manchester Scoring System for Predicting the Likelihood that Either a BRCAT or BRCA2

Mutation Will Be Identified, Based on Family History Information

Cancer, and Age at Diagnosis

Female Male BRCA1 BRCA2
Breast <30 6 5
Breast 30-39 4 4
Breast 40-49 3 3
Breast 50-59 2 2
Breast >59 1 1
Breast <60 5 8
Breast >59 5 5
Ovarian <60 8 5
Ovarian >59 5 5
Prostate <60 0 2
Prostate >59 0 1
Pancreatic 0 1

Tumor Histology and Biomarkers in the INDEX Case

HER2 positive
Lobular

DCIS only
LCIS

Grade 1 IDC
Grade 2 IDC
Grade 3 IDC
ER positive

ER negative
Triple negative
Ovary: histology other than epithelial / serous

MODIFICATION TO SCORE FURTHER MODIFICATION

-4 None

-2 Consider ER status
-1 Consider ER status
-4 None

-2 Consider ER status
0 Consider ER status
+2 Consider ER status
-1 Consider grade

+1 Consider grade
+4 None

Not included

In bilateral breast cancer each tumor is counted separately and ductal carcinoma in situ (DCIS) is included.

Example: in the family the proband is a female diagnosed with breast cancer at age 28 (BRCAT, 6; BRCA2, 5); her mother had breast cancer at age 46 (BRCAT,
3; BRCA2, 3); a maternal aunt had breast cancer at age 54 (BRCA1, 2; BRCA2, 2); in addition, a paternal aunt had breast cancer at age 57 (BRCAT, 2; BRCA2, 2),
but this is discounted because this does not provide the highest score in a direct lineage. The total score is therefore 21, which reaches the threshold for testing

the BRCA genes in most centers.

DCIS, Ductal carcinoma in situ; ER, estrogen receptor; IDC, invasive ductal carcinoma; LCIS, lobular carcinoma in situ.

an individual at risk being heterozygous for the APC gene, and
therefore developing polyposis and malignancy. CHRPEs are
seen in persons with FAP when mutations occur in the first
part of the APC gene.

Presymptomatic, or predictive, genetic testing for a cancer-
predisposing syndrome facilitates targeted surveillance
screening—e.g., renal cancer, central nervous system tumors
and pheochromocytomas in von Hippel-Lindau disease (Table
14.9). Although the potential for prevention of cancer through
screening those at high risk is considerable, it is important to
remember that this does little to impact on the overall rate of
cancer in the population as these syndromes are relatively rare.
Nevertheless, for many familial cancers there are now nation-
ally (and internationally) agreed screening protocols. These
must be evidence based and also deliver cost-benefit to the
health economy if possible (Box 14.2). In the United Kingdom,
screening guidelines produced by the National Institute for
Health and Clinical Excellence (NICE) are seen as broadly
determining what is available within the NHS, and these are
continually evolving.

Who To Screen?

In the case of the rare familial cancer-predisposing syndromes
such as FAP, von Hippel-Lindau, and multiple endocrine neo-
plasia (MEN), those who should be screened can be identified
on a simple Mendelian basis. However, for Rb, for example,
the situation is more complex. If no RBI mutation has been

identified (if the affected individual is not available or
deceased), presymptomatic genetic testing cannot be offered.
Some individuals with the non-hereditary form have bilateral
tumors, whereas some with the hereditary form have no tumor
(i-e., the condition is non-penetrant) or a unilateral tumor. It
may be impossible to distinguish which form is present, and
screening of second-degree, as well as first-degree, relatives
may be appropriate given that early detection can successfully
prevent blindness.

Box 14.2 Requirements of a Screening Test for
Persons at Risk for a Familial Cancer-
Predisposing Syndrome or at Increased
Risk for the Common Cancers

The test should detect a malignant or premalignant
condition at a stage before its producing symptoms, with
high sensitivity and specificity

The treatment of persons detected by screening should
improve the prognosis

The benefit of early detection should outweigh potential
harm from the screening test

The test should preferably be non-invasive as most at-risk
individuals require long-term surveillance

Adequate provision for prescreening counseling and
follow-up should be available
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Table 14.9 Suggested Screening Guidelines for Persons at Significant Risk of Cancer:

Familial Cancer-Predisposing Syndromes and Common Cancers

Condition/Cancer Screening Test Frequency Starting Age (Y)

Familial Susceptibility for the Common Cancers

BREAST CANCER

Breast Mammaography Annual 40-50 (3 yearly from 50 unless very
high risk, e.g., BRCAT or BRCA2
gene mutation carrier)

BREAST/OVARY

Breast Mammography Annual 40-50 (as above)

Ovary (not proven) US/Doppler, CA125 Annual 35

LYNCH SYNDROME (HNPCC)

Colorectal—high risk families Colonoscopy 2-3 yearly 25 or 5 y before the earliest

Colorectal—intermediate risk families

Colonoscopy

At first consultation
or age 35-40 y

diagnosis in the family
Repeat at age 55

Endometrial (not proven) us Annual 35-65
Ovary us Annual 35
Renal tract us Annual 35
Gastric Gastroscopy 2 yearly 25, if definite Lynch syndrome
Small bowel None
Hepatobiliary None
Breast Mammography Annual 40-50
Familial Cancer—Predisposing Syndromes
Familial adenomatous polyposis Retinal examination (CHRPE)* Childhood
Colorectal Sigmoid/colonoscopy*" Annual 12
Duodenal Gastroscopy 3 yearly 20
Thyroid (women) None/US? Annual 20
LI-FRAUMENI
Breast MRI Annual 20-25
Colorectal (suggested) Colonoscopy 2-3 yearly 25
Sarcoma None
Brain None
Leukemia None
Adrenal cortex None
Retinoblastoma Retinal examination Frequently From birth
MULTIPLE ENDOCRINE NEOPLASIA
Type 1 Ca*, PTH, pituitary Annual 8 y up to age 50 y
hormones, pancreatic
hormones
Type 2 Calcitonin provocation test* 10
Medullary thyroid us ? 10
Pheochromocytoma Urinary VMA Annual 10
Parathyroid adenoma Ca**, PO,, PTH Annual 10
VON HIPPEL-LINDAU
Retinal angioma Retinal examination* Annual 5
Hemangioblastoma CNS CT/MRI 3 yearly 15 (5 yearly from age 40)
Pheochromocytoma Urinary VMA Annual 10
Renal Abdominal CT 3 yearly 20
Abdominal US Annual 20
GORLIN (NEVOID BASAL CELL CARCINOMA) SYNDROME
BCCs Clinical surveillance Annual 10
Medulloblastoma Clinical surveillance Annual Infancy
Odontogenic keratocysts Orthopantomography 6 monthly 10
COWDEN (PTEN) SYNDROME (SUGGESTED)
Breast MRI and mammography Annual MRIfrom 30, mammography from 40
Thyroid Ultrasound and thyroid Annual 16
function tests
Renal Ultrasound and urinalysis Annual 40
Colorectal Colonoscopy At 35 and 55 (unless polyps
detected)
BIRT-HOGG-DUBE SYNDROME (SUGGESTED)
Renal MRI Annual 18

Skin lesions/melanoma

Clinical surveillance

*Test to detect heterozygous state.

fIn individuals found to be affected, annual colonoscopy prior to colectomy and lifelong 4-6 monthly surveillance of the rectal stump, after subtotal colectomy.
BCC, Basal cell carcinoma; CHRPE, congenital hypertrophy of the retlnal plgment epithelium; CT, computed tomography; MRI, magnetic resonance imaging;
PTH, parathyroid hormone; US, ultrasonography; VMA, vanillyl.s3




For those with a family history of the common cancers, such
as bowel or breast, the risk levels at which screening is recom-
mended, and below which screening is not likely to be of
benefit, will vary. At each extreme of risk the decision is usually
straightforward, but with intermediate-level risks there may be
doubt as to relative benefits and risks of screening.

