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FOREWORD

J.B.S. Haldane titled an anthology of some of his more dys-
peptic writings “Everything Has a History,” and this is clearly
applicable to the field of medical genetics. More than 200
years ago, scientists such as Buffon, Lamarck, Goethe, and
Kielmeyer reflected on how the developmental history of
each organism relates to the history of life on Earth. Based
on these ideas, the discipline of biology was born in 18th
century Europe, enjoyed adolescence as morphology and
comparative anatomy in the 19th century, and reached
adulthood in the 20th century as the field of genetics.
However, the late 19th century definition of genetics (hered-
ity) as the science of variation (and its causes) is still valid.
Thus, human genetics is the science of human variation,
medical genetics the science of abnormal human variation,
and clinical genetics that branch of medicine that cares for
individuals and families with abnormal variation of struc-
ture and function.

In the late 19th and early 20th centuries, the unity of
morphology-based science was gradually replaced by a plu-
ralistic view of biology that splintered the field into many
different, and often rivalrous, disciplines. However, thanks
to the application of novel molecular biological methods
to the analysis of development and to the understanding
of the materials of heredity (i.e., genes), the various branches
of biology are being reunited. This new discipline, termed
“molecular morphology,” may be defined as the study of the
form, formation, transformation, and malformation of living
organisms. Indeed, ignorant as they may be of the traditional
methods of historiography, geneticists have developed their
own brilliant and highly effective methods. Consequently,
they have achieved a perspective remarkably longer and much
better documented than that of historians. This nearly 4-
billion-year perspective unites living organisms into a single
web of life related to one another in unbroken descent to a
common ancestor. This makes the phylogenetic (i.e., the
genetic relationships of different species to one another) and
the ontogenetic (i.e., the genetic basis for the development of
individual organisms) perspectives of development not only
complementary but inseparable. Thus, it is now possible to
effectively explore a key question of biology of the 19th and

20th centuries: What is the relationship between evolution
and development?

In 1945 the University of Utah established the Laboratory
for the Study of Hereditary and Metabolic Disorders (later
called the Laboratory of Human Genetics). Here, an out-
standing group of scientists performed pioneering studies on
clefts of lips and palate, muscular dystrophy, albinism, deaf-
ness, hereditary polyposis of the colon (Gardner syndrome),
and familial breast cancer. These predecessors would be enor-
mously proud of their current peers at the University of Utah,
whose successes have advanced knowledge in every aspect of
the field of genetics.

In their attempts to synthesize the story of genetics and its
applications to human variability, health and disease, devel-
opment, and cancer, the authors of this text have succeeded
admirably. This concise, well-written, well-illustrated, and
carefully edited and indexed book is highly recommended to
undergraduate students, new graduate students, medical stu-
dents, genetic counseling students, nursing students, and stu-
dents in the allied health sciences. Importantly, it is also a
wonderful text for practicing physicians (primary care pro-
viders and specialists) who want an authoritative introduc-
tion to the basis and principles of modern genetics as applied
to human health and development. This text, written by dis-
tinguished and internationally respected colleagues and
friends who love to teach, is a joy to read in its expression
of enthusiasm and of wonder, which Aristotle said was the
beginning of all knowledge.

Einstein once said, “The most incomprehensible thing
about the world is that it is comprehensible.” When I began
to work in the field of medical genetics, the gene was widely
viewed as incomprehensible. Indeed, some scientists, such as
Goldschmidt, cast doubt on the very existence of the gene,
although the great American biologist E.B. Wilson had pre-
dicted its chemical nature more than 100 years previously. In
this text, genes and their function in health and disease are
made comprehensible in a manner that should have wide
appeal to all.

John Opitz, MD
Salt Lake City, Utah

Vii



PREFACE

Medical genetics is a rapidly progressing field. No textbook Several pedagogical aids are incorporated in this book:

can remain factually current for long, so we have attempted + Clinical Commentary boxes present detailed coverage of

to emphasize the central principles of genetics and their clini- the most important genetic diseases and provide examples

cal application. In particular, this textbook integrates recent of modern clinical management.

developments in molecular genetics and genomics with clini- + Mini-summaries, highlighted in gold, are placed on nearly

cal practice. every page to help the reader understand and summarize
This new edition maintains the format and presentation important concepts.

that were well received in four previous editions. Basic prin- + Study questions, provided at the end of each chapter, assist

ciples of molecular biology are introduced early in the book the reader in review and comprehension.

so that they can be discussed and applied in subsequent chap- + A detailed glossary is included at the end of the book.

ters. The chapters on autosomal and X-linked disorders + Key terms are emphasized in boldface.

include updated discussions of topics such as genomic + Important up-to-date suggested readings are listed at the

imprinting, anticipation, and expanded trinucleotide repeats. end of each chapter.

The chapter on cytogenetics highlights important advances In addition, the fifth edition retains these important

in this area, including array comparative genomic hybridiza- features:

tion and newly described microdeletion syndromes. Whole- + All chapters have been thoroughly updated, with special

genome DNA sequencing and disease-gene identification, attention given to rapidly changing topics such as high-

which constitute a central focus of modern medical genetics, throughput DNA sequencing, genetic diagnosis, gene

are treated at length. Chapters are included on the rapidly therapy, cancer genetics, and the genetics of other common

developing fields of immunogenetics and cancer genetics. diseases.

Considerable discussion is devoted to the genetics of common + To facilitate the creation of illustrations for teaching pur-

adult diseases, such as heart disease, diabetes, stroke, and poses, all images on the website (including line drawings

hypertension. The book concludes with chapters on genetic from the textbook) can be downloaded.

diagnosis (again emphasizing current approaches such as * An expanded comprehensive index includes all text cita-

whole-exome and whole-genome sequencing), gene therapy, tions of all diseases.

personalized medicine, and clinical genetics and genetic This textbook evolved from courses we teach for medical

counseling. students, nursing students, genetic counseling students, and
As in previous editions, a website is available to provide graduate and undergraduate students in human genetics.

access to continually changing information in medical genet- These students are the primary audience for this book, but it

ics (http://evolve.elsevier.com/Jorde/). The website includes should also be useful for house staff, physicians, and other

downloadable versions of all of the figures in the textbook, health-care professionals who wish to become more familiar

hyperlinks to other relevant sites, and a battery of test ques- with medical genetics.

tions and answers.
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Genetics is playing an increasingly important role in the prac-
tice of clinical medicine. Medical genetics, once largely con-
fined to relatively rare conditions seen by only a few specialists,
is now becoming a central component of our understanding
of most major diseases. These include not only the pediatric
diseases but also common adult diseases such as heart disease,
diabetes, many cancers, and many psychiatric disorders.
Because all components of the human body are influenced
by genes, genetic disease is relevant to all medical specialties.
Today’s health-care practitioners must understand the science
of medical genetics.

WHAT IS MEDICAL GENETICS?

Medical genetics involves any application of genetics to
medical practice. It thus includes studies of the inheritance
of diseases in families, mapping of disease genes to specific
locations on chromosomes, analyses of the molecular mecha-
nisms through which genes cause disease, and the diagnosis
and treatment of genetic disease. As a result of rapid progress
in molecular genetics, DNA-based diagnosis is available for
several thousand inherited conditions, and gene therapy—
the insertion of normal genes into patients in order to correct
genetic disease—is showing promise for some conditions.
Medical genetics also includes genetic counseling, in which
information regarding risks, prognoses, and treatments is
communicated to patients and their families.

WHY IS A KNOWLEDGE OF MEDICAL
GENETICS IMPORTANT FOR TODAY'S
HEALTH-CARE PRACTITIONER?

There are several reasons health-care practitioners must
understand medical genetics. Genetic diseases make up a
large percentage of the total disease burden in pediatric and
adult populations (Table 1-1). This percentage will continue
to grow as our understanding of the genetic basis of disease
grows. In addition, modern medicine is placing increasing
emphasis on prevention. Because genetics provides a basis for
understanding the fundamental biological makeup of the
organism, it naturally leads to a better understanding of the
disease process. In some cases, this knowledge can lead to
prevention of the disorder. It also leads to more effective
disease treatment. Prevention and effective treatment are
among the highest goals of medicine. The chapters that follow

CHAPTER 1
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provide many examples of the ways genetics contributes to
these goals. But first, this chapter reviews the foundations
upon which current practice is built.

A BRIEF HISTORY

The inheritance of physical traits has been a subject of curios-
ity and interest for thousands of years. The ancient Hebrews
and Greeks, as well as later medieval scholars, described many
genetic phenomena and proposed theories to account for
them. Many of these theories were incorrect. Gregor Mendel
(Fig. 1-1), an Austrian monk who is usually considered the
father of genetics, advanced the field significantly by per-
forming a series of cleverly designed experiments on living
organisms (garden peas). He then used this experimental
information to formulate a series of fundamental principles
of heredity.

Mendel published the results of his experiments in 1865
in a relatively obscure journal. It is one of the ironies of bio-
logical science that his discoveries, which still form the foun-
dation of genetics, received little recognition for 35 years.
At about the same time, Charles Darwin formulated his theo-
ries of evolution, and Darwin’s cousin, Francis Galton, per-
formed an extensive series of family studies (concentrating
especially on twins) in an effort to understand the influence
of heredity on various human traits. Neither scientist was
aware of Mendel’s work.

Genetics as it is known today is largely the result of research
performed during the 20th century. Mendel’s principles were
independently rediscovered in 1900 by three different scien-
tists working in three different countries. This was also the
year in which Landsteiner discovered the ABO blood group
system. In 1902, Archibald Garrod described alkaptonuria as
the first “inborn error of metabolism.” In 1909, Johannsen
coined the term gene to denote the basic unit of heredity.

The next several decades were a period of considerable
experimental and theoretical work. Several organisms, includ-
ing Drosophila melanogaster (fruit flies) and Neurospora crassa
(bread mold) served as useful experimental systems in which
to study the actions and interactions of genes. For example,
H. J. Muller demonstrated the genetic consequences of ion-
izing radiation in the fruit fly. During this period, much of
the theoretical basis of population genetics was developed by
three central figures: Ronald Fisher, J. B. S. Haldane, and
Sewall Wright. In addition, the modes of inheritance of several
important genetic diseases, including phenylketonuria, sickle

1




CHAPTER 1 Background and History

TABLE 1-1 A Partial List of Some Important Genetic Diseases

DISEASE

APPROXIMATE PREVALENCE

Chromosome Abnormalities
Down syndrome

Klinefelter syndrome

Trisomy 13

Trisomy 18

Turner syndrome

Single-Gene Disorders
Adenomatous polyposis coli
Adult polycystic kidney disease
oy-Antitrypsin deficiency
Cystic fibrosis

Duchenne muscular dystrophy
Familial hypercholesterolemia
Fragile X syndrome
Hemochromatosis (hereditary)

Hemophilia A

Hereditary nonpolyposis colorectal cancer
Huntington disease
Marfan syndrome
Myotonic dystrophy
Neurofibromatosis type 1
Osteogenesis imperfecta
Phenylketonuria
Retinoblastoma

Sickle cell disease
Tay-Sachs disease
Thalassemia

Multifactorial Disorders
Congenital Malformations

Cleft lip with or without cleft palate
Club foot (talipes equinovarus)
Congenital heart defects

Pyloric stenosis

Adult Diseases
Alcoholism

Alzheimer disease
Bipolar disorder

Cancer (all types)
Diabetes (types 1 and 2)
Heart disease or stroke
Schizophrenia

Mitochondrial Diseases
Kaerns-Sayre syndrome
Leber hereditary optic neuropathy (LHON)

stroke-like episodes (MELAS)

Neural tube defects (spina bifida, anencephaly)

Mitochondrial encephalopathy, lactic acidosis, and

Myoclonic epilepsy and ragged red fiber disease (MERRF)

1/700 to 1/1000

1/1000 males

1/10,000

1/6000

1/2500 to 1/10,000 females

1/6000

1/1000

1/2500 to 1/10,000 (whites)*

1/2000 to 1/4000 (whites)

1/3500 males

1/500

1/4000 males; 1/8000 females

1/300 whites are homozygotes; approximately 1/1000 to 1/2000
are affected

1/5000 to 1/10,000 males

Up to 1/200

1/20,000 (whites)

1/10,000 to 1/20,000

1/7000 to 1/20,000 (whites)

1/3000 to 1/5000

1/5000 to 1/10,000

1/10,000 to 1/15,000 (whites)

1/20,000

1/400 to 1/600 blacks* in America; up to 1/50 in central Africa

1/3000 Ashkenazi Jews

1/50 to 1/100 (South Asian and circum-Mediterranean populations)

1/500 to 1/1000
1/1000

1/200 to 1/500
1/200 to 1/1000
1/300

1/10 to 1/20

1/10 (Americans older than 65 years)
1/100 to 1/200

1/3

1/10

1/3 to 1/5

1/100

Rare
Rare
Rare

Rare

*The term “white"” refers to individuals of predominantly European descent; the term “black” refers to individuals of predominantly
sub-Saharan African descent. These terms are used for convenience; some of the challenges in accurately describing human populations are

discussed in Chapter 14.
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FIG 1-1 Gregor Johann Mendel. (From Raven PH, Johnson
GB. Biology. 3rd ed. St Louis: Mosby; 1992.)

cell disease, Huntington disease, and cystic fibrosis, were
established. In 1944, Oswald Avery showed that genes are
composed of deoxyribonucleic acid (DNA).

Probably the most significant achievement of the 1950s
was the specification of the physical structure of DNA by
James Watson and Francis Crick in 1953. Their seminal paper,
which was only one page long, formed the basis for what is
now known as molecular genetics (the study of the structure
and function of genes at the molecular level). Another sig-
nificant accomplishment in that decade was the correct speci-
fication of the number of human chromosomes. Since the
early 1920s, it had been thought that humans had 48 chro-
mosomes in each cell. Only in 1956 was the correct number,
46, finally determined. The ability to count and identify chro-
mosomes led to a flurry of new findings in cytogenetics,
including the discovery in 1959 that Down syndrome is
caused by an extra copy of chromosome 21.

Technological developments since 1960 have brought
about significant achievements at an ever-increasing rate. The
most spectacular advances have occurred in the field of
molecular genetics. Thousands of genes have been mapped
to specific chromosome locations. The Human Genome
Project, a large collaborative venture begun in 1990, provided
a nearly complete human DNA sequence in 2003 (the term
genome refers to all of the DNA in an organism). Important
developments in computer technology have helped to deci-
pher the barrage of data being generated by this and related
projects. In addition to mapping genes, geneticists have pin-
pointed the molecular defects underlying several thousand
genetic diseases. This research has contributed greatly to our
understanding of the ways gene defects can cause disease,
opening paths to more effective treatment and potential
cures.

TYPES OF GENETIC DISEASES

Humans are estimated to have approximately 20,000 to
25,000 genes. Alterations in these genes, or in combinations

of them, can produce genetic disorders. These disorders are

classified into several major groups:

+ Chromosome disorders, in which entire chromosomes
(or large segments of them) are missing, duplicated, or
otherwise altered. These disorders include diseases such as
Down syndrome and Turner syndrome.

+ Disorders in which single genes are altered; these are often
termed (mendelian conditions, or single-gene disorders.
Well-known examples include cystic fibrosis, sickle cell
disease, and hemophilia.

*  Multifactorial disorders, which result from a combina-
tion of multiple genetic and environmental causes. Many
birth defects, such as cleft lip and cleft palate, as well as
many adult disorders, including heart disease and diabe-
tes, belong in this category.

+ Mitochondrial disorders, a relatively small number of
diseases caused by alterations in the small cytoplasmic
mitochondrial chromosome.

Table 1-1 provides some examples of each of these types
of diseases.

Of these major classes of diseases, {the single-gene disor-
ders have probably received the greatest amount of attention.
These disorders are classified according to the way they are
inherited in families: (autosomal dominant, autosomal reces-
sive, or X-linked. These modes of inheritance are discussed
extensively in Chapters 4 and 5. The first edition of McKu-
sick’s Mendelian Inheritance in Man, published in 1966, listed
only 1368 autosomal traits and 119 X-linked traits. Today, the
online version of McKusick’s compendium lists nearly 23,000
genes and traits, of which nearly 21,000 are autosomal, more
than 1200 are X-linked, 59 are Y-linked, and 65 are in the
mitochondrial genome. DNA variants responsible for more
than 4000 of these traits, most of which are inherited diseases,
have been identified. With continued advances, these numbers
are certain to increase.

Although some genetic disorders, particularly the single-
gene conditions, are strongly determined by genes, many
others are the result of multiple genetic and nongenetic
factors. One can therefore think of genetic diseases as lying
along a continuum (Fig. 1-2), with (disorders such as cystic
fibrosis and Duchenne muscular dystrophy situated at one
end (strongly determined by genes) and conditions such as
measles situated at the other end (strongly determined by
environment). Many of the most prevalent disorders, includ-
ing many birth defects and many common diseases such as
diabetes, hypertension, heart disease, and cancer, lie some-
where in the middle of the continuum. These diseases are the
products of varying degrees of genetic and environmental
influences.

THE CLINICAL IMPACT OF GENETIC DISEASE

Less than a century ago, diseases of largely nongenetic causa-
tion (i.e., those caused by malnutrition, unsanitary condi-
tions, and pathogens) accounted for the great majority of
deaths in children. During the 20th century, however, public
health vastly improved. As a result, genetic diseases have come
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Influenza Diabetes Cystic fibrosis
Measles Heart disease Hemophilia A
Infectious disease
Environmental Genetic

FIG 1-2 Continuum of disease causation. Some diseases (e.g., cystic fibrosis) are strongly
determined by genes, whereas others (e.g., infectious diseases) are strongly determined by

environment.

TABLE 1-2 Percentages of Childhood Deaths in United Kingdom Hospitals Attributable to

Nongenetic and Genetic Causes

CAUSE LONDON 1914 LONDON 1954 NEWCASTLE 1966 EDINBURGH 1976
Nongenetic*

All causes 83.5 62.5 58.0 50.0
Genetic

Single gene 2.0 12.0 8.5 8.9
Chromosomal — — 2.5 2.9
Multifactorial 14.5 25.5 31.0 38.2

Data from Rimoin DL, Connor JM, Pyeritz RE, Korf BR. Emery and Rimoin’s Principles and Practice of Medical Genetics. London: Churchill

Livingstone; 2007.
*Infections, for example.

to account for an ever-increasing percentage of deaths among
children in developed countries. For example, the percentage
of pediatric deaths due to genetic causes in various hospitals
in the United Kingdom increased from 16.5% in 1914 to 50%
in 1976 (Table 1-2).

In addition to contributing to a large fraction of child-
hood deaths, genetic diseases also account for a large share
of admissions to pediatric hospitals. For example, a survey of
Seattle hospitals showed that 27% of all pediatric inpatients
presented with a genetic disorder, and a survey of admis-
sions to a major pediatric hospital in Mexico showed that
37.8% involved a disease that was either genetic or “partly
genetic” It is estimated that mendelian diseases alone
account for =20% of infant mortality and =10% of pediatric
hospitalizations.

Another way to assess the importance of genetic diseases
is to ask, “What fraction of persons in the population will be
found to have a genetic disorder?” A variety of factors can
influence the answer to this question. For example, some
diseases are found more frequently in certain ethnic groups.
Cystic fibrosis is especially common among those of Euro-
pean heritage, whereas sickle cell disease is especially common
among those of African descent: Some diseases are more
common in older persons. For example, colon cancer, breast
cancer, and Alzheimer disease are caused by dominant genes
in a small fraction (5-10%) of cases but are not usually mani-
fested until later in life. The prevalence estimates for these
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TABLE 1-3 Approximate Prevalence of

Genetic Disease in the General Population

LIFETIME PREVALENCE

TYPE OF GENETIC DISEASE PER 1000 PERSONS
Autosomal dominant 3-9.5
Autosomal recessive 2-2.5
X-linked 0.5-2
Chromosome disorder 6-9
Congenital malformation* 20-50

Total 31.5-73

*Congenital means “present at birth.” Most congenital
malformations are thought to be multifactorial and therefore
probably have both genetic and environmental components.
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2 CHAPTER

Basic Cell Biology: Structure and Function of

Genes and Chromosomes

All genetic diseases involve defects at the level of the cell. For
this reason, one must understand basic cell biology to under-
stand genetic disease. Errors can occur in the replication of
genetic material or in the translation of genes into proteins.
Such errors commonly produce single-gene disorders. In
addition, errors that occur during cell division can lead to
disorders involving entire chromosomes. To provide the basis
for understanding these errors and their consequences, this
chapter focuses on the processes through which genes are
replicated and translated into proteins, as well as the process
of cell division.

In the 19th century, microscopic studies of cells led scien-
tists to suspect that the nucleus of the cell (Fig. 2-1) contains
the important mechanisms of inheritance. They found that
chromatin, the substance that gives the nucleus a granular
appearance, is observable in the nuclei of nondividing cells.

Just before a cell undergoes division, the (chromatin con-
denses to form microscopically observable, threadlike struc-
(tures called chromosomes (from the Greek words for “colored

bodies”). With the rediscovery of Mendel’s breeding experi-
ments at the beginning of the 20th century, it soon became
apparent that chromosomes contain genes. Genes are trans-
mitted from parent to offspring and are considered the
basic unit of inheritance. It is through the transmission of
genes that physical traits such as eye color are inherited in
families. Diseases can also be transmitted through genetic
inheritance.

Physically, genes are composed of deoxyribonucleic acid
(DNA). DNA provides the genetic blueprint for all proteins
in the body. Thus, genes ultimately influence all aspects of
body structure and function. Humans are estimated to have
20,000 to 25,000 genes (sequences of DNA that code for
ribonucleic acid [RNA] or proteins). An error (or mutation)
in one of these genes often leads to a recognizable genetic
disease.

> Genes, the basic unit of inheritance, are con-
tained in chromosomes and consist of DNA.

Each human somatic cell (cells other than the gametes,

or sperm and egg cells) ConEaRSI23IpairSIOF differentichios
(mosomes, for a total of 46: One member of each pair is

derived from the individual’s father, and the other member is
derived from the mother. One of the chromosome pairs con-
sists of the sex chromosomes. In normal males, the sex chro-
mosomes are a Y chromosome inherited from the father and

6

an X chromosome inherited from the mother. Two X chro-
mosomes are found in normal females, one inherited from
each parent. The other 22 pairs of chromosomes are auto-
somes. The members of each pair of autosomes are said to
be homologs, or homologous, because their DNA is very
similar. The X and Y chromosomes are not homologs of each
other.

Somatic cells, having two of each chromosome, are diploid
cells. Human gametes have the haploid number of chromo-
(somes, 23! The diploid number of chromosomes is main-
tained in successive generations of somatic cells by the process

of mitosis, whereas the haploid number is obtained through
(the process of meiosis. Both of these processes are discussed

in detail later in this chapter.

> Somatic cells are diploid, having 23 pairs
of chromosomes (22 pairs of autosomes and
one pair of sex chromosomes). Gametes are
haploid and have a total of 23 chromosomes.

DNA, RNA, AND PROTEINS: HEREDITY
AT THE MOLECULAR LEVEL
DNA

Composition and Structure of DNA

The DNA molecule has three basic components: the pentose
sugar, deoxyribose; a phosphate group; and four types of
nitrogenous bases (so named because they can combine with
hydrogen ions in acidic solutions). Two of the bases, cytosine
and thymine, are single carbon—nitrogen rings called pyrimi-
dines. The other two bases, adenine and guanine, are double
carbon—nitrogen rings called purines (Fig. 2-2). The four
bases are commonly represented by their first letters: C, T, A,
and G.