What Age and How Often?

Screening programs must target those at highest risk as well as
covering those at moderate risk. In FAP sigmoidoscopy to
detect rectal polyps should start in the teenage years, but most
cancer screening programs do not start until 25 years of age or
later. The highest-risk age band for most inherited susceptibili-
ties is 35 to 50 years, but because cancer can still develop in
those at risk at a later age, screening is usually extended. In
some families the age of onset of cancer can be especially early
and it is recommended that screening of at-risk individuals in
these families commences 5 years before the age of onset in
the earliest affected member. Childhood cancer risk, such as
Rb or Wilms tumor, should obviously be dealt with very
differently.

Screening intervals are determined from the natural history
of the particular cancer. The development of colorectal cancer
from an adenoma is believed to take place over a number of
years, and in Lynch syndrome 2-3 yearly screening will usually
suffice unless positive findings are made, such as polyps. Breast
cancer is not detectable in a premalignant stage and early
diagnosis is critical if there is to be a good prognosis. Annual
mammography for females at high risk is therefore recom-
mended from the age of 35 years.

Which Sites to Screen?

In conditions such as Lynch syndrome different sites are at risk
of malignancy—mainly colorectal of course but also the endo-
metrium, the ovaries, and others. Principles governing the
sensitivity and specificity of screening apply here as elsewhere.
Colonoscopy screening meets accepted criteria but there is still
no reliable screening modality for either endometrial or ovarian
cancer. In some families with Lynch syndrome specific screen-
ing of certain sites may be offered if they appear to be an
unusually frequent manifestation of the disease, e.g. stomach.
A similar, and more dramatic example, is Li-Fraumeni syn-
drome. Here a wide spectrum of cancers can occur but, apart
from regular mammography, no satisfactory screening is avail-
able for the other malignancies (see Table 14.9).

Colorectal Cancer

Colorectal carcinoma holds the greatest promise for prevention
by screening. Endoscopy provides a sensitive and specific means
of examination of the colorectal mucosa and polypectomy can
be carried out with relative ease so that screening, diagnosis,
and treatment can take place concurrently. Colonoscopy
requires a skilled operator because it is an invasive procedure
and carries a small but consequent morbidity risk, especially in
older people. For Lynch syndrome the screening protocol is
well developed (see Table 14.9) but where this has not been
proven the so-called revised Amsterdam criteria will help to
determine what is offered to those at risk. These minimal
criteria suggest a familial form of colonic cancer:

1. At least three relatives (related to each other) affected by
a Lynch-related cancer, one a first degree relative of the
other two.

2. At least two successive generations affected.
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3. Lynch-related cancer diagnosed before age 50 years in at
least one relative.

4. FAP excluded

In families fulfilling these criteria there is no debate about the

appropriateness of genetic testing to look for a mutation in one

of the mismatch repair genes. However, a less obvious cluster-
ing of cases in many families should prompt consideration of
tumor analysis to look for microsatellite instability (MSI) and

IHC. This is often decided on the strength of the revised

Bethesda guidelines, as follows:

1. Colorectal cancer diagnosed in an individual less than 50
years of age.

2. Presence of synchronous, metachronous colorectal, or other
Lynch tumors, regardless of age.

3. Colorectal cancer with MSI-high histology (e.g. tumor
infiltrating lymphocytes) diagnosed in a patient less than 60
years of age.

4. Colorectal cancer diagnosed in one or more first-degree
relatives with a Lynch-related tumor, with one of the
tumors diagnosed at less than 50 years of age.

5. Colorectal cancer diagnosed in two or more first- or second-
degree relatives with Lynch-related tumors, at any age.

Breast Cancer

In the UK screening of women age 50 years and older for breast
cancer by regular mammography has become established as a
national program as a result of studies demonstrating improved
survival of women detected as having early breast cancer. For
women with an increased risk of developing breast cancer
because of their family history, there is conflicting evidence of
the relative benefit of screening with respect to the frequency
of mammography and the chance of developing breast cancer
in the interval between the screening procedures (i.e., ‘interval’
cancer). One reason is that cancer detection rates are lower in
premenopausal than in postmenopausal breast tissue.

It is also argued that the radiation exposure associated with
annual mammography could be detrimental if started at an
early age, leading to an increased risk of breast cancer through
screening when carried out over a long period. This is of par-
ticular concern in families with Li-Fraumeni syndrome, because
mutations in the TP53 gene have been shown experimentally
in vitro to impair the repair of DNA damaged by X-irradiation.
However, most experts believe that there is a greater relative
benefit than risk in identifying and treating breast cancer in
women from this high-risk group.

Mammography is usually offered only to women at increased
risk of breast cancer after age 35 years, because interpretation
of mammograms is difficult before this age due to the density
of the breasts. As a consequence, women at increased risk
should be taught breast self-examination and consider clinical
examination.

Ovarian Cancer

Ovarian cancer in the early stages is frequently asymptomatic
and often incurable by the time a woman presents with symp-
toms. Early diagnosis of ovarian cancer in individuals at high
risk is vital, with prophylactic oophorectomy being the only
logical, if radical, alternative. The position of the ovaries within
the pelvis makes screening difficult. Ultrasonography provides
the most sensitive means of screening. Transvaginal scanning is
more sensitive than conventional transabdominal scanning, and
the use of color Doppler blood flow imaging further enhances
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screening of women at increased risk. If a suspicious feature is
seen on scanning and confirmed on further investigation, lapa-
roscopy or a laparotomy is usually required to confirm the
diagnosis. Screening should be carried out annually as interval
cancers can develop if screening is carried out less frequently.

Measuring the levels of CA125, an antigenic determinant of
a glycoprotein that is present in increased levels in the blood
of women with ovarian cancer, can be also be used as a screen-
ing test for women at increased risk of developing ovarian
cancer. CA125 levels are not specific to ovarian cancer, as they
are also increased in women with a number of other disorders,
such as endometriosis. In addition, there are problems with
sensitivity (p. 148), because CA125 levels are not necessarily
increased in all women with ovarian cancer. Because of the
problems outlined with these various screening modalities,
many women with an increased risk of developing ovarian
cancer choose to have their ovaries removed prophylactically
after their family is complete. However, this in turn raises the
issue of the benefits and risks associated with taking hormone
replacement therapy.

What Treatment Is Appropriate?

Surgical intervention is the treatment of choice for persons at
risk for some of the familial cancer-predisposing syndromes—
e.g., prophylactic thyroidectomy in MEN type 2 (especially
MEN2B) or colectomy in FAP. For those with a high risk from
an inherited susceptibility for one of the common cancers (e.g.,
colon or breast/ovary), prophylactic surgery is also an accepted
option, but the decision is more complex and dependent on
the individual patient’s choice. The option of prophylactic
mastectomy in women at high risk of developing breast cancer
is very appealing to some patients but totally abhorrent to
others, and alternative management in the form of frequent
surveillance, and possibly new drugs showing promise in trials,
may be preferred. For patients at high risk of colonic cancer,
dietary modification such as the use of non-digestible starch
and a daily tablet of aspirin have some benefit (Table 14.10).
Those at an increased risk of developing cancer, especially
if it is one of the single-gene dominantly inherited cancer-

Table 14.10 Conditions in Which Prophylactic
Surgery is an Accepted Treatment, and Treatments
that are Under Evaluation, as an Option for the

Familial Cancer-Predisposing Syndromes or
Individuals at Increased Risk for the Common
Cancers

Disorder Treatment

Accepted Treatment

Familial adenomatous
polyposis

Ovarian cancer families

Breast cancer families

MEN2

Under Evaluation
Familial adenomatous

polyposis

Total colectomy

Oophorectomy
Bilateral mastectomy
Total thyroidectomy

Non-digestible starch—to delay
onset of polyposis
Aspirin/Sulindac—to reduce rectal
and duodenal adenomas
Avoidance of oral contraceptives and
hormone replacement therapy
PARP inhibitors and other novel agents

Breast cancer families

predisposing syndromes, or one of the single-gene causes of the
common cancers, find themselves in an unenviable situation
concerning both their health and the possibility of transmitting
the condition to their children. However, there is much hope
that the future management and treatment of many forms of
cancer will be transformed.
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1 Cancer has both genetic and environmental causes. 5 Analysis of DNA tumors by profiling and determination of
molecular signatures is beginning to transform our
understanding of the genomics and natural history of cancer.
Similarly, the ability to detect and analyze circulating tumor
DNA is likely to transform the way in which cancer is
monitored in the future.

2 Genetic and environmental factors in the etiology of cancer
can be differentiated by epidemiological, family and twin
studies, and by analysis of disease, biochemical, and viral
associations.

3 Studies of tumor viruses have revealed genes present in 6
humans known as oncogenes that are involved in
carcinogenesis by altering cellular control mechanisms.

Some 5% of the common cancers, such as breast and bowel
cancer, arise as a result of an inherited cancer susceptibility.
Familial susceptibility for cancer can occur as an inherited

4 Study of rare, dominantly inherited tumors in humans, susceptibility for a single type of cancer or for a number of
such as retinoblastoma, has led to the identification of d'ﬁefe”t types of cancer as part of a familial cancer-
tumor suppressor genes, consistent with the hypothesis predisposing syndrome.
it e slevelgatieit e e dnvelies 2 il gif 7 Persons at risk of an inherited cancer susceptibility can be

‘hits’. Persons at risk of familial cancer inherit the first ‘hit’
in the germ cell, the second ‘hit" occurring in somatic cells
in mitosis. In persons with sporadically occurring cancer,
both ‘hits” occur in somatic cells.

screened for associated features of a familial cancer
predisposing syndrome or for particular cancers.
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Chapter 15

Pharmacogenetics,
Personalized Medicine
and the Treatment of

Genetic Disease

So little done. So much to do.
ALEXANDER GRAHAM BELL

Pharmacogenetics

Some individuals can be especially sensitive to the effects of a
particular drug, whereas others can be quite resistant. Such
individual variation can be the result of factors that are not
genetic. For example, both the young and the elderly are very
sensitive to morphine and its derivatives, as are people with
liver disease. Individual differences in response to drugs in
humans are, however, often genetically determined.

The term pharmacogenetics was introduced by Vogel in
1959 for the study of genetically determined variations that
are revealed solely by the effects of drugs. Pharmacogenetics
is now used to describe the influence of genes on the efficacy
and side effects of drugs. Pharmacogenomics describes the
interaction between drugs and the genome (i.e., multiple
genes), but the two terms are often used interchangeably.
Pharmacogenetics/pharmacogenomics is important because
adverse drug reactions are a major cause of morbidity and
mortality. The human genome influences the effects of drugs
in at least three ways. Pharmacokinetics describes the metabo-
lism of drugs, including the uptake of drugs, their conversion
to active metabolites, and detoxification or breakdown. Phar-
macodynamics refers to the interaction between drugs and
their molecular targets. An example would be the binding of a
drug to its receptor. The third way relates to palliative drugs
that do not act directly on the cause of a disease, but rather
on its symptoms. Analgesics, for example, do not influence the
cause of pain but merely the perception of pain in the brain.

Drug Metabolism

The metabolism of a drug usually follows a common sequence
of events (Figure 15.1). A drug is first absorbed from the gut,
passes into the bloodstream, and becomes distributed and
partitioned in the various tissues and tissue fluids. Only a small
proportion of the total dose of a drug will be responsible for
producing a specific pharmacological effect, most of it being
broken down or excreted unchanged.

Biochemical Modification

The actual breakdown process, which usually takes place in the
liver, varies with different drugs. Some are oxidized completely
200

to carbon dioxide, which is exhaled through the lungs. Others
are excreted in modified forms either via the kidneys into the
urine, or by the liver into the bile and thence the feces. Many
drugs undergo biochemical modifications that increase their
solubility, resulting in their being more readily excreted.

One important biochemical modification of many drugs is
conjugation, which involves union with the carbohydrate
glucuronic acid. Glucuronide conjugation occurs primarily in
the liver. The elimination of morphine and its derivatives, such
as codeine, is dependent almost entirely on this process. Isonia-
zid, used in the treatment of tuberculosis, and a number of
other drugs, including the sulfonamides, are modified by the
introduction of an acetyl group into the molecule, a process
known as acetylation (Figure 15.2).

Kinetics of Drug Metabolism

The study of the metabolism and effects of a particular drug
usually involves giving a standard dose of the drug and then,
after a suitable time interval, determining the response, mea-
suring the amount of the drug circulating in the blood or
determining the rate at which it is metabolized. Such studies
show that there is considerable variation in the way different
individuals respond to certain drugs. This variability in response
can be continuous or discontinuous.

Intake |

|

| Absorption |

—

| Drug-cell interaction |

| |

Distribution

<G|

| Q|

Breakdown |

—

FIGURE 15.1 Stages of metabolism of a drug.

| |

| Excretion
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FIGURE 15.2 Acetylation of the antituberculosis drug isoniazid.

If a dose-response test is carried out on a large number of
subjects, their results can be plotted. A number of different
possible responses can be seen (Figure 15.3). In continuous
variation, the results form a bell-shaped or unimodal distribu-
tion. With discontinuous variation the curve is bimodal or
sometimes even trimodal. A discontinuous response suggests
that the metabolism of the drug is under monogenic control.
For example, if the normal metabolism of a drug is controlled
by a dominant gene, R, and if some people are unable to
metabolize the drug because they are homozygous for a reces-
sive gene, r, there will be three classes of individual: RR, Rr,
and rr. If the responses of RR and Rr are indistinguishable, a
bimodal distribution will result. If RR and Rr are distinguish-
able, a trimodal distribution will result, each peak or mode
representing a different genotype. A unimodal distribution
implies that the metabolism of the drug in question is under
the control of many genes—i.e., is polygenic (p. 130).

Genetic Variations Revealed by the Effects
of Drugs

Among the best known examples of drugs that have been
responsible for revealing genetic variation in response are iso-
niazid, primaquine, coumarin anticoagulants, certain anesthetic
agents, the thiopurines, and debrisoquine.

N-Acetyltransferase Activity

Isoniazid is the first-line medication in prevention and treat-
ment of tuberculosis. It is rapidly absorbed from the gut,
resulting in an initial high blood level that is slowly reduced as
the drug is inactivated and excreted. The metabolism of isonia-
zid allows two groups to be distinguished: rapid and slow
inactivators. In the former, blood levels of the drug fall rapidly
after an oral dose; in the latter, blood levels remain high for
some time. Family studies have shown that slow inactivators
of isoniazid are homozygous for an autosomal recessive allele
of the liver enzyme N-acetyltransferase, with lower activity
levels. N-Acetyltransferase activity varies in different popula-
tions. In the United States and Western Europe, approximately
50% of the population are slow inactivators, in contrast to the
Japanese, who are predominately rapid inactivators.

In some individuals, isoniazid can cause side effects such as
polyneuritis, a systemic lupus erythematosus-like disorder, or
liver damage. Blood levels of isoniazid remain higher for longer
periods in slow inactivators than in rapid inactivators on equiva-
lent doses. Slow inactivators have a significantly greater risk of
developing side effects on doses that rapid inactivators require
to ensure adequate blood levels for successful treatment of
tuberculosis. Conversely, rapid inactivators have an increased
risk of liver damage from isoniazid. Several other drugs are
also metabolized by N-acetyltransferase, and therefore slow

inactivators of isoniazid are also more likely to exhibit side
effects. These drugs include hydralazine, which is an antihy-
pertensive, and sulfasalazine, which is a sulfonamide derivative
used to treat Crohn disease.