One of the contributions of Watson and Crick in the mid-
20th century was to demonstrate how these three compo-
nents are physically assembled to form DNA. They proposed
the now-famous double helix model, in which DNA can be
envisioned as a twisted ladder with chemical bonds as its
rungs (Fig. 2-3). The two sides of the ladder are composed of
the sugar and phosphate components, held together by strong
phosphodiester bonds. Projecting from each side of the
ladder, at regular intervals, are the nitrogenous bases. The
base projecting from one side is bound to the base projecting
from the other side by relatively weak hydrogen bonds. The
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FIG 2-1 The anatomy of the cell. (From McCance KL, Huether SE. Pathophysiology: The Biologic
Basis for Disease in Adults and Children. 7th ed. St. Louis: Elsevier Mosby; 2014.)

paired nitrogenous bases therefore form the rungs of the
ladder.

Figure 2-2 illustrates the chemical bonds between bases
and shows that the ends of the ladder terminate in either 3’
or 5. These labels are derived from the order in which the
five carbon atoms composing deoxyribose are numbered.
Each DNA subunit, consisting of one deoxyribose, one phos-
phate group, and one base, is called a nucleotide.

Different sequences of nucleotide bases (e.g.,
ACCAAGTGQ) specity different proteins. Specification of the
body’s many proteins must require a great deal of genetic
information. Indeed, each haploid human cell contains
approximately 3 billion nucleotide pairs, more than enough
information to specify the composition of all human
proteins.

> The most important constituents of DNA are

the four nucleotide bases: adenine, thymine,
cytosine, and guanine. DNA has a double helix
structure.

DNA Coiling

Textbook illustrations usually depict DNA as a double helix
molecule that continues in a long, straight line. However, if

3 5’
\ i
. H
Thymine N/C\c/C N/C\C/H Cytosine
|‘I | |
o] (o}
O/C\N/C\O 07 " N7 " N=H
| | | | |
H H H H H
H .| | | | [ — Hydrogen
. \C/N\ /N\H H/N\C/N\C/O bond
Adenine ||‘| II | Guanine
N C N C
/ \H \H
5’ 3

Sugar-phosphate backbone
FIG 2-2 Chemical structure of the four bases, which shows
hydrogen bonds between base pairs. Three hydrogen bonds
are formed between cytosine—guanine pairs, and two bonds
are formed between adenine-thymine pairs.
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Sugar-phosphate
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'::,IZI Guanine

Cytosine

FIG 2-3 The DNA double helix, with sugar-phosphate back-
bone and nitrogenous bases.

the DNA in a cell were actually stretched out in this way, it
would be about 2 meters long. To package all of this DNA
into a tiny cell nucleus, it is coiled at several levels. First, the
DNA is wound around a histone protein core to form a
nucleosome (Fig. 2-4). About 140 to 150 DNA bases are
wound around each histone core, and then 20 to 60 bases

form a spacer element before the next nucleosome complex.

‘The nucleosomes in turn form a helical solenoid; each turn
of the solenoid includes about six nucleosomes. The sole-

noids themselves are organized into chromatin loops, which
are attached to a protein scaffold. Each of these loops contains
approximately 100,000 base pairs (bp), or 100 kilobases (kb),
of DNA. The end result of this coiling and looping is that the
DNA, at its maximum stage of condensation, is only about
1/10,000 as long as it would be if it were fully stretched out.

} DNA is a tightly coiled structure. This coiling
occurs at several levels: the nucleosome, the
solenoid, and 100-kb loops.

Replication of DNA

As cells divide to make copies of themselves, identical copies
of DNA must be made and incorporated into the new cells.
This is essential if DNA is to serve as the fundamental genetic
material. DNA replication begins as the weak hydrogen
bonds between bases break, producing single DNA strands
with unpaired bases. The consistent pairing of adenine with
thymine and guanine with cytosine, known as complemen-
tary base pairing, is the key to accurate replication. The prin-
ciple of complementary base pairing dictates that the unpaired
base will attract a free nucleotide only if that nucleotide has
the proper complementary base. For example, a portion of a
single strand with the base sequence ATTGCT will bond with
a series of free nucleotides with the bases TAACGA. The
single strand is said to be a template upon which the comple-
mentary strand is built. When replication is complete, a new
double-stranded molecule identical to the original is formed
(Fig. 2-5).

Several different enzymes are involved in DNA replication.
One enzyme unwinds the double helix, and another holds the
strands apart. Still another enzyme, DNA polymerase, travels
along the single DNA strand, adding free nucleotides to the
3" end of the new strand. Nucleotides can be added only to
the 3’ end of the strand, so replication always proceeds from
the 5" to the 3" end. When referring to the orientation of
sequences along a gene, the 5" direction is termed upstream,
and the 3’ direction is termed downstream.

In addition to adding new nucleotides, DNA polymerase
performs part of a proofreading procedure, in which a newly
added nucleotide is checked to make certain that it is in fact
complementary to the template base. If it is not, the nucleo-
tide is excised and replaced with a correct complementary
nucleotide base. This process substantially enhances the accu-
racy of DNA replication. When a DNA replication error is
not successfully repaired, a mutation has occurred. As will be
seen in Chapter 3, many such mutations cause genetic
diseases.

} DNA replication is critically dependent on the

principle of complementary base pairing (A
with T; C with G). This allows a single strand
of the double-stranded DNA molecule to form
a template for the synthesis of a new, comple-
mentary strand.
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FIG 2-4 Patterns of DNA coiling. DNA is wound around histones to form nucleosomes. These
are organized into solenoids, which in turn make up the chromatin loops.

(nucleotides per second, is comparatively slow. In bacteria the

rate is much higher, reaching 500 to 1000 nucleotides per
second. Given that some human chromosomes have as many
as 250 million nucleotides, replication would be an extraor-
dinarily time-consuming process if it proceeded linearly from
one end of the chromosome to the other: For a chromosome

of this size, a single round of replication would take almost
2 months. Instead, replication begins at many different points
along the chromosome, termed replication origins. The
resulting multiple separations of the DNA strands are called
replication bubbles (Fig. 2-6). By occurring simultaneously
at many different sites along the chromosome, the replication
process can proceed much more quickly.
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New DNA
strands forming

DNA
polymerase Old DNA
strand
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FIG 2-5 DNA replication. The hydrogen bonds between the two original strands are broken,
allowing the bases in each strand to undergo complementary base pairing with free bases. This
process, which proceeds in the 5" to 3’ direction on each strand, forms two new double strands
of DNA.
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FIG 2-6 Replication bubbles form at multiple points along the DNA strand, allowing replication
to proceed more rapidly.
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Replication bubbles allow DNA replication to
take place at multiple locations on the chromo-
some, greatly speeding the replication process.

From Genes to Proteins

While DNA is formed and replicated in the cell nucleus,
protein synthesis takes place in the cytoplasm. The informa-
tion contained in DNA must be transported to the cytoplasm
and then used to dictate the composition of proteins. This
involves two processes, transcription and translation. Briefly,
the DNA code is transcribed into messenger RNA, which
then leaves the nucleus to be translated into proteins. These
processes, summarized in Figure 2-7, are discussed at length
later in this chapter. Transcription and translation are both
mediated by ribonucleic acid (RNA), a type of nucleic acid

Chromosome

that is chemically similar to DNA. Like DNA, RNA is com-
posed of sugars, phosphate groups, and nitrogenous bases. It
differs from DNA in that the sugar is ribose instead of deoxy-
ribose, and uracil rather than thymine is one of the four bases.
Uracil is structurally similar to thymine, so, like thymine, it
can pair with adenine. Another difference between RNA and
DNA is that whereas DNA usually occurs as a double strand,
RNA usually occurs as a single strand.

> DNA sequences encode proteins through

the processes of transcription and translation.
These processes both involve RNA, a single-
stranded molecule thatis similar to DNA except
that it has a ribose sugar rather than deoxyri-
bose and a uracil base rather than thymine.

( Exon (

Intron ( Exon (

)

Intron ( Exon

Mature

¥

Transcription

mRNA Processing

Introns
spliced
out

N

(C Exon( Exon (  Exon )

Nuclear
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membrane

envelope

Nuclear pore

Translation

Protein

FIG 2-7 A summary of the steps leading from DNA to proteins. Replication and transcription
occur in the cell nucleus. The mRNA is then transported to the cytoplasm, where translation of
the mRNA into amino acid sequences composing a protein occurs.
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Transcription

Transcription is the process by which an RNA sequence is
formed from a DNA template (Fig. 2-8). The type of RNA
produced by the transcription process is messenger RNA
(mRNA). To initiate mRNA transcription, one of the RNA
polymerase enzymes (RNA polymerase II) binds to a pro-

moter site on the DNA
haties JUSE UpSIFEamOF a gene). The RNA polymerase then

pulls a portion of the DNA strands apart from each other,
exposing unattached DNA bases. One of the two DNA strands
provides the template for the sequence of mRNA nucleotides.
Although either DNA strand could in principle serve as the

== Adenine DNA strands mRNA strand
== Thymine 5'
'4:2' Guanine
Cytosine
( Uracil

H-
R

RNA
polymerase

I RNA
nucleotide

Sense I )
strand —P —-I <4— Antisense

] strand

3 5'
FIG 2-8 Transcription of DNA to mRNA. RNA polymerase |l
proceeds along the DNA strand in the 3’ to 5" direction,
assembling a strand of mMRNA nucleotides that is comple-
mentary to the DNA template strand.

template for mRNA synthesis, only one is chosen to do so in
a given region of the chromosome. This choice is determined
by the promoter sequence, which orients the RNA poly-
merase in a specific direction along the DNA sequence.
Because the mRNA molecule can be synthesized only in the
5 to 3 direction, e promoter by specifying directionality)
determines which DNA strand serves as the template. This
template DNA strand is also known as the antisense strand.
RNA polymerase moves in the 3’ to 5" direction along the
DNA template strand, assembling the complementary mRNA
strand from 5" to 3" (see Fig. 2-8). Because of complementary
base pairing, the mRNA nucleotide sequence is identical to
that of the DNA strand that does not serve as the template—
the sense strand—except for the substitution of uracil for
thymine.

Soon after RNA synthesis begins, the 5" end of the growing
RNA molecule is capped by the addition of a chemically

modified guanine nucleotide. This5’ €aplappears to help
prevent the RNA molecule from being degraded during syn-
thesis, and later it helps to indicate the starting position for

translation of the mRNA molecule into protein. Transcrip-

tion continues until a group of bases called a termination
sequence is reached.

This structure, known as the poly=A tail, may be involved in

stabilizing the mRNA molecule so that it is not degraded
(when'it reaches the cytoplasm; RNA polymerase usually con-

tinues to transcribe DNA for several thousand additional
bases, but the mRNA bases that are attached after the poly-A
tail are eventually lost. Finally, the DNA strands and the RNA
polymerase separate from the RNA strand, leaving a tran-
scribed single mRNA strand. This mRNA molecule is termed
the primary transcript.

In some human genes, such as the one that can cause
Duchenne muscular dystrophy, several different promoters
exist and are located in different parts of the gene. Thus,
transcription of the gene can start in different places, result-
ing in the production of somewhat different proteins. This
allows the same gene sequence to code for variations of a
protein in different tissues (e.g., muscle tissue versus brain
tissue).

> In the process of transcription, RNA poly-

merase |l recognizes a promoter site near
the 5" end of a gene on the sense strand and,
through complementary base pairing, helps to
produce an mRNA strand from the antisense
DNA strand.

Transcription and the Regulation of Gene Expression

Some genes are transcribed in all cells of the body. These
housekeeping genes encode products that are required for a
cell’s maintenance and metabolism. Most genes, however, are
transcribed only in specific tissues at specific points in time.
Therefore, in most cells, only a small fraction of genes are
actively transcribed. This specificity explains why there is a
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FIG 2-9 Key elements of transcription control include general (basal) transcription factors and
specific enhancers and silencers. The activity of enhancers is mediated by activators and coacti-
vators, which are specific transcription factors. (Data from Tjian R. Molecular machines that

control genes. Sci Am. 1995;272[2]:54-61.)

large variety of different cell types making different protein
products, even though almost all cells have exactly the same
DNA sequence. For example, the globin genes are transcribed
in the progenitors of red blood cells (where they help to form
hemoglobin), and the low-density lipoprotein receptor genes
are transcribed in liver cells.

Many different proteins participate in the process of tran-
scription. Some of these are required for the transcription of
all genes, and these are termed general transcription factors.
Others, labeled specific transcription factors, have more
specialized roles, activating only certain genes at certain
stages of development. A key transcriptional element is RNA
polymerase II, which was described previously. Although this
enzyme plays a vital role in initiating transcription by binding
to the promoter region, it cannot locate the promoter region
on its own. Furthermore, it is incapable of producing signifi-
cant quantities of mRNA by itself. Effective transcription
requires the interaction of a large complex of approximately
50 different proteins. These include general (basal) transcrip-
tion factors, which bind to RNA polymerase and to specific
DNA sequences in the promoter region (sequences such as
TATA and others needed for initiating transcription). The
general transcription factors allow RNA polymerase to bind

to the promoter region so that it can function effectively in
transcription (Fig. 2-9).

The transcriptional activity of specific genes can be greatly
increased by interaction with sequences called enhancers,
which may be located thousands of bases upstream or down-
stream of the gene. Enhancers do not interact directly
with genes. Instead, they are bound by a class of specific
transcription factors that are termed activators. Activators
bind to a second class of specific transcription factors called
co-activators, which in turn bind to the general transcription
factor complex described previously (see Fig. 2-9). This chain
of interactions, from enhancer to activator to co-activator to
the general transcription complex and finally to the gene
itself, increases the transcription of specific genes at specific
points in time. Whereas enhancers help to increase the tran-
scriptional activity of genes, other DNA sequences, known as
silencers, help to repress the transcription of genes through
a similar series of interactions.

Mutations in enhancer, silencer, or promoter sequences, as
well as mutations in the genes that encode transcription
factors, can lead to faulty expression of vital genes and con-
sequently to genetic disease. Many examples of such diseases
are discussed in the following chapters.
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Transcription factors are required for the tran-
scription of DNA to mRNA. General transcrip-
tion factors are used by all genes, and specific
transcription factors help to initiate the tran-
scription of genes in specific cell types at spe-
cific points in time. Transcription is also
regulated by enhancer and silencer sequences,
which may be located thousands of bases
away from the transcribed gene.

The large number and complexity of transcription factors
allow fine-tuned regulation of gene expression. But how do
the transcription factors locate specific DNA sequences? This
is achieved by DNA-binding motifs: configurations in the
transcription-factor protein that allow it to fit snugly and
stably into a unique portion of the DNA double helix. Several
examples of these binding motifs are listed in Table 2-1, and
Figure 2-10 illustrates the binding of one such motif to DNA.

Helix-loop-helix protein

FIG 2-10 A helix-loop—helix motif binds tightly to a specific
DNA sequence.

TABLE 2-1

Each major motif contains many variations that allow speci-
ficity in DNA binding.

An intriguing type of DNA-binding motif is contained in
the high-mobility group (HMG) class of proteins. These pro-
teins are capable of bending DNA and can facilitate interac-
tions between distantly located enhancers and the appropriate
basal factors and promoters (see Fig. 2-9).

> Transcription factors contain DNA-binding

motifs that allow them to interact with specific
DNA sequences. In some cases, they bend
DNA so that distant enhancer sequences can
interact with target genes.

Gene activity can also be related to patterns of chromatin
coiling or condensation (chromatin is the combination of
DNA and the histone proteins around which the DNA is

wound). Decondensed, or open, chromatin regions, termed

(transcriptionally active. In contrast, heterochromatin is

usually less acetylated, more condensed, and transcription-
ally inactive.

Gene expression can also be influenced by (microRNAs
((miRNA), which are small RNA molecules (17-27 nucleo-
tides) that are not translated into proteins. Instead, because
they are complementary to specific mRNA sequences, {they

«an bind to and down-regulate these mRNAs, thus lowering
(their expression levels. MicroRNA variation has been found

to play important roles in a number of types of cancer (see
Chapter 11).

The Major Classes of DNA-Binding Motifs Found in Transcription Factors

MOTIF DESCRIPTION

HUMAN DISEASE EXAMVPLES

Helix—turn—helix

Two o helices are connected by a short chain of
amino acids, which constitute the turn. The

Homeodomain proteins (HOX): mutations in
human HOXD13 and HOXA13 cause

Helix—loop-helix

Zinc finger

Leucine zipper

B Sheets

carboxyl-terminal helix is a recognition helix
that binds to the DNA major groove.

Two o helices (one short and one long) are
connected by a flexible loop. The loop allows
the two helices to fold back and interact with
one another. The helices can bind to DNA or to
other helix-loop—helix structures.

Zinc molecules are used to stabilize amino acid
structures (e.g., o helices, B sheets), with

binding of the a helix to the DNA major groove.

Two leucine-rich o helices are held together by
amino acid side chains. The a helices form a
Y-shaped structure whose side chains bind to
the DNA major groove.

Side chains extend from the two-stranded
sheet to form contacts with the DNA helix.

synpolydactyly and hand-foot—genital
syndrome, respectively.

Mutations in the TWIST gene cause Saethre—
Chotzen syndrome (acrocephalosyndactyly
type IlI)

BRCAT (breast cancer gene); WTT (Wilms
tumor gene); GL13 (Greig syndrome gene);
vitamin D receptor gene (mutations cause
rickets)

RB1 (retinoblastoma gene); JUN and FOS
oncogenes

TBX family of genes: TBX5 (Holt—-Oram
syndrome); TBX3 (ulnar-mammary syndrome)
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FIG 2-11 Gene splicing. Introns are precisely removed from
the primary mRNA transcript to produce a mature mRNA
transcript. Consensus sequences mark the sites at which
splicing occurs.

Heterochromatin, which is highly condensed

> and hypoacetylated, tends to be transcription-
ally inactive, whereas euchromatin, which is
acetylated and less condensed, tends to be
transcriptionally active.

Gene Splicing

The primary mRNA transcript is exactly complementary to
the base sequence of the DNA template. In eukaryotes,* an
important step takes place before this RNA transcript leaves
the nucleus. Sections of the RNA are removed by nuclear
enzymes, and the remaining sections are spliced together to
form the functional mRNA that will migrate to the cyto-
plasm. The excised sequences are called introns, and the
sequences that are left to code for proteins are called exons
(Fig. 2-11). Only after gene splicing is completed does the
mature transcript move out of the nucleus into the cyto-
plasm. Some genes contain alternative splice sites, which
allow the same primary transcript to be spliced in different
ways, ultimately producing different protein products from
the same gene. Errors in gene splicing, like replication errors,
are a form of mutation that can lead to genetic disease.

*Eukaryotes are organisms that have a defined cell nucleus, as
opposed to prokaryotes, which lack a defined nucleus.

> Introns are spliced out of the primary mRNA

transcript before the mature transcript leaves
the nucleus. Exons contain the mRNA that
specifies proteins.

The Genetic Code

Proteins are composed of one or more polypeptides, which
are in turn composed of sequences of amino acids. The body
contains 20 different types of amino acids, and the amino
acid sequences that make up polypeptides must in some way
be designated by the DNA after transcription into mRNA.

Because there are 20 different amino acids and only four
different RNA bases, a single base could not be specific for a
single amino acid. Similarly, specific amino acids could not
be defined by couplets of bases (e.g., adenine followed by
guanine, or uracil followed by adenine) because only 16 (4 X
4) different couplets are possible. If triplet sets of bases are
translated into amino acids, however, 64 (4 X 4 X 4) combina-
tions can be achieved—more than enough to specify each
amino acid. Conclusive proof that amino acids are specified
by these triplets of bases, or codons, was obtained by manu-
facturing synthetic nucleotide sequences and allowing them
to direct the formation of polypeptides in the laboratory. The
correspondence between specific codons and amino acids,
known as the genetic code, is shown in Table 2-2.

Of the 64 possible codons, three signal the end of a gene
and are known as stop codons. These are UAA, UGA, and
UAG. The remaining 61 codons all specify amino acids. This
means that most amino acids can be specified by more than
one codon, as Table 2-2 shows. The genetic code is thus said
to be degenerate. Although a given amino acid may be speci-
fied by more than one codon, each codon can designate only
one amino acid.

> Individual amino acids, which compose pro-

teins, are encoded by units of three mRNA
bases, termed codons. There are 64 possible
codons and only 20 amino acids, so the genetic
code is degenerate.

A significant feature of the genetic code is that it is uni-
versal: the great majority of organisms use the same DNA
codes to specify amino acids: An important exception to this
rule occurs in mitochondria, cytoplasmic organelles that are
the sites of cellular respiration (see Fig. 2-1). The mitochon-
dria have their own extranuclear DNA molecules, and several
codons of mitochondrial DNA encode different amino acids
than do the same nuclear DNA codons.

Translation

Translation is the process in which mRNA provides a tem-
plate for the synthesis of a polypeptide. mRNA cannot,
however, bind directly to amino acids. Instead, it interacts
with molecules of transfer RNA (tRNA), which are cloverleaf-
shaped RNA strands of about 80 nucleotides. As Figure 2-12
illustrates, each tRNA molecule has a site at the 3" end for the
attachment of a specific amino acid by a covalent bond. At
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TABLE 2-2 The Genetic Code

FIRST POSITION (5’ END) SECOND POSITION THIRD POSITION (3’ END)
4 u c A G 4
U Phe Ser Tyr Cys U
U Phe Ser Tyr Cys C
U Leu Ser STOP STOP A
V] Leu Ser STOP Trp G
C Leu Pro His Arg 0]
€ Leu Pro His Arg €
C Leu Pro GIn Arg A
C Leu Pro GIn Arg G
A lle Thr Asn Ser U
A lle Thr Asn Ser C
A lle Thr Lys Arg A
A Met Thr Lys Arg G
G Val Ala Asp Gly U
G Val Ala Asp Gly C
G Val Ala Glu Gly A
G Val Ala Glu Gly G

Ala, Alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys, cysteine; Gin, glutamine; Glu, glutamic acid; Gly, glycine; His, histidine;
Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr,

tyrosine; Val, valine.

*Examples: UUG is translated into leucine; UAA is a stop codon; GGG is translated into glycine. Under some circumstances the UGA codon
can specify an amino acid called selenocysteine, which is often called the 21st amino acid.
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FIG 2-12 The structure of a tRNA molecule. In two dimen-
sions, the tRNA has a cloverleaf shape. Note the 3" site of
attachment for an amino acid. The anticodon pairs with a
complementary mRNA codon.

the opposite end of the cloverleaf is a sequence of three nucle-
otides called the anticodon, which undergoes complemen-
tary base pairing with an appropriate codon in the mRNA.
The attached amino acid is then transferred to the polypep-
tide chain being synthesized. In this way, mRNA specifies the
sequence of amino acids by acting through tRNA.

The cytoplasmic site of protein synthesis is the ribosome,
which consists of roughly equal parts of enzymatic proteins
and ribosomal RNA (rRNA). The function of rRNA is to help
bind mRNA and tRNA to the ribosome. During translation,
depicted in Figure 2-13, the ribosome first binds to an initia-
tion site on the mRNA sequence. This site consists of a spe-
cific codon, AUG, which specifies the amino acid methionine
(this amino acid is usually removed from the polypeptide
before the completion of polypeptide synthesis). The ribo-
some then binds the tRNA to its surface so that base pairing
can occur between tRNA and mRNA. The ribosome moves
along the mRNA sequence, codon by codon, in the 5" to 3’
direction. As each codon is processed, an amino acid is trans-
lated by the interaction of mRNA and tRNA.

In this process, the ribosome provides an enzyme that
catalyzes the formation of covalent peptide bonds between
the adjacent amino acids, resulting in a growing polypeptide.
When the ribosome arrives at a stop codon on the mRNA
sequence, translation and polypeptide formation cease. The
amino (NH,) terminus of the polypeptide corresponds to the
5" end of the mRNA strand, and the carboxyl (COOH) ter-
minus corresponds to the 3” end. After synthesis is completed,
the mRNA, the ribosome, and the polypeptide separate from
one another. The polypeptide is then released into the
cytoplasm.
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mRNA
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Cytosine ‘ Amino acid

FIG 2-13 Translation of mMRNA to amino acids. The ribosome moves along the mRNA strand in
the 5’ to 3" direction, assembling a growing polypeptide chain. In this example, the mRNA
sequence GUG AGC AAG GGU UCA has assembled five amino acids (Val, Ser, Lys, Gly, and
Ser, respectively) into a polypeptide.
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> In the process of translation, the mRNA
sequence serves as a template to specify
sequences of amino acids. These sequences,
which form polypeptides, are assembled by
ribosomes. The tRNA and rRNA molecules
interact with mRNA in the translation process.

Before a newly synthesized polypeptide can begin its exis-
tence as a functional protein, it often undergoes further
processing, termed posttranslational modification. These
modifications can take a variety of forms, including cleav-
age into smaller polypeptide units or combination with

other polypeptides to form a larger protein. Other possible
modifications include the addition of carbohydrate side
chains to the polypeptide. Such modifications may be
needed, for example, to produce proper folding of the
mature protein or to stabilize its structure. An example of a
clinically important protein that undergoes considerable
posttranslational modification is type I collagen (Clinical
Commentary 2-1).

> Posttranslational modification consists of
various chemical changes that occur in pro-
teins shortly after they are translated.

CLINICAL COMMENTARY 2-1

Osteogenesis Imperfecta, an Inherited Collagen Disorder

As its name implies, osteogenesis imperfecta is a disease
caused by defects in the formation of bone. This disorder,
sometimes known as brittle bone disease, affects approxi-
mately 1 in 15,000 to 1 in 25,000 births in all ethnic groups.

Approximately 90% of osteogenesis imperfecta cases are
caused by defects in type | collagen, a major component of
bone that provides much of its structural stability. The function
of collagen in bone is analogous to that of the steel bars incor-
porated in reinforced concrete.

When type | collagen is improperly formed, the bone loses
much of its strength and fractures easily. Patients with osteo-
genesis imperfecta can suffer hundreds of bone fractures (Fig.
2-14), or they might experience only a few, making this disease
highly variable in its expression (the reasons for this variability
are discussed in Chapter 4). In addition to bone fractures,
patients can have short stature, hearing loss, abnormal tooth
development (dentinogenesis imperfecta), bluish sclerae, and
various bone deformities, including scoliosis. Osteogenesis

TYPE DISEASE FEATURES

TABLE 2-3 Subtypes of Osteogenesis Imperfecta

imperfecta was traditionally classified into four major types, all
of which are caused by mutations in either of the two genes
that encode type | collagen. Several additional types, caused by
mutations in other genes, have subsequently been added
(Table 2-3). There is currently no cure for this disease, and
management consists primarily of the repair of fractures and,
in some cases, the use of external or internal bone support (e.g.,
surgically implanted rods). Additional therapies include the
administration of bisphosphonates to decrease bone resorption
and human growth hormone to facilitate growth. Physical reha-
bilitation also plays an important role in clinical management.
Type | collagen is a trimeric protein (i.e., having three sub-
units) with a triple helix structure. It is formed from a precursor
protein, type 1 procollagen. Two of the three subunits of type
1 procollagen, labeled pro-a.1(l) chains, are encoded by an 18-kb
(kb = 1000 base pairs) gene on chromosome 17, and the third
subunit, the pro-a2(l) chain, is encoded by a 38-kb gene on
chromosome 7. Each of these genes contains more than 50

one year is highly unusual)

patients; dentinogenesis imperfecta is common

shortened long bones, white sclerae

| Mild bone fragility, blue sclerae, hearing loss in 60% of patients, normal or near-normal stature, few bone
deformities, dentinogenesis imperfecta in some cases

[l Most severe form, with extreme bone fragility, long bone deformities, compressed femurs, gray-blue sclerae; lethal
in the prenatal or perinatal periods (most die of respiratory failure during the first week of life, and survival beyond

I Severe bone fragility, very short stature, variably blue sclerae, progressive bone deformities, hearing loss in 80% of

IV Short stature, normal-to-gray sclerae, mild to moderate bone deformity, hearing loss in some patients,
dentinogenesis imperfecta is common; bone fragility is variable

V Similar to type IV but also includes calcification of interosseous membrane of forearm, radial head dislocation, and
hyperplastic callus formation

VI Similar to type IV but not caused by type | collagen mutations; calcification in interosseous membranes is not seen;
no dentinogenesis imperfecta

VII White sclerae, early lower limb deformities, shortening of all limbs, congenital fractures, osteopenia

VIII Severe, often lethal phenotype similar to type Il but not caused by type | collagen mutations; severe osteoporosis,

Types I-IV are caused by mutations in the two genes that encode type | collagen protein; types V-VIII have been identified on the basis of
distinct bone histology and are caused by mutations in genes involved in posttranslational processing of the gene product. Types VIl and
VIl have an autosomal recessive mode of inheritance, and several additional rare autosomal recessive forms of osteogenesis imperfecta
have been identified. There is substantial phenotypic overlap among many of these categories of osteogenesis imperfecta.
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CLINICAL COMMENTARY 2-1
Osteogenesis Imperfecta, an Inherited Collagen Disorder—cont'd

FIG 2-14 A, A stillborn infant with type Il osteogenesis
imperfecta (the perinatal lethal form). The infant had a
type | procollagen mutation and short, slightly twisted
limbs. B, Radiograph of an infant with type Il osteogenesis
imperfecta. Note calluses from rib fractures, which are
observable as “beads” on the ribs (arrows).

exons. After transcription and splicing, the mature mRNA
formed from each gene is only 5 to 7 kb long. The mature
mRNAs proceed to the cytoplasm, where they are translated
into polypeptide chains by the ribosomal machinery of the cell.

At this point, the polypeptide chains undergo a series of
posttranslational modifications. Many of the proline and lysine
residues* are hydroxylated (i.e., hydroxyl groups are added) to
form hydroxyproline and hydroxylysine, respectively. (Several
rare forms of osteogenesis imperfect, including type VII, are
caused by mutations in genes involved in the hydroxylation
process.) The three polypeptides, two pro-a1(l) chains, and one
pro-o2(l) chain, begin to associate with one another at their
COOH termini. This association is stabilized by sulfide bonds
that form between the chains near the COOH termini. The
triple helix then forms, in zipper-like fashion, beginning at the
COOH terminus and proceeding toward the NH, terminus.
Some of the hydroxylysines are glycosylated (i.e., sugars are
added), a modification that commonly occurs in the rough
endoplasmic reticulum (see Fig. 2-1). The hydroxyl groups in
the hydroxyprolines help to connect the three chains by forming
hydrogen bonds, which stabilize the triple helix. Critical to
proper folding of the helix is the presence of a glycine in every
third position of each polypeptide.

Once the protein has folded into a triple helix, it moves from
the endoplasmic reticulum to the Golgi apparatus (see Fig. 2-1)
and is secreted from the cell. Yet another modification then
takes place: the procollagen is cleaved by proteases near both
the NH, and the COOH termini of the triple helix, removing
some amino acids at each end. These amino acids performed
essential functions earlier in the life of the protein (e.g., helping
to form the triple helix structure, helping to thread the protein
through the endoplasmic reticulum) but are no longer needed.
This cleavage results in the mature protein, type | collagen. The
collagen then assembles itself into fibrils, which react with
adjacent molecules outside the cell to form the covalent cross-
links that impart tensile strength to the fibrils.

The path from the DNA sequence to the mature collagen
protein involves many steps (Fig. 2-15). The complexity of this
path provides many opportunities for mistakes (in replication,
transcription, translation, or posttranslational modification) that
can cause disease. Of the more than 1500 type | collagen
mutations now known to cause osteogenesis imperfecta, the
most common type produces a replacement of glycine with
another amino acid. Because only glycine is small enough to
be accommodated in the center of the triple helix structure,
substitution of a different amino acid causes instability of the
structure and thus poorly formed fibrils. This type of mutation
is often seen in severe forms of osteogenesis imperfecta.
Other mutations can cause excess posttranslational modifica-
tion of the polypeptide chains, again producing abnormal fibrils.
Other examples of disease-causing mutations are provided in
the suggested readings at the end of this chapter.

Continued
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CLINICAL COMMENTARY 2-1
Osteogenesis Imperfecta, an Inherited Collagen Disorder—cont'd
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FIG 2-15 The process of collagen fibril formation. After the pro-a. polypeptide chain is formed,
a series of posttranslational modifications takes place, including hydroxylation and glycosylation.
Three polypeptide chains assemble into a triple helix, which is secreted outside the cell. Portions
of each end of the procollagen molecule are cleaved, resulting in the mature collagen molecule.
These molecules then assemble into collagen fibrils.

Collagen molecule

Collagen fibril

*A residue is an amino acid that has been incorporated into a polypeptide chain.

THE STRUCTURE OF GENES
AND THE GENOME

Some aspects of gene structure, such as the existence of
introns and exons, have already been touched on. Alterations
of different parts of genes can have quite distinct conse-
quences in terms of genetic disease. It is therefore necessary
to describe more fully the details of gene structure. A sche-
matic diagram of gene structure is given in Figure 2-16.

Introns and Exons

The intron—exon structure of genes, discovered in 1977, is
one of the attributes that distinguishes eukaryotes from pro-
karyotes. Introns form the major portion of most eukaryotic

genes. As noted previously, introns are spliced out of the
mRNA before it leaves the nucleus, and this splicing must be
under very precise control. Enzymes that carry out splicing
are directed to the appropriate locations by DNA sequences
known as consensus sequences (so named because they are
common in all eukaryotic organisms), which are situated
adjacent to each exon.

Because most eukaryotic genes are composed primarily of
introns, it is natural to ask whether introns might have some
function. One interesting hypothesis is that introns, by
lengthening genes, encourage the shuffling of genes when
homologous chromosomes exchange material during meiosis
(see later discussion). It has also been suggested that introns
evolved to modify the amount of time required for DNA
replication and transcription.


martinwiinberg
Fremhæv


CHAPTER 2 Basic Cell Biology: Structure and Function of Genes and Chromosomes
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FIG 2-16 Details of gene structure, showing promoter and upstream regulation (enhancer)

sequences and a poly-A addition site.

Surprisingly, Some introns confain  franscribed ' genes
that are apparently unrelated to the gene in which the
(introns are contained: For example, introns of the human

neurofibromatosis type 1 (NF1) gene contain three genes that
are transcribed in the direction opposite that of the NF1 gene
itself. These genes appear to have no functional relationship
to the NFI gene. Similar gene inserts have been found within
the factor VIII gene (F8) on the human X chromosome.

Types of DNA

Although most of the emphasis in genetics is given to the
DNA that encodes proteins, only 1% to 2% of the 3 billion
nucleotide pairs in the human genome actually perform this
role. It has been estimated recently that about 75% of human
DNA is transcribed into mRNA at some time in some cells,
but the function of most of this mRNA (if any) is unknown.
To better understand the nature of all types of DNA, we
briefly review the several categories into which it is classified
(Fig. 2-17).

The first and most important class of DNA is termed
single-copy DNA. (As the name implics, single-copy DNA
‘sequences are seen only once (or possibly a few times) in the
(genome, Single-copy DNA (accounts for about half of the
‘genome and includes the protein-coding genes. However,
protein-coding DNA (exons) represents only a small fraction
of all single-copy DNA, most of which is found in introns or
in DNA sequences that lie between genes.

‘genome, often thousands Of fimes, There are two major

classes of repetitive DNA: dispersed repetitive DNA and sat-
ellite DNA. Satellite repeats are clustered together in certain
chromosome locations, where they occur as tandem repeats
(i.e., the beginning of one repeat occurs immediately adjacent
to the end of another). Dispersed repeats, as the name implies,
tend to be scattered singly throughout the genome; they do
not occur in tandem.

The term satellite is used because these sequences, owing
to their composition, can easily be separated by centrifuga-
tion in a cesium chloride density gradient. The DNA appears
as a satellite, separate from the other DNA in the gradient.

be observed microscopically on certain chromosomes (see

Chapter 6). Satellite DNA accounts for approximately 8% to
10% of the genome and can be further subdivided into several
categories. o-Satellite DNA occurs as tandem repeats of a
171-bp sequence that can extend to several million base pairs

Other
dispersed
repeats

Exons

Introns

LINEs

SINEs Intergenic

single copy

Tandem
repeats

Alpha-satellite
DNA

FIG 2-17 Structural composition of the human genome.
Because of limitations in mapping repetitive sequences, these
figures are approximate. In addition, there is some overlap
among categories (e.g., repeat sequences are sometimes
found in introns). The category “other dispersed repeats”
includes DNA transposons, LTR (long terminal repeat) ret-
rotransposons, and low-copy number duplications.

or longer. This type of satellite DNA is found near the cen-
tromeres of chromosomes. Minisatellites are blocks of
tandem repeats (each 14 to 500 bp long) whose total length
is much smaller, usually a few thousand base pairs. A final
category, microsatellites, are smaller still: the repeat units are
1 to 13 bp long, and the total length of the array is usually
less than a few hundred base pairs. Minisatellites and micro-
satellites are of special interest in human genetics because
they vary in length among individuals, making them highly
useful for gene mapping (see Chapter 8). A minisatellite or
microsatellite is found at an average frequency of one per
2 kb in the human genome; altogether they account for about
3% of the genome.

Dispersed repetitive DNA makes up about 45% of the
(genome, and these repeats fall into several major categories
(Fig. 2-18). The two most common categories are short inter-
spersed elements (SINEs) and long interspersed elements
(LINEs). Individual SINEs range in size from 90 to 500 bp,
and individual LINEs can be as large as 7000 bp. One of the
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FIG 2-18 Single-copy DNA sequences are unique and are dispersed throughout the genome.
Satellite DNA sequences are repetitive elements that occur together in clusters. Dispersed
repeats are similar to one another but do not cluster together.

(element; so named because each repeat contains a DNA
sequence that (can be cut by the Al restriction enzyme (sce
Chapter 3 for further discussion). The Alu repeats are a
family of DNA elements, meaning that all of them have
highly similar DNA sequences. About 1 million Alu repeats

are scattered throughout the genome; they {thus constitute
(approximately 10% of all human DNA. LINE repeats consti-

tute another 20% of the human genome. A remarkable
feature of Alu sequences, as well as LINEs, is that some of

them can generate copies of themselves, which can then be
fserted into other parts oFthe genome This is how they have

achieved such remarkable numbers. These insertions can

‘sometimes interrupt a protein-coding gene, causing genetic
(disease (examples are discussed in Chapter 4).

> There are several major types of DNA, includ-

ing single-copy DNA, satellite DNA, and dis-
persedrepetitive DNA. The latter two categories
are both classes of repeated DNA sequences.
Only about 1% to 2% of human DNA actually
encodes proteins.

THE CELL CYCLE

During the course of development, each human progresses
from a single-cell zygote (an egg cell fertilized by a sperm
cell) to a marvelously
(mately 100 trillion (10') individual cells, Because few cells
last for a person’s entire lifetime, new ones must be gener-
ated to replace those that die. Both of these processes—
development and replacement—require the manufacture of
new cells. The cell division processes that are responsible for
the creation of new diploid cells from existing ones are
mitosis (nuclear division) and cytokinesis (cytoplasmic divi-
sion). Before dividing, a cell must duplicate its contents,
including its DNA; this occurs during interphase. The alter-
nation of mitosis and interphase is referred to as the cell
cycle.

As Figure 2-19 shows, a typical cell spends most of its life
in interphase. This portion of the cell cycle is divided into
three phases, G1, S, and G2. During G1 (gap 1, the interval

4\‘5‘\0“
9

INTERPHASE

FIG 2-19 Major phases of the mitotic cell cycle, showing the
alternation of interphase and mitosis (division).

between mitosis and the onset of DNA replication), synthesis
of RNA and proteins takes place. DNA replication occurs
during the S (synthesis) phase. During G2 (the interval
between the S phase and the next mitosis), some DNA repair
takes place, and the cell prepares for mitosis. By the time G2
has been reached, the cell contains two identical copies of
each of the 46 chromosomes. These identical chromosomes
are referred to as sister chromatids. Sister chromatids often
exchange material during interphase, a process known as
sister chromatid exchange.

> The cell cycle consists of the alternation of cell

division (mitosis and cytokinesis) and inter-
phase. DNA replication and protein synthesis
take place during interphase.

The length of the cell cycle varies considerably from one
(cell type to another: In rapidly dividing cells such as those of

epithelial tissue (found, for example, in the lining of the
intestines and in the lungs), the cycle may be completed in
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less than 10 hours. Other cells, such as those of the liver,
might divide only once each year or so. Some cell types, such
as skeletal muscle cells and neurons, largely lose their ability
to divide and replicate in adults. Although all stages of the
cell cycle have some variation in length, the great majority of
variation is due to differences in the length of the G1 phase.
When cells stop dividing for a long period, they are often said
to be in the GO stage.

Cells divide in response to important internal and exter-
nal cues. Before the cell enters mitosis, for example, DNA
replication must be accurate and complete and the cell must
have achieved an appropriate size. The cell must respond to
extracellular stimuli that require increased or decreased rates
of division. Complex molecular interactions mediate this
regulation. Among the most important of the molecules
involved are the cyclin-dependent kinases (CDKs), a family
of kinases that phosphorylate other regulatory proteins at
key stages of the cell cycle. To carry out this function, the
CDKs must form complexes with various cyclins, proteins
that are synthesized at specific cell-cycle stages and are then
degraded when CDK action is no longer needed. The cyclins
and CDKs, as well as the many proteins that interact with
them, are subjects of intense study because of their vital role
in the cell cycle and because their malfunction can lead to
cancer (see Chapter 11).

> The length of the cell cycle varies in different

cell types. Critical to regulation of the cell cycle
are CDKs, which phosphorylate other proteins,
and cyclins, which form complexes with CDKs.
Faulty regulation of the cell cycle can lead to
cancer.

Mitosis

Although mitosis usually requires only 1 to 2 hours to com-
plete, this portion of the cell cycle involves many critical and
complex processes: Mitosis is divided into several phases (Fig.
2-20). During prophase, the first mitotic stage,(the chromo-
somes become visible under a light microscope as they con-
dense and coil (chromosomes are not clearly visible during
interphase). The two sister chromatids of each chromosome
lie together, attached at a point called the centromere. The
nuclear membrane, which surrounds the nucleus, disappears
during this stage. Spindle fibers begin to form, radiating
from two centrioles located on opposite sides of the cell. The
spindle fibers become attached to the centromeres of each
chromosome and eventually pull the two sister chromatids in
opposite directions.

The chromosomes reach their most highly condensed state
during metaphase, the next stage of mitosis. Because they are
highly condensed, they are easiest to visualize microscopically
during this phase. For this reason, clinical diagnosis of chro-
mosome disorders is usually based on metaphase chromo-
somes. During metaphase, the spindle fibers begin to contract
and pull the centromeres of the chromosomes, which are now
arranged along the middle of the spindle (the equatorial
plane of the cell).

During anaphase, the next mitotic stage, the centromere
of each chromosome splits, allowing the sister chromatids to
separate: The chromatids are then pulled by the spindle fibers,
centromere first, toward opposite sides of the cell. At the end
of anaphase, the cell contains 92 separate chromosomes, half
lying near one side of the cell and half near the other side. If
all has proceeded correctly, the two sets of chromosomes are
identical.

Telophase, the final stage of mitosis, is (characterized by
the formation of new nuclear membranes around each of the
two sets of 46 chromosomes. Also, the spindle fibers disap-
pear, and the chromosomes begin to decondense. Cytokinesis
usually occurs after nuclear division and results in a roughly
equal division of the cytoplasm into two parts. With the
completion of telophase, two diploid daughter cells, both
identical to the original cell, have been formed.

> Mitosis is the process through which two iden-
tical diploid daughter cells are formed from a
single diploid cell.

Meiosis

When an egg cell and a sperm cell unite to form a zygote,
their chromosomes are combined into a single cell. Because
humans are diploid organisms, there must be a mechanism
to reduce the number of chromosomes in gametes to the
haploid state. Otherwise the zygote would have 92, instead of
the normal 46, chromosomes. The primary mechanism by
which haploid gametes are formed from diploid precursor
cells is meiosis.

Two cell divisions occur during meiosis. Each meiotic divi-
sion has been divided into stages with the same names as
those of mitosis, but the processes involved in some of the
stages are quite different (Fig. 2-21).During meiosis I, often
called the reduction division stage, two haploid cells are
formed from a diploid cell. These diploid cells are the oogonia
in females and the spermatogonia in males. After meiosis I,
a second meiosis, the equational division, takes place, during
which each haploid cell is replicated.

The first stage of the meiotic cell cycle is interphase I,
during which important processes such as replication of chro-
mosomal DNA take place: The second phase of meiosis I,
prophase I, is quite complex and includes many of the key
events that distinguish meiosis from mitosis. Prophase I
begins as the chromatin strands coil and condense, causing
them to become visible as chromosomes. During the process
of synapsis, the homologous chromosomes pair up, side by
side, lying together in perfect alignment (in males, the X and
Y chromosomes, being mostly nonhomologous, line up end
to end). This pairing of homologous chromosomes is an
important part of the cell cycle that does not occur in mitosis.
As prophase I continues, the chromatids of the two chromo-
somes intertwine. Each pair of intertwined homologous chro-
mosomes is either bivalent (indicating two chromosomes in
the unit) or tetrad (indicating four chromatids in the unit).

A second key feature of prophase I is the formation of
chiasmata (plural of chiasma), cross-shaped structures that
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FIG 2-20 The stages of mitosis, during which two identical diploid cells are formed from one

original diploid cell.

mark attachments between the homologous chromosomes
(iz. 2-22). Each chiasma indicates a point at which the
homologous chromosomes exchange genetic material. This
process, called crossing over, produces chromosomes that
consist of combinations of parts of the original chromo-

somes. This chromosomal shuffling is important because it

50, as discussed in Chapter 8, this
phenomenon is critically important in inferring the order of
genes along chromosomes. At the end of prophase I, the
bivalents begin to move toward the equatorial plane, a spindle

apparatus begins to form in the cytoplasm, and the nuclear
membrane dissipates.

Metaphase I is the next phase (AS i mitotic metaphase; this
‘stage is characterized by the completion of spindle formation
(and alignment of the bivalents, which are still attached at the

chiasmata, in the equatorial plane. The two centromeres of
each bivalent now lie on opposite sides of the equatorial plane.

During anaphase I, the chiasmata disappear and the
homologous chromosomes are pulled by the spindle fibers
toward opposite poles of the cell. The key feature of this phase
is that unlike the corresponding phase of mitosis, the centro-
meres do not duplicate and divide, so that only half of the
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%gﬁ Metaphase |
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Primary oocyte ))
Prophase | Primary spermatocyte 2
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/ (/,: \D.
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Spermatids of == (/%//__/;g) é

equal size ‘F(@ Anaphase Il

N o
- Vo
=

FIG 2-21 The stages of meiosis, during which haploid gametes are formed from a diploid cell.
For brevity, prophase Il and telophase Il are not shown. Note the relationship between meiosis
and spermatogenesis and oogenesis.

formed in females, early all of the cytoplasm goes into one

>

original number of chromosomes migrates toward each pole.

The next stage, telophase I, begins when the chromo-

somes reach opposite sides of the cell. (The chromosomes

Meiosis | (reduction division) includes a pro-
phase | stage in which homologous chromo-

The two daughter cells each contain the haploid number of somes line up and exchange material (crossing
chromosomes, and each chromosome has two sister chroma- over). During anaphase | the centromeres do
tids. In humans, cytokinesis also occurs during this phase. not duplicate and divide. Consequently only
The cytoplasm is divided approximately equally between the one member of each pair of chromosomes

two daughter cells in the gametes formed in males. In those migrates to each daughter cell.
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Homologous chromosomes

Maternal Paternal
Centromere
Sister Sister
chromatids chromatids

Crossing over
between homologous
chromosomes

Chiasma

Result of
crossing over

A A

FIG 2-22 The process of chiasma formation and crossing
over results in the exchange of genetic material between
homologous chromosomes.