Studies in other animal species led to the cloning of the
genes responsible for N-acetyltransferase activity in humans.
This has revealed that there are three genes, one of which is
not expressed and represents a pseudogene (NATP), one that
does not exhibit differences in activity between individuals
(NAT1), and a third (NAT2), mutations in which are respon-
sible for the inherited polymorphic variation. These inherited
variations in NAT2 have been reported to modify the risk of
developing a number of cancers, including bladder, colorectal,
breast, and lung cancer. This is thought to be through differ-
ences in acetylation of aromatic and heterocyclic amine
carcinogens.

Glucose 6-Phosphate Dehydrogenase Variants

For many years, quinine was the drug of choice in the treat-
ment of malaria. Although it has been very effective in acute
attacks, it is not effective in preventing relapses. In 1926 pri-
maquine was introduced and proved to be much better than
quinine in preventing relapses. However, it was not long after
primaquine was introduced that some people were found to be
sensitive to the drug. The drug could be taken for a few days
with no apparent ill effects, and then suddenly some individu-
als would begin to pass very dark, often black, urine. Jaundice
developed and the red cell count and hemoglobin concentra-
tion gradually fell as a consequence of hemolysis of the red
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FIGURE 15.3 Various types of response to different drugs con-
sistent with polygenic and monogenic control of drug metabo-
lism. A, Continuous variation, multifactorial control of drug
metabolism. B, Discontinuous bimodal variation. €, Discontinu-
ous trimodal variation.
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blood cells. Affected individuals usually recovered from such a
hemolytic episode, but occasionally the destruction of the red
cells was extensive enough to be fatal. The cause of such cases
of primaquine sensitivity was subsequently shown to be a
deficiency in the red cell enzyme glucose 6-phosphate dehy-
drogenase (G6PD).

G6PD deficiency is inherited as an X-linked recessive trait
(p. 71), rare in Caucasians but affecting approximately 10% of
Afro-Caribbean males and relatively common in the Mediter-
ranean. It is thought to be relatively common in these popula-
tions as a result of conferring increased resistance to the
malarial parasite. These individuals are sensitive not only to
primaquine, but also to many other compounds, including
phenacetin, nitrofurantoin, and certain sulfonamides. G6PD
deficiency is thought to be the first recognized pharmacogenetic
disorder, having been described by Pythagoras around 500 BC.

Coumarin Metabolism by CYP2C9

Coumarin anticoagulant drugs, such as warfarin, are used in the
treatment of a number of different disorders to prevent the
blood from clotting (e.g., after a deep venous thrombosis).
Warfarin is metabolized by the cytochrome P450 enzyme
encoded by the CYP2C9 gene, and two variants (CYP2C9*2
and CYP2C9*3) result in decreased metabolism. Consequently,
these patients require a lower warfarin dose to maintain their
target international normalized ratio range and may be at
increased risk of bleeding.

Debrisoquine Metabolism by CYP2D6

Debrisoquine is a drug that was used frequently in the past for
the treatment of hypertension. There is a bimodal distribution
in the response to the drug in the general population. Approxi-
mately 5% to 10% of persons of European origin are poor
metabolizers, being homozygotes for an autosomal recessive
gene with reduced hydroxylation activity.

Molecular studies revealed that the gene involved in
debrisoquine metabolism is one of the P450 family of genes on
chromosome 22, known as CYP2D6. The mutations respon-
sible for the poor metabolizer phenotype are heterogeneous;
18 different variants have been described.

CYP2D6 variation is important because this enzyme is
involved in the metabolism of more than 20% of prescribed
drugs, including the B-blockers metoprolol and carvedilol, the
antidepressants fluoxetine and imipramine, the antipsychotics
thioridazine and haloperidol, the painkiller codeine, and the
anti-cancer drug tamoxifen.

Malignant Hyperthermia

Malignant hyperthermia (MH) is a rare complication of anes-
thesia. Susceptible individuals develop muscle rigidity as well
as an increased temperature (hyperthermia), often as high as
42.3°C (108°F) during anesthesia. This usually occurs when
halothane is used as the anesthetic agent, particularly when
succinylcholine is used as the muscle relaxant for intubation.
If it is not recognized rapidly and treated with vigorous cooling,
the affected individual will die.

MH susceptibility is inherited as an autosomal dominant
trait affecting approximately 1 in 10,000 people. The most
reliable prediction of an individual’s susceptibility status
requires a muscle biopsy with in vitro muscle contracture
testing in response to exposure to halothane and caffeine.

MH is genetically heterogeneous, but the most common
cause is a mutation in the ryanodine receptor (RYRI) gene.

Variants in other genes may influence susceptibility within
individual families and explain the discordant results of the in
vitro contracture test and genotype in members of some fami-
lies that segregate RYRI mutations.

Thiopurine Methyltransferase

A group of potentially toxic substances known as the thiopu-
rines, which include 6-mercaptopurine, 6-thioguanine, and
azathioprine, are used extensively in the treatment of leukemia
to suppress the immune response in patients with autoimmune
disorders such as systemic lupus erythematosus and to prevent
rejection of organ transplants. They are effective drugs clini-
cally but have serious side effects, such as leukopenia and
severe liver damage. Azathioprine is reported to cause toxicity
in 10% to 15% of patients and it is possible to predict those
patients susceptible to side effects by measuring biochemical
activity levels or analyzing genetic variation within the thiopu-
rine methyltransferase (TPMT) gene. This gene encodes an
enzyme responsible for methylation of thiopurines, and
approximately two-thirds of patients who experience toxicity
have one or more variant alleles.

Dihydropyrimidine Dehydrogenase

Dihydropyrimidine dehydrogenase (DPYD) is the initial and
rate-limiting enzyme in the catabolism of the chemotherapeutic
drug 5-fluorouracil (5FU). Deficiency of DPYD is recognized
as an important pharmacogenetic factor in the etiology of
severe SFU-associated toxicity. Measurement of DPYD activity
in peripheral blood mononuclear cells or genetic testing for the
most common DPYD gene mutation (a splice site mutation,
IVS14 + 1G > A, which results in the deletion of exon 14)
may be warranted in cancer patients before the administration
of 5FU.

Personalized Medicine

Using genetic or genomic information to select the most
appropriate choice of pharmacological therapy at the correct
dosage is a step towards personalized or individualized medi-
cine. During the past 10 years many examples of stratified
medicine have emerged, where the treatment for a particular
disease is dependent on the genetic subtype of the patient.
These examples include monogenic subtypes of rare diseases
where a different treatment is recommended for patients with
mutations in a specific gene, or stratification at the level of a
tumor type, based on its genetic characteristics. In other dis-
orders, the treatment may depend on the subtype of mutation,
for example the new drugs developed to treat cystic fibrosis
(CF) according to the mutation effect. A genetic (or genomic)
diagnosis is therefore an essential step towards the most
appropriate treatment. Current initiatives are focused on
improving health outcomes through precision medicine. This
is an integrated, multi-disciplinary, multi-level approach that
analyzes human samples and healthcare data to improve clinical
care through increased precision in the understanding of
mechanisms of both disease and drug response.

Maturity-Onset Diabetes of the Young

Maturity-onset diabetes of the young (MODY) is a monogenic
form of diabetes characterized by young age of onset (often
before the age of 25 years), dominant inheritance and beta cell
dysfunction. Many patients are misdiagnosed with type 1 dia-
betes and treated with insulin. The clinical observation of
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FIGURE 15.4 Response to the sulphonylurea gliclazide and the
type 2 diabetes drug metformin in patients with HNF1A
maturity-onset diabetes of the young (MODY) and type 2 dia-
betes. Patients (n = 18 in each group) were treated with each
drug for 6 weeks in a randomized trial. FPG, Fasting plasma
glucose. (Modified from Pearson ER, Starkey BJ, Powell R, et al
2003 Genetic cause of hyperglycemia and response to treatment in
diabetes. Lancet 362:1275-1281.)

sensitivity to sulfonylurea treatment in a patient with an
HNFIA mutation causing MODY led to a randomized cross-
over trial that showed a fourfold increased response to sulfo-
nylureas in patients with HNFIA mutations compared with a
control group with type 2 diabetes (Figure 15.4). For many
patients a genetic diagnosis of HNFIA MODY means that they
can transfer from insulin injections to sulfonylurea tablets.

Neonatal Diabetes

The most frequent cause of permanent neonatal diabetes is
an activating mutation in the KCNJI1 or ABCCS8 genes,
which encode the Kir6.2 and SURI subunits of the ATP-
sensitive potassium (K-ATP) channel in the pancreatic beta
cell. The effect of such mutations is to prevent K-ATP channel
closure by reducing the response to ATP. Because channel
closure is the trigger for insulin secretion, these mutations
result in diabetes, and a requirement for lifelong insulin treat-
ment. Defining the genetic etiology for this rare subtype of
diabetes has led to improved treatment, because most patients
can be treated successfully with sulfonylurea tablets instead of
insulin. These drugs bind to the sulfonylurea receptor subunits
of the K-ATP channel to cause closure independently of ATP,
thereby triggering insulin secretion (Figure 15.5). High-dose
sulfonylurea therapy results in improved glycemic control
which will reduce the risk of diabetic complications in later
life. Some patients have a more severe mutation that also
affects the K-ATP channel function in the brain. Transfer from
insulin to sulfonylureas can improve their motor and cognitive
function, as well as control of their diabetes. International
guidelines now recommend genetic testing for anyone diag-
nosed with diabetes in the first 6 months of life in order to
identify those patients who will benefit from sulfonylurea
treatment.

Pharmacogenomics

Pharmacogenomics is defined as the study of the interaction of
an individual’s genetic makeup and response to a drug. The key
distinction between pharmacogenetics and pharmacogenomics
is that the former describes the study of variability in drug

responses attributed to individual genes and the latter describes
the study of the entire genome related to drug response. The
expectation is that inherited variation at the DNA level results
in functional variation in the gene products that play an essen-
tial role in determining the variability in responses, both thera-
peutic and adverse, to a drug. If polymorphic DNA sequence
variation occurs in the coding portion or regulatory regions of
genes, it is likely to result in variation in the gene product
through alteration of function, activity, or level of expression.
Automated analysis of genome-wide single nucleotide polymor-
phisms (SNPs) (p. 50) allows the possibility of identifying
genes involved in drug metabolism, transport and receptors
that are likely to play a role in determining the variability in
efficacy, side effects, and toxicity of a drug.

The possibility of utilizing genome sequencing as a routine
clinical diagnostic test (p. 63) opens up the possibility of creat-
ing an individual's own pharmacogenomics profile to provide
information about optimal drug dosage or likelihood of adverse
events.

Adverse Events

It is estimated that approximately 15% of hospital inpatients
will be affected by an adverse drug reaction. The objective of
adverse-event pharmacogenetics is to identify a genetic profile
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FIGURE 15.5 Insulin secretion in the pancreatic beta cell. Acti-
vating mutations in the genes encoding the KATP channel
subunits Kir6.2 and SUR1 prevent closure of the channel in the
presence of glucose. Sulphonylureas bind to the SUR1 subunit
to close the channel and restore insulin secretion. (Courtesy
Professor A.T. Hattersley, University of Exeter Medical School, Exeter,
UK.)
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that characterizes patients who are more likely to suffer such
an adverse event. The best known example is abacavir, a reverse
transcriptase inhibitor used to treat human immunodeficiency
virus (HIV) infection. Approximately 5% of patients show
potentially fatal hypersensitivity to abacavir and this limits its
use. A strong association with the human leukocyte antigen
allele B*5701 was proven in 2002. Today testing for B*5701 is
routine practice before abacavir is prescribed.

At least 10% of Africans, North Americans, and Europeans
are homozygous for a variant in the promoter of the UGT1AI
gene (UGTIAI*28) resulting in reduced glucuronidation of
irinotecan, a drug used to treat colorectal cancer, and increases
the risk of severe neutropenia if exposed to the standard dose.
A simple polymerase chain reaction-based test for UGT1AI*28
can be used to determine the appropriate treatment dose.

Efficacy

There is no doubt that the cost-effectiveness of drugs is
improved if they are prescribed only to those patients likely to
respond to them. Several drugs developed for the treatment of
various cancers have different efficacy depending on the
molecular biology of the tumor (see Table 15.1). For example,
trastuzumab is an antibody that targets overexpression of
HER2/neu protein observed in approximately one-third of
patients with breast cancer. Consequently, patients are pre-
scribed herceptin only if their tumor has been shown to
overexpress HER2/neu.

Imatinib is a protein tyrosine kinase inhibitor that has been
used to treat chronic myeloid leukemia since 2001. It is a very
effective treatment that works by binding the BCR-ABL fusion
protein resulting from the t(9;22) translocation. This is an
example of effective drug design resulting from knowledge of
the molecular etiology. More recently it has been also shown
to be effective in the treatment of gastrointestinal stromal
tumors that harbor KIT mutations.

Approximately 13% of patients with non-small cell lung
cancer have an activating EGFR mutation. These mutations
increase the activity of the epidermal growth factor receptor
tyrosine kinase domain so that the receptor is constitutionally
active in the absence of epidermal growth factor. This leads to
increased proliferation, angiogenesis and metastasis. Drugs
designed to block the EGFR tyrosine kinase domain and inhibit
these effects have been developed. Patients with lung tumors
harboring an activating EGFR mutation can show a dramatic
response to treatment with these drugs (gefitinib and erlotinib)
as shown in Figure 15.6. Similarly, melanomas with activating
BRAF mutations respond to the BRAF kinase inhibitor,

Table 15.1 Examples of Drugs Effective for the
Treatment of Specific Cancers

Type of Cancer Characteristic Drug

Breast HER2 overexpression Trastuzumab

Chronic myeloid t(9;22) BCR-ABL fusion Imatinib
leukemia

Non-small cell EGFR activating Gefitinib or
lung cancer mutation erlotinib

Gastrointestinal KIT or PDGFRA Imatinib

stromal tumor
Malignant
melanoma

activating mutation
BRAF activating
mutation

Vemurafenib

FIGURE 15.6 Example of the response to gefitinib in a patient
with non-small cell lung cancer and an activating EGFR muta-
tion. A computed tomographic scan of the chest shows a large
mass in the right lung before treatment (A) and marked
improvement 6 weeks after gefitinib was initiated (B). (Repro-
duced with permission from Lynch T|, Bell DW, Sordella R, et al
2004 Activating mutations in the epidermal growth factor receptor
underlying responsiveness of non—-small cell lung cancer to gefitinib.
N Engl | Med 350:2129-2139.)

vemurafenib, and targeted therapies are being developed for
many other tumor types.

Treatment of Genetic Disease

Many genetic disorders are characterized by progressive dis-
ability or chronic ill health for which there is, at present, no
effective treatment. Consequently, one of the most exciting
aspects of the developments in biotechnology is the prospect
of new treatments mediated through gene transfer, RNA
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modification, or stem cell therapy. It is important, however, to
keep a perspective on the limitations of these approaches for
the immediate future and to consider, in the first instance,
conventional approaches to the treatment of genetic disease.

Conventional Approaches to Treatment
of Genetic Disease

Most genetic disorders cannot be cured or even ameliorated
using conventional methods of treatment. There are still disor-
ders where the underlying genetic cause has not been identified
so that there is little, if any, understanding of the basic meta-
bolic or molecular defect. If, however, the genetic basis is
known then dietary restriction, as in phenylketonuria (p. 255),
or hormone replacement, as in congenital adrenal hyperplasia
(p. 261), can be used very successfully in the treatment of the
disorder. In a few disorders, such as homocystinuria (p. 258)
and some of the organic acidurias (p. 258), supplementation
with a vitamin or co-enzyme can increase the activity of the
defective enzyme with beneficial effect (Table 15.2).