The equational division, meiosis II, then begins with inter-
phase IL. This is a very brief phase. The important feature of
interphase II is that, unlike interphase I, no replication of
DNA occurs. Prophase II, the next stage, is quite similar to
mitotic prophase, except that the cell nucleus contains only
the haploid number of chromosomes. During prophase I1,{the

disappears, and new spindle fibers are formed. This is fol-

lowed by metaphase II, during which the spindle fibers pull
the chromosomes into alignment at the equatorial plane.
Anaphase II then follows. This stage resembles mitotic

anaphase in that the centromeres split and each carries a

sifigle chfomatid toward a pole of the ¢ell, The chromatids

have now separated, but, because of chiasma formation and
crossing over, the newly separated sister chromatids might
not be identical (see Fig. 2-21).

Telophase II, like telophase I, begins when the chromo-
somes reach opposite poles of the cell. There they begin to
uncoil. New nuclear membranes are formed around each
group of chromosomes, and cytokinesis occurs. In gametes
formed in males, the cytoplasm is again divided equally
between the two daughter cells. The end result of male meiosis
is thus four functional daughter cells, each of which has an

equal amount of cytoplasm NRGTRAIE gaEteS EGUAIED
sion of the cytoplasm again occurs, forming the egg cell
(@nd another polar body: The polar body formed during

meiosis I sometimes undergoes a second division, so three
polar bodies may be present when the second stage of meiosis
is completed.

Meiosis is a specialized cell division process in
which a diploid cell gives rise to haploid
gametes. This is accomplished by combining
two rounds of division with only one round of
DNA replication.

(0ccur during meiosis: Gametes can be created that contain

missing or additional chromosomes or chromosomes with
altered structures. In addition, mitotic errors that occur early
in the life of the embryo can affect enough of the body’s cells
to produce clinically significant disease. Mitotic errors occur-
ring at any point in one’s lifetime can, under some circum-
stances, cause cancer. Cancer genetics is discussed in Chapter
11, and chromosome disorders are the subject of Chapter 6.

The Relationship between Meiosis and
Gametogenesis

The stages of meiosis can be related directly to stages in
gametogenesis, the formation of gametes (see Fig. 2-21). In
mature males, the seminiferous tubules of the testes are pop-
ulated by spermatogonia, which are diploid cells. After going
through several mitotic divisions, the spermatogonia produce
primary spermatocytes. Each primary spermatocyte, which
is also diploid, undergoes meiosis I to produce a pair of sec-
ondary spermatocytes, each of which contains 23 double-
stranded chromosomes. These undergo meiosis II, and each
produces a pair of spermatids that contain 23 single-stranded
chromosomes. The spermatids then lose most of their cyto-
plasm and develop tails for swimming as they become mature
sperm cells. This process, known as spermatogenesis, con-
tinues throughout the life of the mature male.

> In spermatogenesis, each diploid spermatogo-
nium produces four haploid sperm cells.

Oogenesis, the process by which female gametes are
formed, differs in several important ways from spermatogen-
esis. Whereas the cycle of spermatogenesis is constantly
recurring, much of female oogenesis is completed before
birth. Diploid oogonia divide mitotically to produce primary
oocytes by the third month of fetal development. More than
6 million primary oocytes are formed during gestation, and
they are suspended in prophase I by the time of birth. Meiosis
continues only when a mature primary oocyte is ovulated. In
meiosis I, the primary oocyte produces one secondary oocyte
(containing the cytoplasm) and one polar body. The second-
ary oocyte then emerges from the follicle and proceeds down
the fallopian tube, with the polar body attached to it.Meiosis
I begins only if the secondary oocyte is fertilized by a sperm
(cell If this occurs, one haploid mature ovum, containing the
cytoplasm, and another haploid polar body are produced.
The polar bodies eventually disintegrate. About 1 hour after
fertilization, the nuclei of the sperm cell and ovum fuse,
forming a diploid zygote. The zygote then begins its develop-
ment into an embryo through a series of mitotic divisions.

> In oogenesis, one haploid ovum and three
haploid polar bodies are produced meiotically
from a diploid oogonium. In contrast to sper-
matogenesis, which continues throughout the
life of the mature male, the first phase of oogen-
esis is completed before the female is born;
oogenesis is then halted until ovulation occurs.
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CHAPTER 2 Basic Cell Biology: Structure and Function of Genes and Chromosomes

Bl sTUDY QUESTIONS

1.

Consider the following double-stranded DNA sequence:
5-CAG AAG AAA ATT AAC ATG TAA-3
3-GTC TTC TTT TAA TTG TAC ATT-5

If the bottom strand serves as the template, what is the
mRNA sequence produced by transcription of this DNA
sequence? What is the amino acid sequence produced by
translation of the mRNA sequence?

. Arrange the following terms according to their hierarchi-

cal relationship to one another: genes, chromosomes,
exons, codons, nucleotides, genome.

. Less than 5% of human DNA encodes proteins. Further-

more, in a given cell type only 10% of the coding DNA
actively encodes proteins. Explain these statements.

4. What are the major differences between mitosis and

5.

meiosis?

The human body contains approximately 10'* cells. Start-
ing with a single-cell zygote, how many mitotic cell divi-
sions, on average, would be required to produce this
number of cells?

. How many mature sperm cells will be produced by 100

primary spermatocytes? How many mature egg cells will
be produced by 100 primary oocytes?

SUGGESTED READINGS

Alberts B, Johnson A, Lewis J, et al. Molecular Biology of the Cell.

5th ed. New York: Garland Science; 2007.

Basel D, Steiner RD. Osteogenesis imperfecta: recent findings shed

new light on this once well-understood condition. Genet Med.
2009;11:375-385.

Byers PH, Pyott SM. Recessively inherited forms of osteogenesis

imperfecta. Annu Rev Genet. 2012;46:475-497.

Forlino A, Cabral WA, Barnes AM, Marini JC. New perspectives

on osteogenesis imperfecta. Nat Rev Endocrinol.
2011;7(9):540-557.

Lewin B, Krebs JE, Goldstein ES, Kilpatrick ST. Genes XI. Oxford:

Oxford University Press; 2012.

Strachan T, Read AP. Human Molecular Genetics. 4th ed. London:

Garland Science; 2011.

Internet Resources
Mitosis and meiosis tutorials and animations: http://

www.biology.arizona.edu/cell_bio/cell_bio.html

Tutorials and animations of DNA replication, transcription, and

translation: http://www.hhmi.org/biointeractive/



http://www.biology.arizona.edu/cell_bio/cell_bio.html
http://www.biology.arizona.edu/cell_bio/cell_bio.html
http://www.hhmi.org/biointeractive/

3 CHAPTER

Genetic Variation: Its Origin and Detection

Humans display a substantial amount of genetic variation.
This is reflected in traits such as height, blood pressure, and
skin color. Included in the spectrum of genetic variation are
disease states, such as cystic fibrosis or type 1 neurofibroma-
tosis (see Chapter 4). This aspect of genetic variation is the
focus of medical genetics.

(mutation, which is defined as a change in DNA sequence.
Mutations can affect either germline cells (cells that produce
gametes) or somatic cells (all cells other than germline cells).
Mutations in somatic cells can lead to cancer and are thus of
significant concern. However, this chapter is focused primar-
ily on germline mutations, because they can be transmitted
from one generation to the next.

As aresult of mutations, a gene can differ among individu-
als in terms of its DNA sequence. The differing sequences are
referred to as alleles.

(termedalocus (from the Latin word for “place”). For example,
it might be said that a person has a certain allele at the

[-globin locus on chromosome 11.{If @ person has the same

allele on both members of a chromosome pair, he or she is
(saidto beahomozygote. 1f the alleles differ in DNA sequence,
he or she is a heterozygote. (The combination of alleles that
is present at a given locus is termed the genotype.

In human genetics, (the term mutation has often been
reserved for DNA sequence changes that cause genetic dis-

(eases and are consequently relatively rare, with a population

frequency less than 1%.[DNA sequence variants that are more

(polymorphisms (“many forms,” describing multiple alleles
at alocus). Loci (plural of locus) that contain multiple alleles
are termed polymorphic. (Nowadays, however, alleles that
‘have a frequency less than 1% are often called polymorphisms

(as well. In addition, many common polymorphisms are now
known to influence the risks for complex, common diseases
such as diabetes and heart disease (see Chapter 12), so the
traditional distinction between mutation (rare and disease-
causing) and polymorphism (common and benign) has
become increasingly blurred.

One of Gregor Mendel’s important contributions to genet-
ics was to show that the effects of one allele at a locus can
mask those of another allele at the same locus. He performed
crosses (matings) between pea plants homozygous for a “tall”
allele (i.e., having two identical copies of an allele that we will
label H) and plants homozygous for a “short” allele (having
two copies of an allele labeled h). This cross, which can

28

produce only heterozygous (Hh) offspring, is illustrated in
the Punnett square shown in Figure 3-1. Mendel found that
the offspring of these crosses, even though they were hetero-
zygotes, were all tall. This is because the H allele is dominant,
and the h allele is recessive. (It is conventional to label the
dominant allele in upper case and the recessive allele in lower
case.)

(“to'hide This describes the behavior of recessive alleles well:
in heterozygotes, the consequences of a recessive allele are
hidden. A dominant allele exerts its effect in both the homo-
zygote (HH) and the heterozygote (Hh), whereas the presence
of the recessive allele is physically observable only when it
occurs in homozygous form (hh). Thus, short pea plants can
be created only by crossing parent plants that each carry at
least one h allele. An example is a heterozygote X heterozygote
cross, shown in Figure 3-2.

In this chapter, we examine mutation as the source of
genetic variation. We discuss the types of mutation, the causes
and consequences of mutation, and the biochemical and
molecular techniques that are now used to detect genetic
variation in human populations.

MUTATION: THE SOURCE OF GENETIC
VARIATION

Types of Mutation

Some mutations consist of an alteration of the number or
structure of chromosomes in a cell. These major chromo-
some abnormalities can be observed microscopically and are
the subject of Chapter 6. Here, the focus is on mutations that
affect only single genes and are not microscopically observ-
able.

One important type of single-gene mutation is the (base=

(another.® This can result in a change in the amino acid
sequence. However, because of the redundancy of the genetic
code, many of these mutations do not change the amino acid

*In molecular genetics, base-pair substitutions are also termed point
mutations. However, “point mutation” was used in classical genetics
to denote any mutation small enough to be unobservable under a
microscope.
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Parent
h h

H Hh Hh
<
o
©
o

H Hh Hh

FIG 3-1 Punnett square illustrating a cross between HH and
hh homozygote parents.

Parent
H h

H HH Hh
<
o
©
o

h Hh hh

FIG 3-2 Punnett square illustrating a cross between two Hh
heterozygotes.

sequence and thus typically have no effect. Such mutations

are called (silent substitutions. Base-pair substitutions that

tions, which produce a change in a single amino acid, and
‘nonsense mutations, which produce one of the three stop
«codons (UAA, UAG, or UGA) in the messenger RNA (mRNA)
(Fig. 3-3). Because stop codons terminate translation of the
mRNA, nonsense mutations result in a premature termina-
tion of the polypeptide chain. Conversely, if a stop codon is
altered so that it encodes an amino acid, an abnormally elon-
gated polypeptide can be produced. Alterations of amino acid
sequences can have profound consequences, and many of the

serious genetic diseases discussed later are the result of such
alterations.

insertions of one or more base pairs. These mutations, which

can result in extra or missing amino acids in a protein, are
often detrimental. An example of such a mutation is the 3-bp
deletion that is found in most persons with cystic fibrosis (see
Chapter 4). Deletions and insertions tend to be especially

‘hharmful when the number of missing or extra base pairs is
(not a multiple of three: Because codons consist of groups of
three base pairs, such insertions or deletions can alter the
downstream codons.(Thisisa frameshift mutation (Fig. 3-4).
For example, the insertion of a single base (an A in the second
codon) converts a DNA sequence read as 5-ACT GAT TGC
GTT-3"to 5-ACT GAA TTG CGT-3". This changes the amino
acid sequence from Thr-Asp-Cys-Val to Thr-Glu-Leu-Arg.
Often, a frameshift mutation produces a stop codon down-
stream of the insertion or deletion, resulting in a truncated
polypeptide.

On a larger scale, duplications of whole genes can also

lead to genetic disease. A good example is given by Charcot—
(Marie-Tooth disease. This disorder, named after the three

physicians who described it more than a century ago, is a
peripheral nervous system condition that leads to progressive
atrophy of the distal limb muscles. It affects approximately 1
in 2500 persons and exists in several different forms. About
70% of patients who have the most common form (type 1A)
display a 1.5 million-bp duplication on one copy of chromo-

some 17. As a result, they have thee, rather than two, copies
of ‘the genes in'this ‘region. One of these genes, PMP22,
encodes a component of peripheral myelin. (The increased
dosage of the gene product contributes to the demyelination
that is characteristic of this form of the disorder. Interestingly,

a deletion of this same region produces a different disease,
hereditary neuropathy with liability to pressure palsies
(paralysis). Because either a reduction (to 50%) or an increase
(to 150%) in the gene product produces disease, this gene is
(said to display dosage sensitivity. Base-pair substitutions in

PMP22 itself can produce yet another disease: Dejerine—
Sottas syndrome, which is characterized by distal muscle
weakness, sensory alterations, muscular atrophy, and enlarged
spinal nerve roots.

Other types of mutation can alter the regulation of tran-

scription or translation. A‘promoter mutation can decrease
(production of a protein. Mutations of transcription factor

genes or enhancer sequences can have similar effects.

Mutations can also interfere with the splicing of introns
as mature mRNA is formed from the primary mRNA tran-
(script. Splice-site ' mutations, those that occur at intron-
exon boundaries, alter the splicing signal that is necessary
for proper excision of an intron. Splice-site mutations can
occur at the GT sequence that defines the 5” splice site (the
donor site) or at the AG sequence that defines the 3" splice
site (the acceptor site). They can also take place in the
sequences that lie near the donor and acceptor sites. When
such mutations occur, the excision is often made within the
next exon, at a splice site located in the exon. These splice
sites, whose DNA sequences differ slightly from those of
normal splice sites, are ordinarily unused and hidden within
the exon. They are thus termed cryptic splice sites. The use
of a cryptic site for splicing results in partial deletion of the
exon or, in other cases, the deletion of an entire exon. As
Figure 3-5 shows, splice-site mutations can also result in the
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DNA (normal)

mRNA (normal)

Polypeptide Ala e Ser Tyr Phe
Missense A for G
mutation T c

DNA

DNA (normal)

mRNA (normal)

Polypeptide

Nonsense
mutation

DNA

mRNA
N/ —— e N e/
Polypeptide Ala e Ser (stop .
codon)

B

FIG 3-3 Base-pair substitution. Missense mutations (A) produce a single amino acid change,
whereas nonsense mutations (B) produce a stop codon in the mRNA. Stop codons terminate

mRNA
[ L B —p— [
Polypeptide Ala e Asn Tyr Phe
A
translation of the polypeptide.
DNA (normal)
mRNA (normal)wm
[ ——— —,_4
Polypeptide e Ser Tyr he
Frameshift
mutation

DNA

mRNA

[S— N ) N )
Polypeptide Ala e GlIn Ala Thr
FIG 3-4 Frameshift mutations result from the addition or
deletion of a number of bases that is not a multiple of three.
This alters all of the codons downstream from the site of
insertion or deletion.

abnormal inclusion of part or all of an intron in the mature
mRNA. Finally, a mutation can occur at a cryptic splice site,
causing it to appear as a normal splice site and thus to
compete with the normal splice site.

Several types of DNA sequences are capable of propagat-
ing copies of themselves;

(and Alui répeats; discussed in Chapter 2). Such insertions can
cause frameshift mutations. (The insertion of mobile ele-

The final type of mutation to be considered here affects

(fandem repeated DNA sequences (see Chapter 2) that occur
‘within or near certain disease-related genes. The repeat units
(@re tsually 3'bp'long, so a typical example would be CAG-

CAGCAG. A normal person has a relatively small number of
these tandem repeats (e.g., 10 to 30 CAG consecutive ele-
ments) at a specific chromosome location. Occasionally, the

(during early fetal development, so that a newborn might have

hundreds or even thousands of tandem repeats. When this
R L\ othr mutations, thesc GESNSHENGD
SO EPAERESIONSPANg. More than 20 genetic
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Normal
splicing
Exon 1 Intron 1 Exon 2 Intron 2 Exon 3
C ) GAG )GT......AG) b) ) b)) ))
GT...... AG )

C ) GAG )GT......AG) b ) b) ’)
C ) GAG ATTGGT..AG b) ) p) )]

GT...AG
C Yere arra s A= C Oy )

=

B
¢ IGAG )GTTGGC..AG) b ) ) D
C ! GAG J)GTTGGT..AG) ) ) ) )

Sequence may or
C may not splice here

FIG 3-5 A, Normal splicing. B, Splice-site mutation. The donor sequence, GT, is replaced with
AT. This results in an incorrect splice that leaves part of the intron in the mature mRNA transcript.
In another example of splice-site mutation (C), a second GT donor site is created within the first
intron, resulting in a combination of abnormally and normally spliced mRNA products.

diseases are now known to be caused by expanded repeats
(see Chapters 4 and 5).

> Mutations are the ultimate source of genetic

variation. Some mutations result in genetic
disease, but most have no physical effects. The
principal types of mutation are missense, non-
sense, frameshift, promoter, and splice-site
mutations. Mutations can also be caused by
the random insertion of mobile elements, and
some genetic diseases are known to be caused
by expanded repeats.

Molecular Consequences of Mutation
It is useful to think of mutations in terms of their effects on

the protein product.Broadly speaking, mutations can produce
cither'a gain of function or a loss of function of the protein

product (Fig. 3-6). (Gain-of-function mutations occasionally

result in a completely novel protein product. More com-
monly, they result in overexpression of the product or inap-
propriate expression (i.e., in the wrong tissue or in the wrong
stage of development).(Gain-of-function mutations produce
(dominant disorders. Charcot—Marie-Tooth disease can result
from overexpression of the protein product, which is consid-
ered a gain-of-function mutation. Huntington disease, dis-
cussed in Chapter 4, is another example.

Loss-of-function mutations are often seen in recessive
(diseases, where the mutation results in the loss of 50% of
the protein product (e.g., a metabolic enzyme) but the 50%
that remains is sufficient for normal function. The hetero-
zygote is thus unaffected, but the homozygote, having little
or no protein product, is affected. ['Some cases, however,
50% of the gene’s protein product is not sufficient for
normal function (haploinsufficiency), and a dominant dis-

(order can result. Haploinsufficiency is seen, for example,
in the autosomal dominant disorder known as (familial
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Allele 1

)

Allele 2

Gain-of-function mutation produces novel
A or excess protein product

Allele 1

FIG 3-6 A, Gain-of-function mutations produce a novel
protein product or an increased amount of protein
product. B, Loss-of-function mutations decrease the
amount of protein product. C, Dominant negative
mutations produce an abnormal protein product that
interferes with the otherwise normal protein product
of the normal allele in a heterozygote. B

Allele 1

Allele 2

Loss-of-function mutation reduces or
eliminates protein product

Allele 2

DAPTM

h

Dominant negative mutation (allele 2) produces
abnormal protein product that interferes with

C

(hypercholesterolemia (see Chapter 12). In this disease, a

single copy of a mutation (heterozygosity) reduces the
number of low-density lipoprotein (LDL) receptors by 50%.
Cholesterol levels in heterozygotes are approximately double
those of normal homozygotes, resulting in a substantial
increase in the risk of heart disease.

(who have few or no functional LDL
receptors) than in heterozygotes.

Typically,

(encode multimeric proteins (i.e., proteins composed of two
or more subunits). Type I collagen (see Chapter 2), which is
composed of three helical subunits, is an example of such a
protein. An abnormal helix created by a single mutation can
combine with the other helices, distorting them and produc-
ing a seriously compromised triple-helix protein.

> Mutations can result in either a gain of func-

tion or a loss of function of the protein
product. Gain-of-function mutations are some-
times seen in dominant diseases. Loss of func-
tion is seen in recessive diseases and in
diseases involving haploinsufficiency, in which
50% of the gene product is insufficient for
normal function. In dominant negative muta-
tions, the abnormal protein product interferes
with the normal protein product.

normal protein produced by allele 1

Clinical Consequences of Mutation:
The Hemoglobin Disorders

Genetic disorders of human hemoglobin are the most
common group of single-gene diseases: an estimated 7% of
the world’s population carries one or more mutations of the
genes involved in hemoglobin synthesis. Because almost all
of the types of mutation described in this chapter have been
observed in the hemoglobin disorders, these diseases serve as
an important illustration of the clinical consequences of
mutation.

The hemoglobin molecule is a tetramer composed of four

polypeptide chains, two labeled o and two labeled [3=

chains are encoded by two genes on chromosome 16 that are

very similar to each other. Typically, an individual has'two
Fig. 3-7). Ordinar-
ily, tight regulation of these genes ensures that roughly equal
numbers of o and P chains are produced. Each of these
globin chains is associated with a heme group, which con-
tains an iron atom and binds with oxygen. This property
allows hemoglobin to perform the vital function of trans-
porting oxygen in erythrocytes (red blood cells).
The hemoglobin disorders can be classified into two broad

categories: structural abnormalities, in which the hemoglobin

Y—

(ormal bu reduced in quantity: Another condition, heredi-

tary persistence of fetal hemoglobin (HPFH), occurs when
fetal hemoglobin, encoded by the o.-globin genes and by two
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TABLE 3-1 Summary of the Major Hemoglobin Disorders

DISEASE MUTATION TYPE MAJOR DISEASE FEATURES

Sickle cell disease B-globin missense mutation Anemia, tissue infarctions, infections
HbH disease Deletion or abnormality of three of the four Moderately severe anemia, splenomegaly

o-globin genes

Hydrops fetalis
(Hb Barts)

B°-Thalassemia

genes

produced
B*-Thalassemia

Deletion or abnormality of all four a-globin

Usually nonsense, frameshift, or splice-site
donor or acceptor mutations; no B-globin

Usually missense, regulatory, or splice-site
consensus sequence or cryptic splice-site
mutations; small amount of B-globin produced

Severe anemia or hypoxemia, congestive
heart failure; stillbirth or neonatal death

Severe anemia, splenomegaly, skeletal
abnormalities, infections; often fatal during
first decade if untreated

Features similar to those of B°thalassemia
but often somewhat milder

I3 Gy Ay B b B

B Globin cluster

Locus
control region

Locus o Globin cluster
control region
FIG 3-7 The a-globin gene cluster on chromosome 16 and
the B-globin gene cluster on chromosome 11. The B-globin
cluster includes the e-globin gene, which encodes embryonic
globin, and the y-globin genes, which encode fetal globin. The
v gene is not expressed. The a-globin cluster includes the
C-globin gene, which encodes embryonic o-globin.

B-globin—like genes called *y and “y (see Fig. 3-7), continues
to be produced after birth (normally, y-chain production
ceases and PB-chain production begins at the time of birth).
HPFH does not cause disease but instead can compensate for
a lack of normal adult hemoglobin.

A large array of different hemoglobin disorders have been
identified. The discussion that follows is a greatly simplified
presentation of the major forms of these disorders. The
hemoglobin disorders, the mutations that cause them, and
their major features are summarized in Table 3-1.