Protein/Enzyme Replacement

If a genetic disorder is found to be the result of a deficiency
of or an abnormality in a specific enzyme or protein, treatment
could, in theory, involve replacement of the deficient or defec-
tive enzyme or protein. An obviously successful example of this
is the use of factor VIII concentrate in the treatment of hemo-
philia A (p. 300).

For most of the inborn errors of metabolism in which an
enzyme deficiency has been identified, recombinant DNA
techniques may be used to biosynthesize the missing or defec-
tive gene product; however, injection of the enzyme or protein
may not be successful if the metabolic processes involved are
carried out within cells and the protein or enzyme is not
normally transported into the cell. Modifications in
B-glucocerebrosidase as used in the treatment of Gaucher
disease enable it to enter the lysosomes, resulting in an effec-
tive form of treatment (p. 265). Another example is the modi-
fication of adenosine deaminase (ADA) by an inert polymer,
polyethylene glycol, to generate a replacement enzyme that is
less immunogenic and has an extended half-life.

Drug Treatment

In some genetic disorders, drug therapy is possible; for example,
statins can help to lower cholesterol levels in familial hyper-
cholesterolemia (p. 262). Statins function indirectly through
the low-density lipoprotein (LDL) receptor by inhibiting
endogenous cholesterol biosynthesis at the rate-limiting step
that is mediated by hydroxymethyl glutaryl co-enzyme A
(HMG-CoA) reductase. This leads to upregulation of the LDL
receptor and increased LDL clearance from plasma.

Recent years have seen the successful repurposing of drugs
including sulfonylureas and rapamycin. The hypoglycemic
effect of sulfonylureas was discovered in 1942 and these drugs
have been used in tablet form to treat type 2 diabetes for nearly
70 years. Sulfonylureas work by binding to the ATP-sensitive
potassium (Kurp) channels of the beta cell to depolarize the
membrane and allow insulin release. When mutations in the
genes encoding the Kyrp channel subunits were discovered to
be the most common cause of neonatal diabetes it was possible
to very quickly transfer these patients from insulin injections
to sulfonylurea tablets and achieve better glycemic control.
This was only possible because the rigorous safety testing
required for new pharmaceutical products had been completed

Table 15.2 Examples of Various Methods for

Treating Genetic Disease

Treatment Disorder

Enzyme Induction by Drugs

Phenobarbitone Congenital non-hemolytic
jaundice

Replacement of Deficient Enzyme/Protein

Blood transfusion Thalassemia

Bone marrow SCID resulting from adenosine

transplantation deaminase deficiency
Enzyme/Protein Preparations

Trypsin Trypsinogen deficiency
o4-Antitrypsin oq-Antitrypsin deficiency
Cryoprecipitate/factor VIII Hemophilia A

Gaucher disease
Fabry disease

B-Glucosidase
o-Galactosidase

Replacement of Deficient Vitamin or Coenzyme

Be Homocystinuria

B:, Methylmalonic acidemia
Biotin Propionic acidemia

D Vitamin D-resistant rickets

Replacement of Deficient Product

Cortisone Congenital adrenal hyperplasia
Thyroxine Congenital hypothyroidism
Substrate Restriction in Diet

AMINO ACIDS

Phenylalanine
Leucine, isoleucine, valine

Phenylketonuria
Maple syrup urine disease

CARBOHYDRATE

Galactose Galactosemia

LIPID

Cholesterol Familial hypercholesterolemia
Protein Urea cycle disorders

Drug Therapy
Aminocaproic acid
Dantrolene
Cholestyramine
Pancreatic enzymes
Penicillamine

Angioneurotic edema
Malignant hyperthermia
Familial hypercholesterolemia
Cystic fibrosis

Wilson disease, cystinuria
Drug/Dietary Avoidance
Sulfonamides
Barbiturates

G6PD deficiency
Porphyria
Replacement of Diseased Tissue
Kidney transplantation Adult-onset polycystic kidney
disease, Fabry disease
X-linked SCID, Wiskott-Aldrich

syndrome

Bone marrow
transplantation

Removal of Diseased Tissue

Colectomy

Splenectomy

Familial adenomatous polyposis
Hereditary spherocytosis

SCID, Severe combined immunodeficiency.

many decades earlier and use in many thousands of patients
had not revealed any safety issues.

Rapamycin was first discovered in 1975 in a soil sample on
Easter Island (the island is also known as Rapa Nui, hence the
name rapamycin). It is a macrolide, produced by the micro-
organism Streptomyces hygroscopius and showed antifungal
properties. Shortly after its discovery, immuosuppressive
properties were detected, which later led to the establishment
of rapamycin as an immunosuppressant. In the 1980s, it was
also found to have anticancer activity although the exact
mechanism of action remained unknown until the 1990s when
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FIGURE 15.7 The PI3K/AKT/mTOR pathway is an intracellular
signaling pathway important in regulating the cell cycle. PI3K
activation phosphorylates and activates AKT, localizing it in the
plasma membrane. There are many known factors that enhance
the PI3K/AKT pathway including EGF, IGF-1, and insulin. The
pathway is antagonized by various factors including PTEN.
(Reproduced with permission from Eichenfield LF, Frieden | 2014
Neonatal and Infant Dermatology 3 ed. Elsevier.)

it was shown to inhibit cellular proliferation and cell cycle
progression via the PI3K/AKT/mTOR pathway (Figure 15.7).
Rapamycin (sirolimus) has recently been used to treat congeni-
tal hyperinsulinism as an alternative to sub-total pancreatec-
tomy, and the rapamycin derivative everolimus is used in
patients with tuberous sclerosis who have subependymal giant
cell astrocytomas.

Drug therapy might also be directed at a subset of patients
according to their molecular defect. An example is the develop-
ment of premature termination codon (PTC) therapy (ataluren)
for patients with nonsense mutations causing CF or Duchenne
muscular dystrophy. Ataluren interacts with the ribosome to
enable read-through of premature stop codons to produce
full-length functional protein. It is now licensed in Europe for
the treatment of Duchenne muscular dystrophy in boys aged
S years and above. An alternative approach for treating Duch-
enne muscular dystrophy is to upregulate the dystrophin
homolog, utrophin. Immune rejection is not a problem and oral
administration of the compound SMT022357 leads to increased
utrophin expression in skeletal, respiratory and cardiac muscles
in the mdx mouse.

The cloning of the CFTR gene in 1989 gave great hope of
a cure for CF through gene therapy. It was thought likely to be
amenable to gene therapy as the level of functional protein
sufficient to produce a clinical response might be as low as 5%
to 10% and the lung is a relatively accessible tissue. However,
progress to date has been slow and, although gene therapy can
potentially correct the primary and secondary defects associ-
ated with CF, the extent and duration of gene expression has

been inadequate, owing to the rapid turnover of lung epithelial
cells.

The biggest breakthrough in the treatment of CF has come
from the development of drugs designed to improve the func-
tion of the CFTR protein. The first drug, ivacaftor, is a CFTR
potentiator that improves the transport of chloride ions through
the ion channel by increasing the open probability of the
channel. It was approved originally for the 4% of CF patients
who have the p.Gly551Asp (G551D) mutation, but is now also
available for patients with nine other mutations that reduce
channel activity. A second drug, lumacaftor, was developed to
treat patients with the most common CFTR mutation,
p.Phe508del. This mutation causes mis-folding of the protein
and consequently the protein does not reach the cell surface.
Lumacaftor is designed to improve the folding of the protein
in order that more protein reaches the cell surface. In 2015,
combination therapy of ivacaftor with lumacaftor was shown
to improve lung function for patients who are homozygous for
the p.Phe508del CFTR mutation. These drugs were developed
by Vertex pharmaceuticals in conjunction with the Cystic
Fibrosis Foundation. They are expensive, with annual costs for

ivacaftor of over $200,000.

Tissue Transplantation

Replacement of diseased tissue has been a further option since
the advent of tissue typing (p. 170). An example is renal
transplantation in adult polycystic kidney disease or lung
transplantation in patients with CF.

Islet transplantation for treating type 1 diabetes mellitus was
transformed in 2000 with development of the ‘Edmonton’
protocol. Islet cells are prepared from donated pancreases
(usually two per patient) and injected into the liver of the
recipient: at 3 years post-transplant more than 80% of patients
are still producing their own insulin.

Therapeutic Applications of Recombinant
DNA Technology

The advent of recombinant DNA technology led to rapid pro-
gress in the availability of biosynthetic gene products. Insulin
used in the treatment of diabetes mellitus was previously
obtained from pig pancreases. This had to be purified for use
very carefully, and even then it occasionally produced sensitiv-
ity reactions in patients. The introduction of recombinant DNA
technology enabled microorganisms to be used for the synthesis
of large quantities of insulin from the human insulin gene.
Recombinant DNA technology is employed in the production
of a number of other biosynthetic products (Table 15.3). The

Table 15.3 Proteins Produced Biosynthetically

Using Recombinant DNA Technology

Protein Disease

Diabetes mellitus
Short stature resulting from growth
hormone deficiency

Insulin
Growth hormone

Factor VIII Hemophilia A
Factor IX Hemophilia B
Erythropoietin Anemia

o-Galactosidase A Fabry disease (X-linked lysosomal
storage disorder)

B-Interferon Multiple sclerosis
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biosynthesis of medically important peptides in this way is
usually more expensive than obtaining the product from con-
ventional sources because of the research and development
involved. For example, the cost of treating one patient with
Gaucher disease can exceed $150,000 per year. However,
biosynthetically derived products have the dual advantages of
providing a pure product that is unlikely to induce a sensitivity
reaction and one that is free of the risk of chemical or biological
contamination. In the past, the use of growth hormone from
human cadaver pituitaries has been associated with the trans-
mission of Creutzfeldt-Jakob disease, and HIV has been a
contaminant in cryoprecipitate containing factor VIII used in
the treatment of hemophilia A (p. 300).

Gene Therapy

Gene therapy is the therapeutic delivery of nucleic acid poly-
mers into a patient’s cells as a drug to treat disease. It is defined
by the UK Gene Therapy Advisory Committee (GTAC) as ‘the
deliberate introduction of genetic material into human somatic
cells for therapeutic, prophylactic, or diagnostic purposes’.
Gene therapy includes techniques for delivering synthetic or
recombinant nucleic acids into humans; genetically modified
biological vectors (such as viruses or plasmids), genetically
modified stem cells, oncolytic viruses, nucleic acids associated
with delivery vehicles, naked nucleic acids, antisense tech-
niques (e.g., gene silencing, gene correction, or gene modifica-
tion), genetic vaccines, DNA or RNA technologies such as RNA
interference, and xenotransplantation of animal cells (but not
solid organs).

Advances in molecular biology leading to the identification
of many human disease genes and their protein products have
raised the prospect of gene therapy for many monogenic (and
non-genetic) disorders. The first human gene therapy trial
began in 1990, but it is important to emphasize that, although
it was heralded as the new panacea in medicine, progress has
been slow and there are still many practical difficulties to
overcome before gene therapy can deliver its full potential.
Disorders that are possible candidates for gene therapy include
both genetic and non-genetic diseases (Table 15.4).

Regulatory Requirements

There has been much publicity about the potential uses and
abuses of gene therapy. Regulatory bodies have been established
in several countries to oversee the technical, therapeutic, and
safety aspects of gene therapy programs (p. 207). There is
universal agreement that germline gene therapy, in which
genetic changes could be distributed to both somatic and germ
cells, and thereby be transmitted to future generations, is
morally and ethically unacceptable. Therefore programs are
focusing only on somatic cell gene therapy, in which the altera-
tion in genetic information is targeted to specific cells, tissues,
or organs in which the disorder is manifest.

In the United States, the Human Gene Therapy Subcom-
mittee of the National Institutes of Health has produced
guidelines for protocols of trials of gene therapy that must be
submitted for approval to both the Food and Drug Administra-
tion and the Recombinant DNA Advisory Committee, along
with their institutional review boards. In the United Kingdom,
the GTAC provides ethical oversight of proposals to conduct
clinical trials involving gene or stem cell therapies in humans,
taking account of the scientific merits, and the potential ben-
efits and risks.

Table 15.4 Diseases That Can Potentially Be
Treated by Gene Therapy

Disorder Defect

Adenosine deaminase
deficiency
Purine nucleoside
phosphorylase deficiency
Chronic granulomatous
disease
Low-density lipoprotein
receptor abnormalities
Factor VIII deficiency (A)
Factor IX deficiency (B)
Glucocerebrosidase deficiency
B-Glucuronidase deficiency
ou-Antitrypsin deficiency
CFTR mutations
Phenylalanine hydroxylase

Immune deficiency

Hypercholesterolemia
Hemophilia

Gaucher disease
Mucopolysaccharidosis VII
Emphysema

Cystic fibrosis
Phenylketonuria

deficiency
Hyperammonemia Ornithine transcarbamylase
deficiency
Citrullinemia Argininosuccinate synthetase
deficiency

Muscular dystrophy
Spinal muscular atrophy
Thalassemia/sickle cell anemia
Malignant melanoma
Ovarian cancer

Brain tumors
Neuroblastoma

Renal cancer

Lung cancer

AIDS

Cardiovascular diseases
Rheumatoid arthritis

Dystrophin mutations
SMNT1 gene deletion
o- and B-globin mutations

More than 2200 clinical trials of gene therapy have been
approved for children and adults for a variety of genetic and
non-genetic disorders. Serious adverse events are rare, but the
death in 1999 of a patient in a trial for ornithine transcarba-
mylase deficiency highlighted the risks of gene therapy and led
to tighter regulation. There have also been three cases of leu-
kemia in children, one of whom died, after receiving gene
therapy for X-linked severe combined immunodeficiency (XL-

SCID) (p. 173).

Technical Aspects

Prerequisites include that the genetic basis and pathophysiol-
ogy of the disorder must be known and the specific cells, tissue,
or organ affected by the disease process must be accessible.
The means by which the functional gene is introduced must be
both efficient and safe. If gene therapy is to be considered as
a realistic alternative to conventional treatments, there should
be unequivocal evidence from trials of gene therapy carried out
in animal models that the inserted gene functions adequately
with appropriate regulatory, promoter, and enhancer sequences.
In addition, it needs to be shown that the treated tissue or cell
population has a reasonable lifespan, that the gene product
continues to be expressed, and that the body does not react
adversely to the gene product, for instance by producing
antibodies to the protein product. Last, it is essential to dem-
onstrate that introduction of the gene or DNA sequence has
no deleterious effects, such as inadvertently leading to a
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malignancy or a mutagenic effect on either the somatic or the
germ-cell lines, for example through mistakes arising as a result
of the insertion of the gene or DNA sequence into the host
DNA, or what is known as insertional mutagenesis. In two
patients who developed leukemia after gene therapy for
XL-SCID, the retrovirus used to deliver the y-c (IL2RG) gene
was shown to have inserted into the LMO-2 oncogene, which
plays a role in some forms of childhood leukemia, on chromo-
some 11.

Gene Transfer

Gene transfer can be carried out either ex vivo by treatment
of cells or tissue from an affected individual in culture, with
reintroduction into the affected individual, or in vivo if cells
cannot be cultured or be replaced in the affected individual
(Figure 15.8). The ex vivo approach is limited to disorders in
which the relevant cell population can be removed from the
affected individual, modified genetically, and then replaced.
The in vivo approach is the most direct strategy for gene
transfer and can theoretically be used to treat many hereditary
disorders.