Sickle Cell Disease
Sickle cell disease, which results from an abnormality of

hemoglobin structure, (s séen in approximately 1'in 400 to 1
in'600 African American births, It is even more common in
parts of Africa, where it can affect up to 1in 50 births, and it

is also seen occasionally in Mediterranean and Middle Eastern
populations. Sickle cell disease is typically caused by a single

(glutamic acid at position 6 of the B-globin polypeptide chain
(Fig. 3-8). In homozygotes, this amino acid substitution alters
the structure of hemoglobin molecules such that they form

aggregates, causing erythrocytes to assume a characteristic
sickle shape under conditions of low oxygen tension (see Fig.
3-8, ). These conditions are experienced in capillaries, the
tiny vessels whose diameter is smaller than that of the eryth-
(rocyte. Normal erythrocytes (see Fig. 3-8, B) can squeeze
through capillarics, Bt Sickled erythrocytes are less flesible
(and are unable ©6'do'$6. In addition, the abnormal erythro-
cytes tend to stick to the vascular endothelium (the inner-
most lining of blood vessels).

The resultant vascular obstruction produces localized
hypoxemia (lack of oxygen), painful sickling crises, and
infarctions of various tissues, including bone, spleen, kidneys,
brain, and lungs (an infarction is tissue death due to hypox-
emia). Premature destruction of the sickled erythrocytes
decreases the number of circulating erythrocytes and the
hemoglobin level, producing anemia. The spleen becomes
enlarged (splenomegaly), but infarctions eventually destroy
this organ, producing some loss of immune function. This
contributes to the recurrent and sometimes fatal bacterial
infections (especially pneumonia) that are commonly seen in

persons with sickle cell disease. About 10% of persons with
Sickle cel disease experience a stroke before age 20 years. In
North America, it is estimated that the life expectancy of
persons with sickle cell disease is reduced by about 30 years.

> Sickle cell disease, which causes anemia,

tissue infarctions, and multiple infections, is
the result of a single missense mutation that
produces an amino acid substitution in the
B-globin chain.

Thalassemia

The term thalassemia is derived from the Greek word thalassa
(“sea”); thalassemia was first described in populations living
near the Mediterranean Sea, although it is also common in
portions of Africa, the Mideast, India, and Southeast Asia. In
contrast to sickle cell disease, in which a mutation alters the

structure of the hemoglobin molecule,=

(globin. Thalassemia can be divided into two major groups,
o-thalassemia and B-thalassemia, depending on the globin
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CHAPTER 3 Genetic Variation: Its Origin and Detection

FIG 3-8 A, Erythrocytes from patients with sickle cell disease assume a characteristic shape
under conditions of low oxygen tension. B, Compare with normal erythrocytes.

chain that is reduced in quantity. When one type of chain is
decreased in number, the other chain type, unable to partici-

pate in normal tetramer formation, fends'to form molecules
consisting of four chains of the excess type only. These are

termed homotetramers, in contrast to the heterotetramers
normally formed by o and B chains. In o-thalassemia, the
o.-globin chains are deficient, so the B chains (or y chains in

the fetus) are found in excess.(They form homotetramers that
R T R R SRR p-oducins

hypoxemia. In -thalassemia, the excess o chains form homo-
tetramers that precipitate and damage the cell membranes of
red blood cell precursors (i.e., the cells that form erythro-
cytes). This leads to premature erythrocyte destruction and
anemia.

(0-globin genes, The loss of one or two of these genes has no

clinical effect. The loss or abnormality of three of the o genes
produces moderately severe anemia and splenomegaly (HbH
disease). Loss of all four o genes, a condition seen primarily
among Southeast Asians, produces hypoxemia in the fetus
and hydrops fetalis (a condition in which there is a massive
buildup of fluid). Severe hydrops fetalis often causes stillbirth
or neonatal death.

} The o-thalassemia conditions are usually
caused by deletions of a-globin genes. The
loss of three of these genes leads to

moderately severe anemia, and the loss of all
four is fatal.

(some 11 (heterozygotes) are said to have B-thalassemia minor,

a condition that involves little or no anemia and does not
ordinarily require clinical management. Those in whom both
copies of the chromosome carry a 3-globin mutation develop
either B-thalassemia major (also called Cooley’s anemia) or
a less-serious condition, B-thalassemia intermedia. 3-Globin
may be completely absent (B°-thalassemia), or it may be
reduced to about 10% to 30% of the normal amount (f*-
thalassemia). Typically, 3°-thalassemia produces a more severe
disease phenotype, but because disease features are caused by
an excess of oi-globin chains, patients with B°-thalassemia are
less severely affected when they also have a-globin mutations
that reduce the quantity of o.-globin chains.

[B-globin is not produced until after birth, so the effects of
[-thalassemia major are not seen clinically until the age of 2
to 6 months. These patients develop severe anemia. If the
condition is left untreated, substantial growth retardation can
occur. The anemia causes bone marrow expansion, which in
turn produces skeletal changes, including a protuberant
upper jaw and cheekbones and thinning of the long bones
(making them susceptible to fracture). Splenomegaly (Fig.
3-9) and infections are common, and patients with untreated
[-thalassemia major often die during the first decade of life.
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CHAPTER 3 Genetic Variation: Its Origin and Detection

FIG 3-9 A child with B-thalassemia major who has severe
splenomegaly.

In contrast to o-thalassemia, gene deletions are relatively

rare in f-thalassemia.{Instead, most cases are caused by singles

rameshift mutations also typically
produce the B° form. In addition to mutations in the B-globin

iene itself, alterations in regulatory sequences can occur.

(LCR) (see Fig. 3-7). Mutations in these regulatory regions
usually result in reduced synthesis of mRNA and a reduction,
but not complete absence, of B-globin (B*-thalassemia).
Several types of splice-site mutations have also been observed.

Mutations in the surrounding consensus sequences usually
produce B*-thalassemia. Mutations also occur in the cryptic
splice sites found in introns or exons of the B-globin gene,
which causes these sites to be available to the splicing mecha-
nism. These additional splice sites then compete with the
normal splice sites, producing some normal and some abnor-
mal B-globin chains. The result is usually *-thalassemia.

> Many different types of mutations can pro-

duce B-thalassemia. Nonsense, frameshift, and
splice-site donor and acceptor mutations tend
to produce more severe disease. Regulatory
mutations and those involving splice-site con-
sensus sequences and cryptic splice sites tend
to produce less severe disease.

Hundreds of different B-globin mutations have been
reported.

(Fig. 3-10). Even
though the mutations differ, each of the two B-globin genes
is altered, producing a disease state. It is common to apply
the term homozygote loosely to compound heterozygotes.
Patients with sickle cell disease or B-thalassemia major

are sometimes treated with blood transfusions and with che-

(transfusions. Prophylactic administration of antibiotics and

antipneumococcal vaccine help to prevent bacterial infec-
tions in patients with sickle cell disease, and analgesics are
administered for pain relief during sickling crises. Bone
marrow transplantation, which provides donor stem cells
that produce genetically normal erythrocytes, has been per-
formed on patients with severe -thalassemia or sickle cell
disease. However, it is often impossible to find a suitably
matched donor, and the mortality rate from this procedure
is still fairly high (approximately 5% to 30%, depending on
the severity of disease and the age of the patient). A lack of
normal adult B-globin can be compensated for by reactivat-
ing the genes that encode fetal B-globin (the y-globin genes,
discussed previously). Agents such as hydroxycarbamide and
butyrate can reactivate these genes and are being investi-

gated. (Also,
(therapy (see Chapter 13).

Causes of Mutation

A large number of agents are known to cause induced muta-

{tions. These mutations, which are attributed to known envi-

ronmental causes, (an be contrasted ‘with spontaneous

(mutations, whicharise naturally i cells, for example during

DNA replication. Agents that cause induced mutations are
known collectively as mutagens. Animal studies have shown
that radiation is an important class of mutagen (Clinical

Commentary 3-1) Tonizing radiation, such as that produced
by x-rays and nuclear fallout, can eject electrons from atoms,
(forming electrically charged ions: When these ions are situ-
ated within or near the DNA molecule, they can promote
chemical reactions that change DNA bases.Ionizing radiation
This form
of radiation can reach all cells of the body, including the
germline cells.

Nonionizing radiation does not form charged ions but
can move electrons from inner to outer orbits within an
atom. The atom becomes chemically unstable. Uliraviolet

(UV) radiation, which occurs naturally in sunlight, is an
example of nonionizing radiation. UV radiation causes the
formation of covalent bonds between adjacent pyrimidine
bases (i.e., cytosine or thymine). These pyrimidine dimers (a
dimer is a molecule having two subunits) are unable to pair
properly with purines during DNA replication; this results in
a base-pair substitution (Fig. 3-11). Because UV radiation is
absorbed by the skin, it does not reach the germline but can
cause skin cancer (Clinical Commentary 3-2).
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Allele 1

True
homozygote
Allele 2
Allele 1
Compound
heterozygote

Allele 2

FIG 3-10 A, True homozygotes have two alleles that are identical in DNA sequence. Here, the
homozygote has two copies of a single-base mutation, shown by the asterisk in the same posi-
tion in the DNA sequence. Both mutations (alleles 1 and 2) have a loss-of-function effect, giving
rise to a recessive disease. B, The same effect is seen in a compound heterozygote, which has
two different mutations (asterisks) in two different locations in the gene’s DNA sequence. Each
allele has a loss-of-function effect, again causing a recessive disease.

L)Itraviolet
light (a6 TA TJTG =GT c)

(CATAACAG)

CATAACAG
Thymine
dimer

G T T

CATAACAG
GTAT T

CATAACAG
Kink GTATTGT

A B(CATAACAG

FIG 3-11 A, Pyrimidine dimers originate when covalent bonds form between adjacent pyrimidine
(cytosine or thymine) bases. This deforms the DNA, interfering with normal base pairing. B, The
defect is repaired by removal and replacement of the dimer and bases on either side of it, with
the complementary DNA strand used as a template.
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CLINICAL COMMENTARY 3-1

The Effects of Radiation on Mutation Rates

Because mutation is a rare event, it is difficult to measure
directly in humans. The relationship between radiation expo-
sure and mutation is similarly difficult to assess. For a person
living in a developed country, a typical lifetime exposure to
ionizing radiation is about 6 to 7 rem.* About one third to one
half of this amount is thought to originate from medical and
dental x-ray procedures.

Unfortunately, a few human populations have received much
larger radiation doses. The most thoroughly studied such popu-
lation consists of the survivors of the atomic bomb blasts that
occurred in Hiroshima and Nagasaki, Japan, at the close of
World War Il. Many of those who were exposed to high doses
of radiation died from radiation sickness. Others survived, and
many of the survivors produced offspring.

To study the effects of radiation exposure in this population,
a large team of Japanese and American scientists conducted
medical and genetic investigations of some of the survivors. A
‘significant number developed cancers and chromosome abnor-
(malities in their somatic ‘cells, probably as a consequence of

radiation exposure. To assess the effects of radiation exposure
on the subjects’ germlines, the scientists compared the off-
spring of those who suffered substantial radiation exposure
with the offspring of those who did not. Although it is difficult
to establish radiation doses with precision, there is no doubt
that, in general, those who were situated closer to the blasts
suffered much higher exposure levels. It is estimated that the
exposed group received roughly 30 to 60 rem of radiation,
many times the average lifetime radiation exposure.

In a sample of more than 76,000 offspring of these survivors,
researchers assessed a large number of factors, including
stillbirths, chromosome abnormalities, birth defects, cancer
before 20 years of age, death before 26 years of age, and
various measures of growth and development (e.g., intelli-
gence quotient). There were no statistically significant differ-
ences between the offspring of persons who were exposed to
radiation and the offspring of those who were not exposed. In
addition, direct genetic studies of mutations have been carried
out using minisatellite polymorphisms and protein electropho-
resis, a technique that detects mutations that lead to amino

acid changes (discussed elsewhere in this chapter). Parents
and offspring were compared to determine whether germline
mutations had occurred at various loci. The numbers of muta-
tions detected in the exposed and unexposed groups were
statistically equivalent.

More recently, studies of those who were exposed to radia-
tion from the Chernobyl nuclear power plant accident have
demonstrated a significant increase in thyroid cancers among
children exposed to radiation. This reflects the effects of
somatic mutations. The evidence for increased frequencies of
germline mutations in protein-coding DNA, however, remains
unclear. A number of other studies of the effects of radiation
on humans have been reported, including investigations of
those who live near nuclear power plants. The radiation doses
received by these persons are substantially smaller than those
of the populations discussed previously, and the results of
these studies are equivocal.

It is remarkable that even though there was substantial evi-
dence for radiation effects on somatic cells in the Hiroshima
and Nagasaki studies, no detectable effect could be seen for
germline cells. What could account for this? Because large
doses of radiation are lethal, many of those who would have
been most strongly affected would not be included in these
studies.

(rates! It is also possible that DNA repair compensated for some
radiation-induced germline damage.

These results argue that radiation exposure, which is clearly
associated with somatic mutations, should not be taken lightly.
Above-ground nuclear testing in the American Southwest has
produced increased rates of leukemia and thyroid cancer in a
segment of the population. Radon, a radioactive gas that is
produced by the decay of naturally occurring uranium, can be
found at dangerously high levels in some homes and poses a
risk for lung cancer. Any unnecessary exposure to radiation,
particularly to the gonads or to developing fetuses, should be
avoided.

*A rem is a standard unit for measuring radiation exposure. It is roughly equal to 0.01 joule of absorbed energy per kilogram of tissue.

CLINICAL COMMENTARY 3-2

Xeroderma Pigmentosum: A Disease of Faulty DNA Repair

An inevitable consequence of exposure to UV radiation is the
formation of potentially dangerous pyrimidine dimers in the

DNA of skin cells. [Fortunately, the highly efficient nucleotide
(persons: Among those affected with the rare autosomal reces-
sive disease xeroderma pigmentosum (XP), this system does
{to'base-pair substitutions'in'skin'cells: XP varies substantially

in severity, but early symptoms are usually seen in the first 1

to 2 years of life. Patients develop dry, scaly skin (xeroderma)
along with extensive freckling and abnormal skin pigmentation
(pigmentosum). Skin tumors, which can be numerous, typically
appear by 10 years of age

These cancers are concentrated primarily in sun-exposed parts
of the body. Patients are advised to avoid sources of UV light
(e.g., sunlight), and cancerous growths are removed surgically.
Neurological abnormalities are seen in about 30% of persons

Continued
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CLINICAL COMMENTARY 3-2

Xeroderma Pigmentosum: A Disease of Faulty DNA Repair—cont'd
with XP. Severe, potentially lethal malignancies can occur
before 20 years of age.

(give rise to XP. These genes encode helicases that unwind

the double-stranded DNA helix; an endonuclease that cuts the
DNA at the site of the dimer; an exonuclease that removes the
dimer and nearby nucleotides; a polymerase that fills the gap
with DNA bases (using the complementary DNA strand as a
template); and a ligase that rejoins the corrected portion of
DNA to the original strand.

It should be emphasized that the [EXpression of XP requires
inherited germline mutations of an NER gene as well as sub-
'sequent uncorrected somatic mutations of genes in skin cells.
Some of these somatic mutations can affect genes that
promote cancer (see Chapter 11), resulting in tumor formation.
The skin-cell mutations themselves are somatic and thus are
not transmitted to future generations.

NER is but one type of DNA repair. The table below provides
examples of a number of other diseases that result from

defects in various types of DNA repair mechanisms (Fig. 3-12)
(Table 3-2).

FIG 3-12 Xeroderma pigmentosum. This patient’s skin has
multiple hyperpigmented lesions, and skin tumors on the
forehead have been marked for excision.

TABLE 3-2 Examples of Diseases That Are Caused by a Defect in DNA Repair

TYPE OF REPAIR DEFECT

Nucleotide excision repair defects, including
mutations in helicase and endonuclease
genes

Defective repair of UV-induced damage in
transcriptionally active DNA; considerable
etiological and symptomatic overlap with
xeroderma pigmentosum and
trichothiodystrophy

DISEASE
Xeroderma pigmentosum

FEATURES

Skin tumors, photosensitivity, cataracts,
neurological abnormalities

Reduced stature, skeletal abnormalities, optic
atrophy, deafness, photosensitivity, mental
retardation

Cockayne syndrome

Fanconi anemia

Bloom syndrome

Werner syndrome

Ataxia-telangiectasia

Hereditary nonpolyposis
colorectal cancer

Anemia; leukemia susceptibility; limb, kidney,
and heart malformations; chromosome
instability

Growth deficiency, immunodeficiency,
chromosome instability, increased cancer
incidence

Cataracts, osteoporosis, atherosclerosis, loss
of skin elasticity, short stature, diabetes,
increased cancer incidence; sometimes
described as “premature aging”

Cerebellar ataxia, telangiectases,* immune
deficiency, increased cancer incidence,
chromosome instability

Proximal bowel tumors, increased
susceptibility to several other types of cancer

As many as eight different genes may be
involved, but their exact role in DNA repair
is not yet known

Mutations in the regQ helicase family

Mutations in the regQ helicase family

Normal gene product is likely to be involved
in halting the cell cycle after DNA damage
occurs

Mutations in any of six DNA mismatch-repair
genes

*Telangiectases are vascular lesions caused by the dilatation of small blood vessels. This typically produces discoloration of the skin.
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A variety of chemicals can also induce mutations, some-
times because of their chemical similarity to DNA bases.

(replication: The analog is not exactly the same as the base it
replaces, so it can cause pairing errors during subsequent
replications. Other chemical mutagens, such as(acridine dyes,

«can physically insert themselves between existing bases, dis-
torting the DNA helix and causing frameshift mutations. Still
other mutagens can directly alter DNA bases, causing replica-
tion errors. An example of the latter is nitrous acid, which
removes an amino group from cytosine, converting it to
uracil. Although uracil is normally found in RNA, it mimics
the pairing action of thymine in DNA. Thus, it pairs with
adenine instead of guanine, as the original cytosine would
have done. The end (result'is a base-pair substitution.
Hundreds of chemicals are now known to be mutagenic
in laboratory animals. Among these are nitrogen mustard,
vinyl chloride, alkylating agents, formaldehyde, sodium
nitrite, and saccharin. Some of these chemicals are much
more potent mutagens than others. Nitrogen mustard, for
example, is a powerful mutagen, whereas saccharin is a rela-
tively weak one. Although some mutagenic chemicals are
produced by humans, many occur naturally in the environ-
ment (e.g., aflatoxin B}, a common contaminant of foods).

> Many substances in the environment are

known to be mutagenic, including ionizing and
nonionizing radiation and hundreds of differ-
ent chemicals. These mutagens are capable of
causing base substitutions, deletions, and
frameshifts. lonizing radiation can induce
double-stranded DNA breaks. Some mutagens
occur naturally, and others are generated by
humans.

DNA Repair

Considering that 3 billion DNA base pairs must be repli-
cated in each cell division, and considering the large number
of mutagens to which we are exposed, DNA replication is
surprisingly accurate. A primary reason for this accuracy is
the process of DNA repair, which takes place in all normal
cells of higher organisms. Several dozen enzymes are
involved in the repair of damaged DNA. They collectively
recognize an altered base, excise it by cutting the DNA
strand, replace it with the correct base (determined from the
complementary strand), and reseal the DNA. These repair
mechanisms are estimated to correct at least 99.9% of initial
errors.

Because DNA repair is essential for the accurate replica-
tion of DNA, defects in DNA repair systems can lead to many

types of discase. For example, iiiefited mutations in'genes
responsible for DNA mismatch repair result in the persis-
erice of cells Wwith eplication €Ffors (.., mismatches) and

can lead to some types of cancer (see Chapter 11). A dimin-
ished capacity to repair double-stranded DNA breaks can
lead to ovarian and/or breast cancer. Nucleotide excision

repair is necessary for the removal of larger changes in the
DNA helix (e.g., pyrimidine dimers); defects in excision
repair lead to a number of diseases, of which xeroderma
pigmentosum is an important example (see Clinical Com-
mentary 3-2).

>

DNA repair helps to ensure the accuracy of the
DNA sequence by correcting replication errors
(mismatches), repairing double-stranded DNA
breaks, and excising damaged nucleotides.

Mutation Rates

(base pair per generation (this figure represents mutations that

have escaped the process of DNA repair). Thus, each gamete
contains approximately 30 new mutations, the great majority
of which occur in noncoding DNA. At the level of the gene,
the mutation rate is quite variable, ranging from 107~ to 107

per locus per cell division. (There are at least two reasons for
this large range of variation: the size of the gene and the
susceptibility of certain nucleotide sequences.

First, genes vary tremendously in size. The somatostatin
gene, for example, is quite small, containing 1480 bp. In con-
trast, the gene responsible for
((DMD) spans more than 2 million bp. As might be expected,
larger genes present larger targets for mutation and usually
experience mutation more often than do smaller genes. The
DMD gene, as well as the genes responsible for hemophilia A
and type 1 neurofibromatosis, are all very large and have high
mutation rates.

Second, it is well established that (certain nucleotide
sequences are especially susceptible to mutation. These are
termed mutation hot spots. The best-known example is the
‘two-base (dinucleotide) sequence CG. In mammals, about
80% of CG dinucleotides are methylated: a methyl group is
attached to the cytosine base (these dinucleotide sequences
are also labeled CpG [cytosine-phosphate-guanine], {to dis-

tinguish the two-base DNA sequence from a single pair of
‘complementary bases, Cand  G)) A methylated cytosine,

5-methylcytosine, easily loses an amino group, converting it
to thymine. The end result is a mutation from cytosine to
thymine (Fig. 3-13). Surveys of mutations in human genetic

diseases have shown that the [mutation rate at CG dinucleo-

(sequences. Mutation hot spots, in the form of CG dinucleo-
tides, have been identified in a number of important human
disease genes, including the procollagen genes responsible for
osteogenesis imperfecta (see Chapter 2). Other disease exam-
ples are discussed in Chapters 4 and 5.

{transmitting & mutation to one’s offspring, Some chromo-

some abnormalities increase dramatically with maternal
age (see Chapter 6), and single-gene mutations increase
with paternal age. The latter is seen in several single-gene
disorders, including Marfan syndrome and achondroplasia.
As Figure 3-14 shows, the risk of producing a child with
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FIG 3-13 Cytosine methylation. The addition of a methyl group (CHs) to a cytosine base forms
5-methylcytosine. The subsequent loss of an amino group (deamination) forms thymine. The

result is a cytosine — thymine substitution.
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FIG 3-14 Paternal age effect. For some single-gene disor-
ders, the risk of producing a child with the condition (y-axis)
increases with the father’s age (x-axis).

Marfan syndrome is several times higher for a father older
ha 40 yeass than for a fathe i his 208 This paternal age

effect is usually attributed to the fact that the stem cells giving
rise to sperm cells continue to divide throughout life, which
allows a progressive buildup of DNA replication errors.
Recent comparisons of whole genome sequences in parents
and offspring estimate that approximately two additional
mutations are transmitted with each additional year of pater-
nal age.

} Large genes, because of their size, are gener-

ally more likely to experience mutations than
are small genes. Mutation hot spots, particu-
larly methylated CG dinucleotides, experience
elevated mutation rates. For many single-gene
disorders, there is a substantial increase in
mutation risk with advanced paternal age.

DETECTION AND MEASUREMENT OF
GENETIC VARIATION

For centuries, humans have been intrigued by the differences
that can be seen among individuals. Attention was long
focused on observable differences such as skin color or body
shape and size. Only in the 20th century did it become
possible to examine variation in genes, the consequence of
mutations accumulated through time. The evaluation and
measurement of this variation in populations and families
are important for mapping genes to specific locations on
chromosomes, a key step in determining gene function (see
Chapter 8). The evaluation of genetic variation also provides
the basis for genetic diagnosis, and it is highly useful in foren-
sics. In this section, several key approaches to detecting genetic
variation in humans are discussed in historical sequence.

Blood Groups

Several dozen blood group systems have been defined on the
basis of antigens located on the surfaces of erythrocytes.
Some are involved in determining whether a person can
receive a blood transfusion from a specific donor. Because
individuals differ extensively in terms of blood groups, these
systems provided an important early means of assessing
genetic variation.

Each of the blood group systems is determined by a dif-
ferent gene or set of genes. The various antigens that can be
expressed within a system are the result of different DNA
sequences in these genes. Two blood-group systems that
have special medical significance—the ABO and Rh blood
groups—are discussed here. The ABO and Rh systems are
both important in determining the compatibility of blood
transfusions and tissue grafts. Some combinations of these
blood groups can produce maternal-fetal incompatibility,
sometimes with serious results for the fetus. These issues are
discussed in detail in Chapter 9.

The ABO Blood Group

Human blood transfusions were carried out as early as 1818,
but they were often unsuccessful. After transfusion, some
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recipients suffered a massive, sometimes fatal, hemolytic
reaction. In 1900 Karl Landsteiner discovered that this reac-
tion was caused by the ABO antigens located on erythrocyte
surfaces.

The ABO system consists of two major antigens,
(labeled A and B! A person can have one of four major blood
types: people with blood type A carry the A anfigen on their

erythrocytes, those with type B carry the B antigen, those
with type AB carry both A and B, and those with type O carry

neither antigen. (Bach'individual has antibodies  that react
against any antigens that are not found on their own red
(blood cell surfaces: For example, a person with type A blood

has anti-B antibodies, and transfusing type B blood into this
person provokes a severe antibody reaction. It is straightfor-
ward to determine ABO blood type in the laboratory by
mixing a small sample of a person’s blood with solutions
containing different antibodies and observing which combi-
nations cause the observable clumping that is characteristic
of an antibody—antigen interaction.

(%) and I° (There are also subtypes of both the I* and I*

alleles, but they are not addressed here.) (Persons with the I
allele have the A antigen on their erythrocyte surfaces (blood

type A), and those with I’ have the B antigen on their
cell surfaces (blood type B). Those with both alleles express
both antigens (blood type AB), and those with two copies
of the I° allele have neither antigen (type O blood). Bécause

1I° heterozygotes have blood types A and B, respectively
(Table 3-3).

Because populations vary substantially in terms of the
frequency with which the ABO alleles occur, the ABO locus
was the first blood group system to be used extensively in
studies of genetic variation among individuals and popula-
tions. For example, early studies showed that the A antigen is
relatively common in western European populations, and
the B antigen is especially common among Asians. Neither
antigen is common among native South American popula-
tions, the great majority of whom have blood type O.

The Rh System

Like the ABO system, the [RESyStei s defined on thelbass
of antigens that are present on erythrocyte surfaces. This

TABLE 3-3 Relationship between ABO
Genotype and Blood Type

GENOTYPE BLOOD TYPE ANTIBODIES PRESENT
(A A Anti-B

e A Anti-B

BB B Anti-A

e B Anti-A

AP AB None

°/° ) Anti-A and anti-B

system is named after the rhesus monkey, the experimental
animal in which it was first isolated by Landsteiner in the
late 1930s. It is typed in the laboratory by a procedure
similar to the one described for the ABO system. Rh alleles
vary considerably among individuals and populations and
thus have been another highly useful tool for assessing
genetic variation. The molecular basis of variation in both
the ABO and the Rh systems has been elucidated (for
further details, see the suggested readings at the end of this
chapter), and it is becoming increasingly common to type
these systems by directly examining an individual’s DNA
sequence rather than by assessing an antibody-antigen
reaction.

The blood groups, of which the ABO and Rh
systems are examples, have provided an
important means of studying human genetic
variation. Blood group variation is the result
of antigens that occur on the surface of
erythrocytes.

>

Protein Electrophoresis

Protein electrophoresis, developed first in the 1930s and
applied widely to humans in the 1950s and 1960s, [increased
This
technique makes use of the fact that a single amino acid dif-
ference in a protein (the result of a mutation in the corre-
sponding DNA sequence) can cause a slight difference in the
electrical charge of the protein.

An example is the common sickle cell disease mutation
discussed earlier. The replacement of glutamic acid with
valine in the B-globin chain produces a difference in electri-
cal charge because glutamic acid has two carboxyl groups,

whereas valine has only one carboxyl group. Electrophoresis
«can be used to determine whether a person has normal

‘hemoglobin (HbA) or the mutation that causes sickle cell
(disease (HDbS) (Fig. 3-15). The hemoglobin is placed in
an electrically charged gel composed of starch, agarose, or
polyacrylamide (see Fig. 3-15, A). The slight difference in
charge resulting from the amino acid difference causes the
HbA and HbS forms to migrate at different rates through
the gel. The protein molecules are allowed to migrate for
several hours and are then stained with chemical solutions
so that their positions can be seen (see Fig. 3-15, B). From
the resulting pattern it can be determined whether the
person is an HbA homozygote, an HbS homozygote, or a
heterozygote having HbA on one chromosome copy and
HbS on the other.

Protein electrophoresis has been used to detect amino
acid variation in hundreds of human proteins. However,
silent substitutions, which do not alter amino acids, cannot
be detected by this approach. In addition, some amino
acid substitutions do not alter the electrical charge of the

protein molecule. For these reasons, (protein electropho-
(occur in coding DNA. In addition, single-base substitutions
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Tissue extract
in sample slot

Stained bands show
position of enzyme

Staining
box

Gel

Solution with
substrate and salt

a0 .
HbS HbS sickle cell
disease

HbA HbA normal

HbA HbS
heterozygote

||
B (+) | ()

FIG 3-15 The process of protein electrophoresis. A, A tissue
sample is loaded in the slot at the top of the gel, and an
electrical current is run though the gel. After staining, distinct
bands, representing molecules with different electrical
charges and therefore different amino acid sequences, are
visible. B, HbA homozygotes show a single band closer to
the positive pole, whereas HbS homozygotes show a single
band closer to the negative pole. Heterozygotes, having both
alleles, show two bands.

in noncoding DNA are not usually detected by protein
electrophoresis.

> Protein electrophoresis detects variations in

genes that encode certain serum proteins.
These variations are observable because pro-
teins with slight differences in their amino acid
sequence migrate at different rates through
electrically charged gels.

Detecting Variation at the DNA Level

Each human haploid DNA sequence (i.e., the sequence
inherited from one parent) differs from any other human
haploid sequence by at least three to four million DNA base
pairs, which amounts to one single-base difference every
1000 base pairs. Because there are only a few hundred or so
blood group and protein electrophoretic polymorphisms,
these approaches have detected only a tiny fraction of human
DNA variation. Yet the assessment of this variation is critical
to gene identification and genetic diagnosis (see Chapters 8
and 13). Fortunately, molecular techniques developed since
the 1980s have enabled the detection of millions of new poly-
morphisms at the DNA level. These techniques, which have
revolutionized both the practice and the potential of medical
genetics, are discussed next.

Southern Blotting and Restriction Fragment Analysis

An early approach to the detection of genetic variation at the
DNA level took advantage of the existence of bacterial
enzymes known as restriction endonucleases, or restriction
enzymes. These enzymes cleave human DNA at specific
sequences, termed restriction sites. For example, the intesti-
nal bacterium Escherichia coli produces a restriction enzyme,
called EcoRI, that recognizes the DNA sequence GAATTC.
Each time this sequence is encountered, the enzyme cleaves
the sequence between the G and the A (Fig. 3-16). A restric-
tion digest of human DNA using this enzyme will produce
more than 1 million DNA fragments (restriction fragments).
These fragments are then subjected to gel electrophoresis, in
which the smaller ones migrate more quickly through the gel
than do the larger ones (Fig. 3-17). The DNA is denatured
(i.e., converted from a double-stranded to a single-stranded
form) by exposing it to alkaline chemical solutions. To fix
their positions permanently, the DNA fragments are trans-
ferred from the gel to a solid membrane, such as nitrocellu-
lose (this is a Southern transfer, after the man who invented
the process in the mid-1970s). At this point, the solid mem-
brane, often called a Southern blot, contains many thousands
of fragments arrayed according to their size. Because of their
large number, the fragments are indistinguishable from one
another.

To visualize only the fragments corresponding to a specific
region of DNA, a probe, consisting of a small piece of single-
stranded human DNA (a few kilobases [kb] in length), is
constructed using recombinant DNA techniques (Box 3-1)
(Fig. 3-18). The probe is labeled, often with a radioactive
isotope, and then exposed to the Southern blot. The probe
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FIG 3-16 Cleavage of DNA by the EcoRl restriction enzyme. In B, the enzyme cleaves the three
GAATTC recognition sequences, producing two smaller fragments. In A, the middle sequence
is GAATTT instead of GAATTC, so it cannot be cleaved by the enzyme. The result is a single,

longer fragment.

Blood samples

N
g

=" Extract DNA and
’ digest it with a
restriction enzyme

DNA fragments are
separated, according
to size, by gel
electrophoresis
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FIG 3-17 Restriction enzyme digestion and Southern blotting. DNA is extracted from blood
samples from subjects A, B, and C. The DNA is digested by a restriction enzyme and then loaded
on a gel. Electrophoresis separates the DNA fragments according to their size. The DNA is
denatured and transferred to a solid membrane (Southern blot), where it is hybridized with a
radioactive probe. Exposure to x-ray film (autoradiography) reveals specific DNA fragments

(bands) of different sizes in individuals A, B, and C.
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BOX 3-1

In the last two decades, most of the lay public has acquired at
least a passing familiarity with the terms “recombinant DNA, "
“cloning,” and “genetic engineering.” Indeed, these tech-
nigues lie at the heart of what is often called the “new
genetics.”

Genetic engineering refers to the laboratory alteration of
genes. An alteration that is of special importance in medical
genetics is the creation of clones. Briefly, a clone is an identical
copy of a DNA sequence. The following description outlines
one approach to the cloning of human genes.

GAATTC
CTTAAG

,
-

2( Sev)@ATTC D)
(. CTTAAG )

o
() eo@aAaTTC )
3()CTTAA)(G )

Complementary single-stranded DNA tails

Restriction site

Bacterial
chromosome

Human DNA EEEE EEEE

Genetic Engineering, Recombinant DNA, and Cloning

Our goal is to insert a human DNA sequence into a rapidly
reproducing organism so that copies (clones) of the DNA can
be made quickly. One system commonly used for this purpose
is the plasmid, which is a small, circular, self-replicating piece
of DNA that resides in many bacteria. Plasmids can be removed
from bacteria or inserted into them without seriously disrupting
bacterial growth or reproduction.

To insert human DNA into the plasmid, we need a way to cut
DNA into pieces so that it can be manipulated. Restriction
enzymes, discussed earlier in the text, perform this function

% } DNA duplex

Replicate @ ﬁ Replicate

CTTAAG CTTAAG

FIG 3-18 Recombinant DNA technology. Human and circular plasmid DNA are both cleaved by
a restriction enzyme, producing sticky ends (7-3). This allows the human DNA to anneal and
recombine with the plasmid DNA. Inserted into the plasmid DNA, the human DNA is now rep-
licated when the plasmid is inserted into the Escherichia coli bacterium (4).
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BOX 3-1

efficiently. The DNA sequence recognized by the restriction
enzyme EcoRl, GAATTC, has the convenient property that its
complementary sequence, CTTAAG, is the same sequence,
except backward. Such sequences are called palindromes.
When plasmid or human DNA is cleaved with EcoRl, the result-
ing fragments have sticky ends. If human DNA and plasmid
DNA are both cut with this enzyme, both types of DNA frag-
ments contain exposed ends that can undergo complementary
base pairing with each other. Then, when the human and
plasmid DNA are mixed together, they recombine (hence the
term recombinant DNA). The resulting plasmids contain
human DNA inserts. The plasmids are inserted back into bac-
teria, where they reproduce rapidly through natural cell division.
The human DNA sequence, which is reproduced along with
the other plasmid DNA, is thus cloned (Fig. 3-18).

The plasmid is referred to as a vector. Several other types
of vectors may also be used as cloning vehicles, including
bacteriophages (viruses that infect bacteria), cosmids (phage—
plasmid hybrids capable of carrying relatively large DNA inserts),
yeast artificial chromosomes (YACs; vectors that are inserted
into yeast cells and that behave much like ordinary yeast chro-
mosomes), bacterial artificial chromosomes (BACs), and

Genetic Engineering, Recombinant DNA, and Cloning—cont’d

human artificial chromosomes (see Chapters 8 and 13).
Although plasmids and bacteriophages can accommodate only
relatively small inserts (about 10 and 20 kb, respectively),
cosmids can carry inserts of approximately 50 kb, and YACs
can carry inserts up to 1000 kb in length.

Cloning can be used to create the thousands of copies of
human DNA needed for Southern blotting and other experi-
mental applications. In addition, this approach is now used to
produce genetically engineered therapeutic products, such as
insulin, interferon, human growth hormone, clotting factor VIII
(used in the treatment of hemophilia A, a coagulation disorder),
and tissue plasminogen activator (a blood clot—dissolving
protein that helps to prevent heart attacks and strokes). When
these genes are cloned into bacteria or other organisms, the
organism produces the human gene product along with its own
gene products. In the past, these products were obtained from
donor blood or from other animals. The processes of obtaining
and purifying them were slow and costly, and the resulting
products sometimes contained contaminants. Genetically engi-
neered gene products are rapidly becoming a cheaper, purer,

undergoes complementary base pairing only with the corre-
sponding complementary single-stranded DNA fragments
on the blot identifying one or a few fragments from a specific
portion of the DNA. To visualize the position on the blot at
which the probe hybridizes, the blot is exposed to x-ray film,
which darkens at the probe’s position due to the emission of
radioactive particles from the labeled probe. These darkened
positions are usually referred to as bands, and the film is
termed an autoradiogram (Fig. 3-19).

Southern blotting can be used in several ways. For
example, it can detect insertions or deletions in DNA
sequences, which cause specific fragments to become larger
or smaller. If a disease-causing mutation alters a specific
restriction site, as in the case of sickle cell disease (Fig. 3-20),
this technique can be used as a cheap and efficient diagnostic
tool. Because most disease-causing mutations do not affect
restriction sites, this approach is somewhat limited, and
other, newer techniques can be used. Finally, Southern blot-
ting was instrumental in analyzing restriction fragment
length polymorphisms (RFLPs), which are found through-
out the human genome as a result of normal DNA sequence
variation. These sequence variants were used to localize
many important disease-causing genes, including those
responsible for cystic fibrosis, Huntington disease, and type
1 neurofibromatosis (see Chapter 8).

> Restriction enzymes can cut DNA into frag-

ments, which are sorted according to their
length by electrophoresis, transferred to a
solid membrane (Southern blotting), and visu-
alized through the use of labeled probes. This
process can detect deletions or duplications of
DNA, as well as RFLPs.

and more efficient alternative.

OO0O 0O
4.1-kb S ee cBeeee
3.3-kb .“‘ L

’ 4
® : v
%

FIG 3-19 An autoradiogram, showing the positions of a
4.1-kb band and a 3.3-kb band. Each lane represents DNA
from a subject in the family whose pedigree is shown above
the autoradiogram.

Tandem Repeat Polymorphisms

The approach just described can detect polymorphisms that
reflect the presence or absence of a restriction site. These
polymorphisms have only two possible alleles, placing a limit
on the amount of genetic diversity that can be seen. More
diversity could be observed if a polymorphic system had
many alleles, rather than just two.(One such system exploits
the microsatellites and minisatellites that exist throughout
the genome. As discussed in Chapter 2, these are regions in
which the same DNA sequence is repeated over and over, in
tandem (Fig. 3-21). Microsatellites are typically composed of



martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv


CHAPTER 3 Genetic Variation: Its Origin and Detection

Mstil Mstil
—. — — —
Normal ( ccr cag GAG. CCT GAG GAG CCT GAG GAG.. )
| B I (I B
Pro Glu Glu Pro Glu Glu Pro Glu Glu AA AS SS
Mstil :? - - a»
) 1.3 kb T - e

Sickle v v
cell CCT GAG GAG... CCT GTG GAG CCT GAG GAG...

Pro Glu Glu

Pro Val Glu Pro Glu Glu

FIG 3-20 Cleavage of B-globin DNA by the Mstll restriction enzyme. Normal individuals have
glutamic acid at position 6 of the B-globin polypeptide. Glutamic acid is encoded by the DNA
sequence GAG. The sickle cell mutation results in the sequence GTG at this site instead of GAG,
causing valine to be substituted for glutamic acid. The restriction enzyme Mstll recognizes the
DNA sequence CCTNAGG (the N signifies that the enzyme will recognize any DNA base, includ-
ing G, in this position). Thus, Mstll recognizes and cleaves the DNA sequence of the normal
chromosome at this site as well as at the restriction sites on either side of it. The sickle cell
mutation removes an Mstll recognition site, producing a longer, 1.3-kb fragment. The normal
DNA sequence includes the restriction site (i.e., the sequence CCTGAG instead of CCTGTG), so
a shorter, 1.1-kb fragment is produced. Therefore, on the autoradiogram, sickle cell homozygotes
have a single 1.3-kb band, normal homozygotes have a single 1.1-kb band, and heterozygotes
have both the 1.1-kb and the 1.3-kb bands. Because shorter fragments migrate farther on a gel,
the two fragment sizes can easily be distinguished after hybridization of the blot with a probe
containing DNA from the B-globin gene. Note that the banding pattern here, based on DNA
sequence differences, resembles the banding pattern shown in Figure 3-15, which is based on
hemoglobin amino acid sequences detected by protein electrophoresis.

\ 4
A Allele 1 (_..TCC SGTA... GTA... GTA... GTA... ) ACTGTTA... )

A 4
B Alele2( ..TCC ) GTA... GTA... GTA... GTA... GTA... GTA... GTA.. GTAj ACTGTTA..)

Larger
e | B fragment

Smaller
e | A fragment

FIG 3-21 Tandem repeat polymorphisms. Bands of differing length (A and B) are created by
different numbers of tandem repeats in the DNA on the two copies of a chromosome. Following
amplification and labeling of the region that contains the polymorphism, different fragment
lengths are separated by electrophoresis and visualized on an autoradiogram.

units that are only 2 to 5 bp long, whereas minisatellites
contain longer repeat units. The genetic variation measured
is the number of repeats in a given region, which varies sub-
stantially from individual to individual: a specific region
could have as few as two or three repeats or as many as 20 or
more. These polymorphisms can therefore reveal a high

degree of genetic variation. (Viiisatellife polyinorphisis are

(repeats (STRS). The latter are especially easy to assay, and tens
of thousands of them are distributed throughout the human

genome. These properties make them useful for mapping
genes by the process of linkage analysis, discussed in Chapter
8. Both types of polymorphisms are useful in forensic appli-
cations, such as paternity testing and the identification of
criminal suspects (Box 3-2) (Fig. 3-22).

} VNTRs are a type of polymorphism that results
from varying numbers of minisatellite repeats
in aspecific DNA region. STRs are a similar type
of polymorphism that results from varying

numbers of smaller, microsatellite repeats.
Because VNTRs and STRs can have many dif-
ferent alleles in a population, they are espe-
cially useful in medical genetics and forensics.

Single Nucleotide Polymorphisms

The most numerous type of polymorphism in the human
genome consists of variants at single nucleotide positions on
a chromosome, or single nucleotide polymorphisms (SNPs).
RFLPs, which are usually caused by single-base differences
that occur only at restriction sites, are a subset of the more
general set of SNPs. These polymorphisms, when they occur
in functional DNA sequences, can cause inherited diseases,
although most are harmless. Increasingly, they are being
detected by microarray and direct sequencing methods,
which are discussed later in this chapter.

Copy Number Variants

Throughout the human genome, there are sections of DNA
that vary in their number of copies from one individual
to another. These copy number variants (CNVs), typically
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BOX 3-2 DNA Profiles in the Forensic Setting

Because of the large number of polymorphisms observed in
the human genome, it is virtually certain that each of us is
genetically unique (with the exception of identical twins, whose
DNA sequences are nearly always identical). It follows that
genetic variation could be used to identify individuals, much as
a conventional fingerprint does. Because DNA can be found in
any tissue sample, including blood, semen, and hair,* genetic
variation has substantial potential in forensic applications
(e.g., criminal cases, paternity suits, identification of accident
victims). STRs, with their many alleles, are very useful in estab-
lishing a highly specific DNA profile.

The principle underlying a DNA profile is quite simple. If we
examine enough polymorphisms in a given individual, the prob-
ability that any other individual in the population has the same
allele at each examined locus becomes extremely small. DNA
left at the scene of a crime in the form of blood or semen, for
example, can be typed for a series of STRs. Because of the
extreme sensitivity of the PCR approach, even a tiny sample
several years old can yield enough DNA for laboratory analysis
(although extreme care must be taken to avoid contamination
when using PCR with such samples). The detected alleles are
then compared with the alleles of a suspect. If the alleles in
the two samples match, the suspect is implicated (Fig. 3-22).

Base pair
length

Individual 1

Individual 2

ment of Public Safety, State of Utah.)

A key question is whether another person in the general
population might have the same alleles as the suspect. Could
the DNA profile then falsely implicate the wrong person? In
criminal cases, the probability of obtaining an allele match with
a random member of the population is calculated. Because of
the high degree of allelic variation in STRs, this probability is
usually very small. The use of 13 STRs, which is now common
practice, yields random match or more probabilities in the
neighborhood of 1 in 1 trillion. Provided that a large enough
number of loci are used under well-controlled laboratory condi-
tions, and provided that the data are collected and evaluated
carefully, DNA profiles can furnish highly useful forensic evi-
dence. DNA profiles are now used in many thousands of crimi-
nal court cases each year.

Although we tend to think of such evidence in terms of iden-
tifying the guilty party, it should be kept in mind that when a
match is not obtained, a suspect may be exonerated. In addi-
tion, postconviction DNA testing has resulted in the release of
hundreds of persons who were wrongly imprisoned. Thus,
DNA profiles can also benefit the innocent.

100 125 150 175 200 225 250 275 300 325

| JM bl

| JLAA | AA

FIG 3-22 DNA profiles. A, An autoradiogram shows that the band pattern of DNA from suspect
1 does not match the DNA taken from the crime scene (3), whereas the band pattern from
suspect 2 does match. In practice, multiple STRs are assayed to reduce the possibility of a false
match. B, STRs are now commonly assayed using a capillary gel apparatus. The resulting STR
profile is displayed as an electropherogram, in which the locations of peaks indicate the lengths
(in base pairs) of each STR allele. (Panel A courtesy Jay Henry, Criminalistics Laboratory, Depart-

*Even fingerprints left at a crime scene sometimes contain enough DNA for PCR amplification and DNA profiling.




CHAPTER 3 Genetic Variation: Its Origin and Detection

GAATTC GAATTC GAATTC
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FIG 3-23 A, Restriction fragment length polymorphisms (RFLPs) result from DNA sequence
differences that occur at restriction sites in the human genome. The locations of these sites are
identified by hybridizing restriction fragments with cloned probes. B, Tandem repeats consist of
short segments of DNA (microsatellites) or somewhat longer segments (minisatellites whose
lengths can be 14 to 500 bp) that are repeated over and over, in tandem. C, Copy number vari-
ants (CNVs) represent differences in the numbers of larger repeated segments of DNA (>1000 bp
to 2 million bp). D, Single nucleotide polymorphisms (SNPs) are single-base variations in the

genome.

defined as DNA sequences larger than 1000 base pairs, may
be present in zero to more than a dozen copies in a haploid
genome. Each human is heterozygous for at least 100 CNVs
(i.e., he or she inherited a different number of copies from

the mother than from the father).(Although CNVs are much
less numerous than SNPs, their large individual size means
that they account for several million total base pair differ-
ences between any pair of haploid DNA sequences (roughly
the same amount as SNPs). Some CNVs have been shown to
be associated with inherited diseases, and some are associated
with response to specific therapeutic drugs. Figure 3-23 high-
lights the differences among RFLPs, tandem repeats, SNPs,
and CNVs,

> SNPs are the most common type of variation

in the human genome. CNVs consist of dif-
ferences in the number of repeated DNA
sequences longer than 1000 bp.