Target Organs

Gene therapy is usually directed or limited to a particular
organ, tissue or body system.

Liver

Liver cells are susceptible to transfection by retroviruses in
vitro. Cells removed from the liver by partial hepatectomy can
be treated in vitro and then reinjected via the portal venous
system, from which they seed in the liver. Hypercholesterol-
emia is a major cause of cardiovascular disease in the Western
world. The most severe form, autosomal recessive familial
hypercholesterolemia, is caused by homozygous or compound
heterozygous mutations in the LDL receptor (LDLR) gene.
Patients are likely to require maintenance therapy with invasive
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FIGURE 15.8 In vivo and ex vivo gene therapy. In vivo gene
therapy delivers genetically modified cells directly to the patient.
An example is CFTR gene therapy using liposomes or adenovirus
via nasal sprays. Ex vivo gene therapy removes cells from the
patient, modifies them in vitro and then returns them to the
patient. An example is the treatment of fibroblasts from patients
with hemophilia B by the addition of the factor IX gene. Modi-
fied fibroblasts are then injected into the stomach cavity.

LDL apheresis, and often die of myocardial infarction in their
third decade of life. Gene therapy for lipid disorders has a high
potential for success, but studies to date based on viral-mediated
overexpression of LDLR ¢cDNA have been unsuccessful, prob-
ably because vectors have lacked the sterol response elements
that are required for regulated transcription.

Central Nervous System

Gene therapy for central nervous system disorders, such as
Parkinson and Alzheimer diseases, requires delivery to the
brain. Lentiviral vectors are particularly suitable because they
integrate into the host genome of non-dividing cells and can
potentially act as a delivery system for stable expression. Early
clinical trials involving lentiviral delivery of three genes that
encode enzymes that produce dopamine have yielded encour-
aging results. The first patients with advanced Parkinson disease
had this surgery 4 years ago and have improved movement and
better quality of life, and positron emission tomography scan-
ning confirmed dopamine production in the brain.

Muscle

Unlike other tissues, direct injection of foreign DNA into
muscle has met with success in terms of retention and expres-
sion of the foreign gene in the treated muscle. In 2012, the
European Medicines Agency approved the first gene therapy
treatment in either Europe or the United States. Alipogene
tiparvovec is designed to restore lipoprotein lipase activity to
clear fat-carrying chylomicron particles formed in the intestine
after a fat-containing meal. It contains the human LPL gene
packaged with a tissue-specific promoter in a non-replicating
adeno-associated virus vector. A naturally occurring variant of
the gene is used that confers higher activity and is administered
in a series of up to 60 intramuscular injections.

Bone Marrow

One of the first diseases for which gene therapy was attempted
in humans is the inherited severe combined immunodeficiency
disorder (SCID) caused by ADA deficiency (p. 173). The most
successful conventional treatment for ADA deficiency is bone
marrow transplantation from a matched sibling donor. The
alternative is a twice weekly injection of the necessary enzyme,
a life-long process that is very expensive and does not achieve
optimal immune sufficiency.

A 4-year-old girl with ADA deficiency was the first patient
ever to undergo gene therapy. The trial involved removal of
white blood cells and correction with the ADA gene ex vivo
before the cells were re-injected. This showed benefit, but the
effect was temporary. In trials since 2009, patients have under-
gone autologous stem cell transplants with bone marrow cells
corrected ex vivo using viral vectors. All 18 children have
developed their own new, fully functioning immune system and
are now cured.

This approach has also been used in four patients with beta
thalassemia who have undergone ex vivo correction of their
hematopoietic stem cells with a lentiviral vector containing the
HBB gene and have not required blood transfusions since.

Eye

Leber congenital amaurosis is an autosomal recessive disorder
caused by mutations in the RPE65 gene and characterized by
poor vision at birth with complete loss of vision in early adult-
hood. Early studies in a naturally occurring dog model (the
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Briard dog) showed that gene therapy by means of a single
operation involving sub-retinal injection of an adeno-associated
vector carrying the full length RPE65 gene sequence was both
safe and effective. Clinical trials in 2008 showed sustained
improvement in 12 patients (aged 8 to 44 years) after treat-
ment with an adeno-associated viral (AAV) vector containing
the RPE65 gene injected into the retinal pigment cells.

The most recent success is in treating choroidemia, caused
by defects in the CHM gene. Lack of the REP-1 protein
encoded by this gene means that cells in the retina stop working
and slowly begin to die, causing blindness. Injection of an AAV
vector carrying the CHM gene into the retina of six patients
has shown improved vision. There is much excitement regard-
ing the potential benefits for younger children whose loss of
vision is not so far advanced. One obvious advantage for mea-
suring the success of gene therapy in this condition is that a
single eye can be treated whilst the other eye serves as a
control. This research provides proof of principle that genetic
forms of blindness may be reversed.

There are two main methods for delivering gene transfer,
viral and non-viral.

Viral Agents

A number of different viruses can be used to transport foreign
genetic material into cells and the most successful viral agents
are described in the following sections.

Lentiviruses

The lentivirus family includes HIV. Lentiviruses are complex
viruses that infect macrophages and lymphocytes, but their
main advantage is that they can be integrated into non-dividing
cells. They may, therefore, be useful in the treatment of neu-
rological conditions.

Adenoviruses

Adenoviruses can be used as vectors in gene therapy as they
infect a wide variety of cell types. They are stable, can infect
non-dividing cells and carry up to 36 kb of foreign DNA. In
addition, they are suitable for targeted treatment of specific
tissues such as the respiratory tract, and have been extensively
used in gene therapy trials for the treatment of CF.
Adenoviruses do not integrate into the host genome, thereby
avoiding the possibility of insertional mutagenesis but having

Liposome Liposome-DNA
complex
N

i )

Qg'\

Plasmid
DNA

Foreign
gene

209

the disadvantage that expression of the introduced gene is
usually unstable and often transient. They also contain genes
known to be involved in the process of malignant transforma-
tion, so there is a potential risk that they could inadvertently
induce malignancy. By virtue of their infectivity, they can
produce adverse effects secondary to infection and by stimulat-
ing the host immune response. This was demonstrated by a
vector-related death following intravascular administration of
high doses (3.8 x 10'%) of adenovirus particles to a patient with
ornithine transcarbamylase deficiency.

Adeno-Associated Viruses

Adeno-associated viruses are non-pathogenic parvoviruses in
humans that require co-infection with helper adenoviruses or
certain members of the herpes virus family to achieve infec-
tion. In the absence of the helper virus, the adeno-associated
virus DNA integrates into chromosomal DNA at a specific site
on the long arm of chromosome 19 (19q13.3-gter). Subsequent
infection with an adenovirus activates the integrated adeno-
associated viral DNA-producing virions. They have the advan-
tages of being able to infect a wide variety of cell types,
exhibiting long-term gene expression and not generating an
immune response to transduced cells. The safety of adeno-
associated viruses as vectors occurs by virtue of their site-
specific integration but, unfortunately, this is often impaired
with the inclusion of foreign DNA in the virus. The disadvan-
tages of adeno-associated viruses include the fact that they can
be activated by any adenovirus infection and that, although
95% of the vector genome is removed, they can take inserts of
foreign DNA of only up to 5 kb in size.

Non-Viral Methods

There are a number of different non-viral methods of gene
therapy but the most popular is liposome-mediated DNA
transfer. This has the theoretical advantage of not eliciting an
immune response, being safer and simpler to use as well as
allowing large-scale production, but efficacy is limited.

Liposomes

Liposomes are lipid bilayers surrounding an aqueous vesicle
that can facilitate the introduction of foreign DNA into a target
cell (Figure 15.9). A disadvantage of liposomes is that they are
not very efficient in gene transfer and the expression of the
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FIGURE 15.9 Diagrammatic representation of liposome-mediated gene t