DNA Amplification Using the Polymerase

Chain Reaction

Because the DNA molecule is tiny, it is not possible to visual-
ize DNA variation (i.e., different base pairs) directly. All

methods of assessing DNA variation involve indirect assess-
ment, as in the use of labeled probes to bind to specific DNA
regions in Southern blotting.

Nearly all methods of visualizing DNA variation require
(indirect labeling 'of DNA! To observe the labels, multiple

copies must be made. For example, bacteria can be used to
make thousands of cloned copies of the labeled probes used
in Southern blotting. However, this process (see Box 3-1) is
time-consuming, often requiring several days or more, and it
typically requires a relatively large amount of DNA from
the subject (several micrograms). An alternative process,
the polymerase chain reaction (PCR), was developed in the
mid-1980s and has made the detection of genetic variation at
the DNA level much more efficient. Essentially, PCR is an
artificial means of replicating a short, specific DNA sequence

(several kb or less) very quickly, so that millions of copies of

the sequence are made.

The PCR process, summarized in Figure 3-24, requires
four components:

+ Two primers, each consisting of 15 to 20 bases of DNA.
These small DNA sequences are termed oligonucleotides
(oligo means “a few”). The primers correspond to the DNA
sequences immediately adjacent to the sequence of interest
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FIG 3-24 The polymerase chain reaction process. Genomic
DNA is first heated and denatured to form single strands. In
the annealing phase, the DNA is cooled, allowing hybridiza-
tion with primer sequences that flank the region of interest.
Then the reaction is heated to an intermediate primer exten-
sion temperature, and in this step the DNA polymerase adds
free bases in the 3’ direction along each single strand, starting
at the primer. Blunt-ended DNA fragments are formed, and
these provide a template for the next cycle of heating and
cooling. Repeated cycling produces a large number of DNA
fragments bounded on each end by the primer sequence.

(such as a sequence that contains a tandem repeat poly-
morphism or a mutation that causes disease). The oligo-
nucleotide primers are synthesized using a laboratory
instrument.

+ DNA polymerase. A thermally stable form of this enzyme,
initially derived from the bacterium Thermus aquaticus,

performs the vital process of DNA replication (here
termed primer extension).

+ A large number of free DNA nucleotides.

+  Genomic DNA from an individual. Because of the extreme

sensitivity of PCR, the quantity of this DNA can be very
small.

(perature: (approximately 95°C) so that it denatures and

becomes single-stranded. As the single-stranded DNA is then

(hybridize, or anneal, to a specific location in the genomic
DNA that contains the appropriate complementary bases.
The DNA is then heated to an intermediate temperature
(70°C to 75°C). In the presence of a large number of free
DNA bases, a new DNA strand is synthesized by the DNA
polymerase at this temperature, extending from the primer
sequence. The newly synthesized DNA consists of a double
strand that has the 5" end of the primer at one end, followed
by the bases added through primer extension by DNA poly-
merase. This double-stranded DNA is heated to a high tem-
peratureagain,causingittodenature. The heating-and-cooling
cycle is then repeated. Now, the newly synthesized DNA
serves as the template for further synthesis. As the cooling-
and-heating cycles are repeated, the primer-bounded DNA

(process s termed a chain reaction. Typically, the cycles are

repeated 20 to 30 times, producing millions of copies of the

original DNA. In summary, the PCR process consists of three

Because each heating-and-cooling cycle requires only a
few minutes or less, a single molecule of DNA can be ampli-
fied to make millions of copies in only a few hours. Because
the procedure is simple and entirely self-contained, inexpen-
sive machines have been developed to automate it com-
pletely. Once the DNA is amplified, it can be analyzed in a
variety of ways.

PCR has several advantages over older techniques. First, it
can be used with extremely small quantities of DNA (usually
nanogram amounts, as opposed to the micrograms required
for cloning). The amount of DNA in a several-year-old blood
stain, a single hair, or even the back of a licked postage stamp
is often sufficient for analysis. Second, because it does not
require cloning, the procedure is much faster than older
techniques. Genetic testing for sickle cell disease, for example,
can be done in a single day with PCR. Finally, because PCR
can make large quantities of very pure DNA, it is less often
necessary to use radioactive probes to detect specific DNA
sequences or mutations. Instead, safer, nonradioactive sub-
stances, such as biotin, can be used.

PCR does have some disadvantages.

(DNA of interest. If this sequence is ambiguous, other tech-

niques must be used. Second, the extreme sensitivity of PCR
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CHAPTER 3 Genetic Variation: Its Origin and Detection

makes it susceptible to contamination in the laboratory. A
number of precautions are commonly taken to guard against
contamination. Finally, because it can be difficult to apply
PCR to sequences longer than a few kilobases, it is not typi-
cally useful for detecting larger deletions (i.e., it is difficult or
impossible to amplify the longer, normal sequence).Southern
blotting or other techniques are used instead.

Because PCR is such a powerful and versatile technique, it
is now used extensively in genetic disease diagnosis, forensic
medicine, and evolutionary genetics. PCR is so sensitive that
it has been used to analyze DNA from ancient mummies and
even from Neanderthal specimens more than 30,000 years
old. Analysis of these specimens showed that modern humans
are genetically distinct from Neanderthals but that most
modern humans have a small amount of Neanderthal DNA
(1-3%) in their genomes.

> PCR provides a convenient and efficient means

of making millions of copies of a short DNA
sequence. Heating-and-cooling cycles are used
to denature DNA and then build new copies of
a specific, primer-bounded sequence. Because
of its speed and ease of use, this technique is
now widely used for assessing genetic varia-
tion, for diagnosing genetic diseases, and for
performing forensic investigations.

DNA Sequencing

In many genetic studies, @ primary goal is to determine the
actual array of DNA base pairs that makes up a gene or part
of a gene. Such a DNA sequence can indicate a great deal
about the nature of a specific mutation, the function of a
gene, and the gene’s degree of similarity to other known
genes. We first discuss a technique that has been widely used
to determine DNA sequences.

The dideoxy method of DNA sequencing, invented by
Frederick Sanger, makes use of chain-terminating dideoxy-
nucleotides. These are chemically quite similar to ordinary
deoxynucleotides, except that they are missing one hydroxyl
group. This prevents the subsequent formation of phospho-
diester bonds with free DNA bases. Thus, although dideoxy-
nucleotides can be incorporated into a growing DNA helix,
no additional nucleotides can be added once they are included.

Four different dideoxynucleotides are used, each corre-
sponding to one of the four nucleotides (A, C, G, and T). The
single-stranded DNA whose sequence we wish to determine
is mixed with labeled primers, DNA polymerase, ordinary
nucleotides, and one type of dideoxynucleotide (Fig. 3-25).
The primer hybridizes to the appropriate complementary
position in the single-stranded DNA, and DNA polymerase
adds free bases to the growing DNA molecule, as in the PCR
process. At any given position, either an ordinary nucleotide
or the corresponding dideoxynucleotide may be incorporated
into the chain; this is a random process. However, once a
dideoxynucleotide is incorporated, the chain is terminated.
The procedure thus yields DNA fragments of varying length,
each ending with the same dideoxynucleotide.

The DNA fragments can be separated according to length
by electrophoresis, as discussed previously. Four different
sequencing reactions are run, one for each base. The frag-
ments obtained from each reaction are electrophoresed side
by side on the same gel, so that the position of each fragment
can be compared. Because each band corresponds to a DNA
chain that terminates with a unique base, the DNA sequence
can be read by observing the order of the bands on the gel
after autoradiography or other detection methods. Several
hundred base pairs can usually be sequenced in one reaction
series.

> DNA sequencing can be accomplished using

the dideoxy method. This method depends on
the fact that dideoxynucleotides behave in a
fashion similar to ordinary deoxynucleotides,
except that once they are incorporated into the
DNA chain, they terminate the chain. They
thus mark the positions of specific bases.

It should be apparent that this method of sequencing DNA
is a relatively slow, laborious, and error-prone process. Nowa-
days, most strategies for DNA sequencing are automated and
use fluorescent, chemiluminescent, or colorimetric detection
systems. The use of fluorochrome-labeled primers or dide-
oxynucleotides is the most popular method, partly because it
was easily adapted for rapid automation.

Typically, a DNA template is sequenced using a method
similar to the primer extension step in PCR. Each of the four
different nucleotides can be labeled with a fluorochrome
that emits a distinct spectrum of light. The fluorochrome-
labeled reaction products are electrophoresed through a
very thin polyacrylamide gel or through a thin capillary
tube; as they migrate past a window, they are excited by a
beam of light from a laser. The emitted light is captured by
a digital camera for translation into an electronic signal,
and a composite gel image is generated. This gel image is
analyzed to produce a graph in which each of the four dif-
ferent nucleotides is depicted by a different-colored peak
(Fig. 3-26). Automated sequencers can also be adapted to
assay STRs, single-nucleotide polymorphisms, and other
types of polymorphisms.

By using computers and advanced automated technology,
approaches such as these have greatly increased the potential
speed of DNA sequencing. These techniques have permitted
the completion of the entire 3-billion-bp human DNA
sequence.

> Automated DNA sequencing, using fluorescent
labels and laser detection, greatly increases the
speed and efficiency of the sequencing process.

High-Throughput DNA Sequencing

During the past several years, the development of new high-
throughput DNA sequencing technology has decreased the
cost of DNA sequencing by many orders of magnitude (this
technology is also sometimes termed “next generation” or
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FIG 3-25 DNA sequencing by the dideoxy (Sanger) method. Labeled primer is added to the
single-stranded DNA whose sequence is unknown. DNA polymerase adds free bases to the
single strand, using complementary base pairing. Four different reactions are carried out, cor-
responding to the four dideoxynucleotides (ddATP, ddCTP, ddGTP, and ddTTP). Each of these
terminates the DNA sequence whenever it is incorporated in place of the normal deoxynucleotide
(dATP, dCTP, dGTP, and dTTP, corresponding to the bases A, C, G, and T, respectively). The
process results in fragments of varying length, which can be separated by electrophoresis. The
position of each fragment is indicated by the emission of radioactive particles from the label,
which allows the DNA sequence to be read directly.

“massively parallel” sequencing). In one common approach,
genomic DNA is chopped at random into small segments,
typically 100 to several hundred bp in size (Fig. 3-27).(Short
synthetic DNA sequences, termed adapters, are joined to the
ends of the genomic DNA fragments: These double-stranded
DNA fragments are separated into single strands and then
attached to a solid surface, such as a glass slide. Each indi-
vidual DNA fragment is amplified by PCR into a cluster of
thousands of identical copies, using the adapters as primer
sequences (the multiple copies provide a signal strong enough

to be visualized by a camera, as described below). A sequenc-
ing reaction then occurs, in which these fragment clusters
serve as templates for synthesizing complementary sequences.
Similar to the Sanger sequencing process described previ-
ously, new complementary bases (to which a base-specific
fluorescent label is attached) are added one at a time. The
fluorescent signal from each cluster is recorded by a camera,
revealing the base-pair sequence of each fragment. The key
advantage of this approach is that millions of different DNA
fragments are sequenced simultaneously, in contrast to older
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FIG 3-26 Analyzed data from a single DNA template
sequenced on an automated DNA sequencer. Peaks of dif-
ferent colors represent the identity and relative location of
different nucleotides in the DNA sequence. For example, the
leftmost peak is blue and identifies the position of a cytosine.
The next peak is red, indicating the presence of a thymine.
This base-calling continues until the end of the DNA template
is reached (typically a few hundred base pairs).

methods in which only a few dozen fragments are sequenced
at a time.

When the sequencing reactions are completed, millions
of short DNA sequences must be stitched together to form
a completed assembly. (Each short sequence is compared
(aligned) to a fully assembled reference sequence, typically
the first published human genome or a consensus sequence
of multiple genomes: Each base pair of the reference genome
is covered by multiple short sequences (“reads”) so that it is
sequenced 30 to 60 or more times. A consensus base call is
made from the short sequences. Since sequencing errors will
appear in very few reads, they will be removed, and true
mutations and polymorphisms will remain as differences
from the reference sequence. (Genomic regions that are
present in many copies (like mobile elements) or have
repeated sequences within them (like STRs) can be a chal-
lenge for this method.

There are many variations on this theme, including tech-
niques in which single DNA molecules are sequenced, rather
than clusters of copies. In many applications (see Chapter
13), the protein-coding exons are of primary interest, so DNA
probes can be used to “pull down” only this portion of the
genome (termed the exome) for sequencing. These approaches
have been adapted to sequence RNA and to assess methyla-
tion patterns in the genome.

Because of this new technology, the sequencing of a human
genome, which required months of time and millions of
dollars just a few years ago, can now be completed in several
hours at a cost of one to several thousand dollars. Many
thousands of human genomes have been sequenced using
high-throughput sequencing, leading to the discovery of
disease-causing genes and to more effective genetic testing
(see Chapters 8 and 13).

Detection of Mutations at the DNA Level

The detection of mutations or polymorphisms in DNA
sequences is often a critical step in understanding how a
gene causes a specific disease. New molecular methods have
spawned a number of techniques for detecting DNA sequence
variation. Many of the techniques summarized in Table 3-4
can provide rapid and efficient screening for the presence
of mutations. These methods can indirectly indicate the exis-
tence and location of a mutation, after which the DNA in the

Genomic DNA

VMWW

Fragmentation

Fragmented genomic DNA

l End repair and adapter ligation
Library of DNA fragments
L
.|
l Clonal amplification of fragments

Amplified DNA fragments

l Massive parallel sequencing
of DNA fragments

Short reads of DNA sequence

Mapping and alignment of DNA
short reads to reference genome

CCTACGCGCGCTACGACATCACGAGCGCGCGCGGAACTAAGGCACTAAAAG

AGCGCGCGCGGAACTAAAGCACTAAAAGCCTACGCGCGCTAC

ACTAAAAGCCTACGCGCGCTACGACATCACGAGCGCGCGCGGAACTAAAGC
GCGCGCGCGGAACTAAGGCACTAAAAGCCTACGCGCGCTAC
ACGAGCGCGCGCGGAACTAAAGCACTAAAAGCCTACGCGCGCTAC

CTACGCGCGCTACGACATCACGAGCGCGCGCGGAACTAAAGCACTAAAAGC
ATCACGAGCGCGCGCGGAACTAAGGCACTAAAAGCCTACGCGCGCTAC
CGCTACGACATCACGAGCGCGCGCGGAACTAAGGCACTAAAAGCCTACGCG
GCGCGCTACGACATCACGAGCGCGCGCGGAATTAAAGCACTAAAAGCCTAC
GCCTACGCGCGCTACGACATCACGAGCGCGCGCGGAACTAAGGCACTAAAA
ACTAAAAGCCTACGCGCGCTACGACATCACGAGCGCGCGCGGAACTAAAGCACTAAAAGCCTACGCGCGCTAC
Reference genome

10x 5x

FIG 3-27 High-throughput DNA sequencing. In one com-
monly used approach, whole genomic DNA, typically obtained
from a blood or saliva sample, is mechanically sheared into
small fragments (100 to several hundred bp). Standard
adapter sequences are attached (ligated) to the ends of the
DNA fragments, which are then converted from double-
stranded to single-stranded form and attached to a glass
slide. The attached adapter sequences serve as primers for
PCR amplification, creating thousands of copies of each DNA
fragment. Clusters of identical single-stranded fragments are
templates for a sequencing reaction in which complementary
bases are added one at a time. These complementary bases
are labeled by a fluorescent dye specific for A, C, G, or T,
allowing the bases to be visualized by a camera. The sequenc-
ing reactions occur in parallel, rapidly creating millions of
short sequence “reads.” The sequence reads, which typically
cover each base 40 to 50 times, are aligned to a reference
genome sequence (shown at the bottom of the figure in
orange) to recreate the individual’'s genome sequence.
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TABLE 3-4 Methods of Mutation Detection

TECHNIQUE

BRIEF DESCRIPTION

APPLICATION

Southern blotting

Analysis of PCR
product size

Direct DNA
sequencing

DNA mismatch
cleavage
Allele-specific
oligonucleotide
(ASO) hybridization
Multiplex ligation-
dependent probe
amplification (MLPA)
Mass spectrometry

DNA microarray
hybridization
Protein truncation

Digestion of test DNA with restriction enzyme;
resolution of fragments with agarose gel
electrophoresis; transfer of DNA to nylon membrane
and hybridization of labeled probe to DNA fragments

PCR products are sorted by size using electrophoresis
on an agarose or polyacrylamide gel

Determination of linear order of nucleotides of test DNA,;
specific nucleotide detected by chemical cleavage,
dideoxy-chain termination, or fluorochrome dye

Hybridization of a labeled probe to test DNA; cleavage of
DNA at site of base pairing mismatch

Preferential hybridization of labeled probe to test DNA
with uniquely complementary base composition

Ligation of DNA fragments after hybridization of probes
specific to a region

Detection of physical mass of sense and antisense
strands of test DNA

Hybridization of test DNA to arrays of oligonucleotides
ordered on silicone chip or glass slide

Test DNA used to make complementary DNA (cDNA)
by RT-PCR with 5" primer containing T7 promoter;
cDNA translated and product resolved by SDS-PAGE

Detection of insertions, deletions,
rearrangements; ordering of DNA
fragments into physical map

Detection of small insertions and deletions
and triplet repeat expansions

Detection of insertions, deletions, point
mutations, rearrangements

Detection of small insertions or deletions,
point mutations
Detection of alleles of known composition

Detection of deletions and duplications of
exons or whole genes

Detection of small insertions or deletions,
point mutations

Detection of SNPs, CNVs, expression
differences

Detection of frameshift, splice-site, or
nonsense mutations that truncate the
protein product

RT-PCR, Reverse transcriptase-polymerase chain reaction; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.

indicated region can be sequenced to identify the specific
mutation. Direct sequencing of DNA is a useful and accurate
means of detecting mutations and is regarded as the definitive
method of identifying and verifying mutations. As it becomes
less expensive, direct DNA sequencing is being used with
increasing frequency.

A great deal of progress has been made in fabricating DNA
microarrays (also known as DNA chips) and using them for
detection of DNA variation (Fig. 3-28). To make a DNA
microarray, robots place single-stranded oligonucleotides on
a small glass slide. A single slide (1 cm?) can contain millions
of different oligonucleotides. These oligonucleotides consist
of normal DNA sequences as well as DNA sequences that
contain known disease-causing mutations. Fluorescently
labeled single-stranded DNA from a subject is hybridized
with the oligonucleotides on the slide to determine whether
the DNA hybridizes with the normal or with the mutation-
containing oligonucleotides, and the pattern of hybridization
signals is analyzed by a computer. With current technology,
enough probes can be placed on a single microarray to
analyze variation in one to several million SNPs in an indi-
vidual. Microarrays are also used to examine copy number
variants, methylation patterns in a person’s genome, and
genetic variation in various pathogenic organisms. A key dif-
ference between microarrays and the methods summarized
in the preceding paragraph is that microarrays typically test
for known mutations that are incorporated in oligonucle-
otide probes. A rare, previously unidentified mutation cannot
be detected by conventional microarrays.

Still another application of DNA microarrays is to deter-
mine which genes are being expressed (i.e., transcribed) in a
given tissue sample (e.g., from a tumor). mRNA from the
tissue is extracted and used as a template to form a comple-
mentary DNA sequence, which is then hybridized on the slide
with oligonucleotides representing many different genes. The
pattern of positive hybridization signals indicates which
genes are expressed in the tissue sample. The DNA microar-
ray approach offers the extraordinary speed, miniaturization,
and accuracy of computer-based mutation analysis. Tests for
specific mutations, an important aspect of genetic diagnosis,
are discussed further in Chapter 13.

> Many techniques can be used to detect muta-

tions at the DNA sequence level. These include
Southern blotting, direct DNA sequencing, and
microarray analysis. Microarrays are used in
mutation detection, gene expression analysis,
and a wide variety of other applications.

GENETIC VARIATION IN POPULATIONS

Although mutation is the ultimate source of genetic varia-
tion, it cannot alone account for the substantial differences
in the incidence of many genetic diseases among different
human populations. Why, for example, is sickle cell disease
seen in approximately 1 of every 600 African Americans, but
seldom in northern Europeans? Why is cystic fibrosis 40 times
more common in Europeans than in Asians? In this section,
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FIG 3-28 A, Schematic diagram of a microarray. Oligonucleotides are placed or synthesized on
a chip. They are then exposed to labeled DNA from a subject. Hybridization occurs only if the
oligonucleotide contains a DNA sequence that is complementary to that of the subject’'s DNA.
The fluorescent label marks the location of the complementary oligonucleotide sequence on the
chip. B, A microarray containing 36,000 oligonucleotides. This microarray was exposed to DNA
from normal fibroblasts (red, see arrows) and fibroblasts from a patient with Niemann-Pick
disease, type C (green). Arrows point to regions in which there was a strong hybridization signal
with either normal or disease DNA. This microarray was used to search for genes that are highly

expressed in the fibroblasts of patients.

concepts are introduced that explain these differences. The
study of genetic variation in populations is an important
focus of population genetics.

Basic Concepts of Probability

Probability plays a central role in genetics because it helps us
to understand the transmission of genes through generations,

and it helps to explain and analyze genetic variation in popula-
tions. It also aids in risk assessment, an important part of
medical genetics. For example, the physician or genetic coun-
selor commonly informs couples about their risk of producing
a child with a genetic disorder./A probability is defined as the
proportion of times that a specific outcome occurs in a series
of events. Thus, we may speak of the probability of obtaining
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a 4 when a die is tossed, or the probability that a couple will
produce a son rather than a daughter. Because probabilities
are proportions, they lie between 0 and 1, inclusive.

During meiosis, one member of a chromosome pair is
transmitted to each sperm or egg cell.[The probability that a
‘given member of the pair will be transmitted is 1/2, and the
probability that the other member of the pair will be trans-
mitted is also 1/2. (Note that the probabilities of all possible
events must add to 1 for any given experiment.) Because this
situation is directly analogous to coin tossing, in which the
probabilities of obtaining heads or tails are each 1/2, we will
use coin tossing as our illustrative example.

When a coin is tossed repeatedly, the outcome of each toss
has no effect on subsequent outcomes. Each event (toss) is
said to be independent. Even if we have obtained 10 heads
in a row, the probability of obtaining heads or tails on the

next toss remains 1/2. Similarly; the probability that a parent

the multiplication
rule and the addition rule.

(the probabilities of each outcome. For example, we may wish

to know the probability of obtaining heads on both tosses
of a fair coin. Because the tosses are independent events, this
probability is given by the product of the probabilities of
obtaining heads in each individual toss: 1/2 x 1/2 = 1/4.
Similarly, the probability of obtaining two tails in a row is
1/2 x 1/2 = 1/4.

The multiplication rule can be extended for any number
of trials. Suppose a couple wants to know the probability that
all three of their planned children will be girls.

The addition rule states that if we want to know the prob-
ability of either one outcome or another, we can simply add
the respective probabilities together. For example, the prob-
ability of getting two heads in a row is 1/2 x 1/2, or 1/4, and
the probability of getting two tails in a row is the same. The
probability of getting either two heads or two tails in a total
of two tosses is the sum of the probabilities: 1/4 + 1/4 = 1/2.

three children all of the Same sex, They can be reassured

somewhat by knowing that the probability of producing
three girls or three boys is only 1/8 + 1/8, or 1/4. The prob-
ability that they will have some combination of boys and
girls is 3/4 because the sum of the probabilities of all pos-
sible outcomes must add up to 1.

Basic probability enables us to understand

> and estimate genetic risks and to understand
genetic variation among populations. The mul-
tiplication rule is used to estimate the probabil-
ity that two events will occur together. The
addition rule is used to estimate the probabil-
ity that one event or another will occur.

The prevalence of many genetic diseases varies considerably
from one population to another.

Imagine that we have typed 200 persons in a population
for the MN blood group. This blood group, which is encoded
by a locus on chromosome 2, has two major alleles, labeled

Mand N. In the MN system, fhieieffecis of bothvalleles carbe

(both homozygotes: Any individual in the population can have

one of three possible genotypes (
(one’s genetic makeup at a locus): He or she could be homo-
zygous for M (genotype MM), heterozygous (MN), or homo-
zygous for N (NN). After typing each person in our sample,
we find the following distribution of genotypes: MM, 64;
MN, 120; NN, 16. The genotype frequency is obtained simply
by dividing each genotype count by the total number of sub-
jects. The frequency of MM is 64/200, or 0.32; the frequency
of MN is 120/200, or 0.60; and the frequency of NN is 16/200,
or 0.08. The sum of these frequencies must equal 1.

The gene frequency for each allele, M and N, can be
obtained here by the process of gene counting. Each MM
homozygote has two M alleles, and each heterozygote has one
M allele. Similarly, NN homozygotes have two N alleles, and
heterozygotes have one N allele. In the example described,
there are

(64 x2)+120 =248 M alleles

(16x2)+120=152 N alleles

In total, there are 400 alleles at the MN locus (i.e., twice
the number of subjects, because each subject has two alleles).
To obtain the frequency of M, we divide the number of M
alleles by the total number of alleles at that locus: 248/400 =
0.62. Likewise, the frequency of N is 152/400, or 0.38. The
sum of the two frequencies must equal 1.

> Gene and genotype frequencies specify the

proportions of each allele and each genotype,
respectively, in a population. Under simple
conditions these frequencies can be estimated
by direct counting.

The Hardy-Weinberg Principle

The example given for the MN locus presents an ideal
situation for gene frequency estimation because, owing to
co-dominance, the three genotypes can easily be distin-
guished and counted. What happens when one of the
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homozygotes is indistinguishable from the heterozygote (i.e.,
when there is dominance)? Here the basic concepts of prob-
ability can be used to specify a predictable relationship
between gene frequencies and genotype frequencies.

Imagine a locus that has two alleles, labeled A and a.
Suppose that, in a population, we know the frequency of allele
A, which we will call p, and the frequency of allele a, which
we will call g. From these data, we wish to determine the
expected population frequencies of each genotype, AA, Aa,
and aa. We will assume that individuals in the population
mate at random with regard to their genotype at this locus
(random mating is also referred to as panmixia). Thus, the
genotype has no effect on mate selection. If men and women
mate at random, then the assumption of independence is
fulfilled. This allows us to apply the addition and multiplica-
tion rules to estimate genotype frequencies.

Suppose that the frequency, p, of allele A in our population
is 0.7. This means that 70% of the sperm cells in the popula-
tion must have allele A, as must 70% of the egg cells. Because
the sum of the frequencies p and g must be 1, 30% of the egg
and sperm cells must carry allele a (i.e., ¢ = 0.30). Under
panmixia, the probability that a sperm cell carrying A will
unite with an egg cell carrying A is given by the product of
the gene frequencies: p X p = p’ = 0.49 (multiplication rule).
This is the probability of producing an offspring with the AA
genotype. Using the same reasoning, the probability of pro-
ducing an offspring with the aa genotype is given by g X g =
q =0.09.

What about the frequency of heterozygotes in the popula-
tion? There are two ways a heterozygote can be formed. Either
a sperm cell carrying A can unite with an egg carrying a, or
a sperm cell carrying a can unite with an egg carrying A. The
probability of each of these two outcomes is given by the
product of the gene frequencies, pq. Because we want to know
the overall probability of obtaining a heterozygote (i.e., the
first event or the second), we can apply the addition rule,
adding the probabilities to obtain a heterozygote frequency
of 2pq. These operations are summarized in Figure 3-29. The
relationship between gene frequencies and genotype frequen-
cies was established independently by Godfrey Hardy and
Wilhelm Weinberg and is termed the Hardy—Weinberg
principle.

As already mentioned, this principle can be used to esti-
mate gene and genotype frequencies when dominant homo-
zygotes and heterozygotes are indistinguishable. This is often
the case for recessive diseases such as cystic fibrosis. Only the
affected homozygotes, with genotype aa, are distinguishable.
The Hardy—Weinberg principle tells us that the frequency of
aa should'be ¢’. For cystic fibrosis in the European popula-
tion, g° = 1/2500 (i.e., the prevalence of the disease among
newborns). To estimate g, we take the square root of both
sides of this equation: g =+/1/2500 =1/50 = 0.02. Because p +
q=1,p=0.98. We can then estimate the genotype frequencies
of AA and Aa. The latter genotype, which represents hetero-
zygous carriers of the disease allele, is of particular interest.
Because p is almost 1.0, we can simplify the calculation by
rounding p up to 1.0 without a significant loss of accuracy.

Male population

A a
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IS A AA Aa
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FIG 3-29 The Hardy-Weinberg principle. The population fre-
quencies of genotypes AA, Aa, and aa are predicted on the
basis of gene frequencies (p and g). It is assumed that the
gene frequencies are the same in males and females.

We then find that the frequency of heterozygotes is 2pq =
2q = 2/50 = 1/25. This tells us something rather remarkable
about cystic fibrosis and about recessive diseases in general.
Whereas the incidence of affected homozygotes is only 1 in
2500, heterozygous carriers of the disease gene are much
more common (1 in 25 individuals). The vast majority of
recessive disease alleles, then, are effectively “hidden” in the
genomes of heterozygotes.

> Under panmixia, the Hardy—Weinberg princi-

ple specifies the relationship between gene
frequencies and genotype frequencies. It is
useful in estimating gene frequencies from
disease prevalence data and in estimating the
incidence of heterozygous carriers of recessive
disease genes.

Causes of Genetic Variation

Mutation is the source of all genetic variation, and new
genetic variants can be harmful, can be beneficial, or can have
no effect whatsoever. Natural selection is often described as
the “editor” of genetic variation. It increases the population
frequency of favorable mutations (i.e., those who carry the
mutation will produce more surviving offspring), and it
decreases the frequency of variants that are unfavorable in a
given environment (i.e., gene carriers produce fewer surviv-
ing offspring). Typically, disease-causing mutations are con-
tinually introduced into a population through the error
processes described earlier. At the same time, natural selec-
tion removes these mutations.

Certain environments, however, can confer a selective
advantage for a disease mutation. Sickle cell disease again
provides an example. As discussed previously, persons who
are homozygous for the sickle cell mutation are much more
likely to die early. Heterozygotes ordinarily have no particular
advantage or disadvantage. However, it has been shown that
sickle cell heterozygotes have a distinct survival advantage in
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[] 10%—20%
[] 5%-10%
[] 1%-5%

Frequency of
sickle cell gene

environments in which Plasmodium falciparum malaria is
common (e.g., west-central Africa) (Fig. 3-30). Because the
malaria parasite does not survive well in the erythrocytes of
sickle cell heterozygotes, these persons are less likely to
succumb to malaria than are normal homozygotes, confer-
ring a selective advantage on the sickle cell mutation in this

environment. (Although: there is selection against the muta-

‘many African and Mediterranean populations. In nonma-

larial environments (e.g., northern Europe), the sickle cell
mutation has no advantage, so natural selection acts strongly
against it by eliminating homozygotes. This example illus-

trates the concept that (Variation in genetic disease incidence

As environments change, or as human populations occupy
new environments, natural selection can act to increase the
frequencies of variants that permit more successful adapta-
tion. For example, natural selection has acted on several loci
that affect skin pigmentation as humans moved from lower
tropical latitudes to higher latitudes. As human populations
in northern Europe and parts of Africa began to drink
cow’s milk through adulthood, natural selection increased
the frequency of hereditary lactase persistence, allowing
adults to effectively metabolize lactose (in most populations,
lactase levels decline after weaning). Natural selection has
acted on components of the hypoxia-inducing factor pathway;,
allowing some human populations to adapt successfully to
oxygen-deficient high-altitude environments such as the
Tibetan plateau and the Andean mountains.

> Natural selection is the evolutionary process in

which alleles that confer survival or reproduc-
tive advantages in a specific environment are
selected positively to increase in frequency,
and alleles that confer lower survival or repro-
ductive disadvantages are selected negatively
so that they decrease in frequency.

FIG 3-30 Correspondence between the
frequency of the sickle cell allele and
the distribution of Plasmodium falciparum
malaria.

Distribution of
falciparum malaria

Genetic drift is another force that can cause disease genes
to vary in frequency among populations. To understand the
process of genetic drift, consider a coin-tossing exercise in
which 10 coins are tossed. Because heads and tails are equally
likely, the expected number of heads and tails in this exercise
would be 5 each. However, it is intuitively clear that, by
chance, a substantial departure from this expectation could
be observed. It would not be surprising to see 7 heads and 3
tails in 10 throws, for example. However, if 1000 coins are
tossed, the degree of departure from the expected ratio of
50% heads and 50% tails is much smaller. A reasonable
outcome of 1000 throws might be 470 heads and 530 tails,
but it would be quite unlikely to obtain 700 heads and 300
tails. Therefore, there is less random fluctuation in larger
samples.

The same principle applies to gene frequencies in popula-
tions.

(unlikely in‘alarge population: Thus, genetic drift is greater in

smaller populations. As a result, genetic diseases that are oth-
erwise uncommon may be seen fairly frequently in a small
population. For example, Ellis—van Creveld syndrome, a rare
disorder that involves reduced stature, polydactyly (extra
digits), and congenital heart defects, is seen with greatly ele-
vated frequency among the Old Order Amish population of
Pennsylvania. The Amish population was founded in the
United States by about 50 couples. Because of this small pop-
ulation size, there was great potential for genetic drift, result-
ing in increased frequencies of certain disease-causing alleles.

(effect). For example, more than 30 otherwise rare genetic
diseases are found with elevated frequency in Finland’s popu-
lation, which is thought to have been founded primarily by a
small number of individuals some 100 generations ago. Phe-
nylketonuria and cystic fibrosis, which are common in other
Western European populations, are relatively rare in Finland,



martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv


CHAPTER 3 Genetic Variation: Its Origin and Detection

illustrating the fact that genetic drift can both increase and
decrease the frequency of disease genes. Several genetic dis-
eases (e.g., torsion dystonia, Tay-Sachs disease, Gaucher
disease) occur with increased frequency in the Ashkenazi
Jewish population (see Chapter 7); this may be the result of
population bottlenecks that have occurred in the history of
this population.

> Genetic drift is a random evolutionary process

that produces larger changes in gene frequen-
cies in smaller populations. Founder effect, in
which small founder populations can experi-
ence large changes in gene frequency because
of their small size, is a special case of genetic
drift.

(who mate with one another. Through time, gene flow between

populations tends to make them genetically more similar to
each other. One reason sickle cell disease is less common in
African Americans than in many African populations is
because of gene flow between African Americans and Euro-
pean Americans (this same process is likely to have increased
the frequency of cystic fibrosis in the African American popu-
lation). In addition, because P. falciparum malaria is not
found in North America, natural selection does not favor the
sickle cell mutation.

The forces of mutation, natural selection, genetic drift,
and gene flow interact in complex and sometimes unexpected
ways to influence the distribution and prevalence of genetic
diseases in populations. The interplay of mutation, which
constantly introduces new variants, and natural selection,
which often eliminates them, is an important and medically
relevant example of such an interaction. A simple analysis of
the relationship between mutation and selection helps us to

understand variation in gene frequencies. (Consider, for

{tion! Each time mutation introduces a new copy of the lethal
dominant disease allele into a population, natural selection
eliminates it. In this case, p, the gene frequency of the lethal
allele in the population, is equal to 1, the mutation rate (p =
1). Now, suppose that those who inherit the allele can survive
into their reproductive years, but, on average, they produce
30% fewer children than those who do not inherit the allele.

i.e., no children are produced). We

ll STUDY QUESTIONS

can now estimate the gene frequency for this allele as p = p/s.
As we would expect, the predicted frequency of an allele that
merely reduces the number of offspring is higher (given the
mutation rate) than the frequency of an allele that is com-
pletely lethal, where p = p/s = .(This predictable relationship
between the effects of mutation and selection on gene fre-
quencies is termed mutation—selection balance.

We can use the same principles to predict the relationship
between mutation and selection against recessive alleles. The
Hardy—Weinberg principle shows that most copies of harmful
recessive alleles are found in heterozygotes and are thus pro-
tected from the effects of natural selection. We would there-
fore expect their gene frequencies to be higher than those of
harmful dominant alleles that have the same mutation rate.
Indeed, under mutation—selection balance, the predicted fre-
quency of a recessive allele, g, that is lethal in homozygotes is
g=+Ju (because u<1,/u >, which results in a relatively
higher allele frequency for lethal recessive alleles). If the allele
is not lethal in homozygotes, then g = W , where s is again
the selection coefficient for those who have a homozygous
affected genotype. Thus, understanding the principle of
mutation—selection balance helps to explain why, in general,
the gene frequencies for recessive disease-causing alleles are
higher than are the frequencies of dominant disease-causing
alleles.

> Mutation-selection balance predicts a rela-

tively constant gene frequency when new
mutations introduce harmful alleles, whereas
natural selection removes them. This process
predicts that the gene frequencies should be
lower for dominant diseases, in which most
alleles are exposed to natural selection, than
in recessive diseases, where most alleles are
found in heterozygotes and are thus protected
from natural selection.

The techniques described earlier in this chapter (e.g., SNP
microarrays and high-throughput DNA sequencing) have
now been used extensively to assay variation among individu-
als and populations. Because these technologies provide
information about millions of genetic variants in each indi-
vidual, they offer unprecedented opportunities to investigate
important questions about the origins of modern humans
and the differences and similarities among individuals and
populations (see Chapter 14). In addition, they allow inves-
tigators to test hypotheses about the ways in which evolution-
ary processes such as natural selection, gene flow, and genetic
drift have influenced the distribution of genetic diseases in
human populations.

1. In the following list, the normal amino acid sequence is
given first, followed by sequences that are produced by
different types of mutations. Identify the type of mutation
most likely to cause each altered amino acid sequence.

Normal: Phe-Asn-Pro-Thr-Arg
Mutation 1: Phe-Asn-Pro
Mutation 2: Phe-Asn-Ala-His-Thr
Mutation 3: Phe-His-Pro-Thr-Arg
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FIG 3-31 Autoradiogram for study question 4.

2. Missense and transcription (promoter, enhancer, tran-
scription factor) mutations often produce milder disease
conditions than do frameshift, donor/acceptor site, and
nonsense mutations. Using the globin genes as examples,
explain why this is so.

3. Persons who have mutations that lower their production
of both o.- and B-globin often present with milder disease
symptoms than do those who have mutations lowering the
production of only one type of chain. Why?

4. Outline the major differences between SNPs, VNTRs, and
STRs. Which of these three types of polymorphism is rep-
resented in the autoradiogram in Figure 3-31?

5. oy-Antitrypsin deficiency is a disease that arises when both
copies of the o, -antitrypsin gene are altered by mutations.
Liver disease, chronic emphysema, and pulmonary failure
can result. One of the mutations that causes o,-antitrypsin
deficiency occurs in exon 3 of the gene and destroys a
recognition site for the restriction enzyme BstEIl. RFLP

) [ ]
[ L
A B C

FIG 3-32 Autoradiogram for study question 5.

analysis was performed on three members of a family,
producing the autoradiogram in Figure 3-32. Determine
the disease status of each individual.

6. Using protein electrophoresis, 100 members of a popula-
tion were studied to determine whether they carry genes
for normal hemoglobin (HbA) or sickle hemoglobin
(HbS). The following genotypes were observed:

HbA/HbA: 88

HbA/HbS: 10

Hbs/Hbs: 2
What are the gene frequencies of HbA and HbS? What
are the observed genotype frequencies? Assuming Hardy—
Weinberg proportions, what are the expected genotype
frequencies?

7. Approximately 1 in 10,000 Europeans is born with phe-
nylketonuria. What is the frequency of the disease-causing
allele? What is the frequency of heterozygous carriers in
the population?
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4 CHAPTER

Autosomal Dominant and
Recessive Inheritance

Many important and well-understood genetic diseases are the
st of & mutation in a single gené, The online edition of

McKusick’s Mendelian Inheritance in Man (http://www
.ncbi.nlm.nih.gov/Omim/) lists nearly 15,000 single genes

and (eatly 8000 single-gene, or monogenic, traits defined
thus far in humans. Of these 23,000 genes and traits, nearly
21,000 are located on autosomes, more than 1,200 are located
on the X chromosome, and 59 are located on the Y chromo-

(some: The identification of genes that cause monogenic traits
has led to new and exciting insights not only in genetics but
also in the basic pathophysiology of disease.

In this chapter we focus on single-gene disorders caused
by mutations on the autosomes. (Single-gene disorders
caused by mutations on the sex chromosomes are the subject
of Chapter 5.) We discuss the patterns of inheritance of these
diseases in families, as well as factors that complicate these
patterns. We also discuss the risks of transmitting single-gene
diseases to one’s offspring, because this is usually an impor-
tant concern for at-risk couples.

BASIC CONCEPTS OF FORMAL GENETICS

Gregor Mendel’s Contributions

Monogenic traits are also known as mendelian traits, after
Gregor Mendel, the 19th-century Austrian monk who
deduced several important genetic principles from his well-
designed experiments with garden peas. Mendel studied
seven traits in the pea, each of which is determined by a single
gene. These traits included attributes such as height (tall
versus short plants) and seed shape (smooth versus wrin-
kled). The variation in each of these traits is caused by the
presence of different alleles at individual loci.

Several important principles emerged from Mendel’s
work.
(inheritance, was discussed in Chapter 3. Mendel also discov-

ered the principle of segregation, which states that sexually
reproducing organisms possess genes that occur in pairs and

(spring (i.e., it segregates). The prevalent thinking during
Mendel’s time was that hereditary factors from the two
parents are blended in the offspring. In contrast, the principle
of segregation states that genes remain intact and distinct. An
allele for “smooth” seed shape can be transmitted to an off-
spring in the next generation, which can, in turn, transmit
the same allele to its own offspring. If, instead of remaining
distinct, genes were somehow blended in offspring, it would

60

be impossible to trace genetic inheritance from one genera-
tion to the next. Thus, the principle of segregation was a key
development in modern genetics.

Mendel’s principle of independent assortment was
another significant contribution to genetics. This principle
states that genes at different loci are transmitted indepen-
dently. Consider the two loci mentioned previously. One
locus can have either the “smooth” or the “wrinkled” allele,
and the other can have either the “tall” or the “short” allele.
In a reproductive event, a parent transmits one allele from
each locus to its offspring. The principle of independent
assortment dictates that the transmission of a specific allele
at one locus (“smooth” or “wrinkled”) has no effect on which
allele is transmitted at the other locus (“tall” or “short”).

(chromosomes in meiosis: The genes on chromosomes segre-

gate during meiosis, and they are transmitted as distinct enti-
ties from one generation to the next. When Mendel performed
his critical experiments, he had no direct knowledge of chro-
mosomes, meiosis, or genes (indeed, the last term was not
coined until 1909, long after Mendel’s death). Although his
work was published in 1865 and cited occasionally, its funda-
mental significance was unrecognized for several decades. Yet
Mendel’s research, which was eventually replicated by other
researchers at the turn of the 20th century, forms the founda-
tion of much of modern genetics.

> Mendel’s key contributions were the principles
of dominance and recessiveness, segregation,
and independent assortment.

The Concept of Phenotype

The term genotype has been defined as an individual’s
genetic constitution at a locus. The phenotype is what is
actually observed physically or clinically. Genotypes do not

uniquely correspond to phenotypes. Individuals with two
different genotypes, a dominant homozygote and a heterozy-
{gote; can: have the Same pHEotypE An cxample is cystic

fibrosis (Clinical Commentary 4-1), an autosomal recessive
condition in which only the recessive homozygote is affected.
Conversely, the same genotype can produce different pheno-
types in different environments. An example is the recessive
disease phenylketonuria (PKU, see Chapter 7), which is seen
in approximately 1 of every 10,000 European births. Muta-
tions at the locus encoding the metabolic enzyme phenylala-
nine hydroxylase render the homozygote unable to metabolize
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CHAPTER 4 Autosomal Dominant and Recessive Inheritance

CLINICAL COMMENTARY 4-1

Cystic Fibrosis

Cystic fibrosis (CF) is one of the most common single-gene
disorders in North America, affecting approximately 7in'2000)
{f6717in"4000" European American newborns: The prevalence
among African Americans is about 1 in 15,000 births, and it is
less than 1 in 30,000 among Asian Americans. Approximately
30,000 Americans have this disease.

CF was first identified as a distinct disease entity in 1938 and
was termed “cystic fibrosis of the pancreas.” This refers to
the fibrotic lesions that develop in the pancreas, one of the
principal organs affected by this disorder (Fig. 4-1). Approxi-
mately 85% of CF patients have pancreatic insufficiency, in
which the pancreas is unable to secrete digestive enzymes,
contributing to chronic malabsorption of nutrients. The intesti-
nal tract is also affected, and approximately 15% to 20% of
newborns with CF have meconium ileus (thickened, obstruc-
tive intestinal matter). The sweat glands of CF patients are
abnormal, resulting in high levels of chloride in the sweat. This
is the basis for the sweat chloride test, commonly used in the
diagnosis of this disease. More than 95% of males with CF are
sterile due to absence or obstruction of the vas deferens.

The major cause of morbidity and mortality in CF patients is
pulmonary disease. Patients with CF have lower airway inflam-
mation and chronic bronchial infection, progressing to end-
stage lung disease characterized by extensive airway damage
and fibrosis of lung tissue. Airway obstruction and lung injury
are thought to be caused by a dehydrated airway surface and

reduced clearance, resulting in thick airway mucus. This is
associated with infection by bacteria such as Staphylococcus
aureus and Pseudomonas aeruginosa. The combination of
airway obstruction, inflammation, and infection leads to
destruction of the airways and lung tissue, resulting eventually
in death from pulmonary disease in more than 90% of CF
patients.

As a result of improved nutrition, airway clearance tech-
nigues, and antibiotic therapies, the survival rate of CF patients
has improved substantially during the past 3 decades. Median
survival time is now nearly 40 years. CF has highly variable
expression, with some patients experiencing only mild respira-
tory difficulty and nearly normal survival. Others have much
more severe respiratory problems and may survive less than 2
decades.

CF is caused by mutations in a gene, CFTR,* {{hat'encodes
the cystic fibrosis transmembrane conductance regulator (Fig.
4-2). CFTR encodes cyclic AMP-regulated chloride ion channels
that span the membranes of specialized epithelial cells, such
as those that line the bowel and lung. In addition, CFTR is
involved in regulating the transport of sodium ions across epi-
thelial cell membranes. The role of CFTR in sodium and chlo-
ride transport helps us to understand the multiple effects of
mutations at the CF locus. Defective ion transport results in
salt imbalances, depleting the airway of water and producing
the thick, obstructive secretions seen in the lungs. The

FIG 4-1 A, Normal pancreas. B, Pancreas from a cystic fibrosis patient, showing infiltration of
fat and fibrotic lesions. C, Normal lung tissue. D, Lung tissue from a cystic fibrosis patient, which
shows extensive destruction as a result of obstruction and infection. (Courtesy Dr. Edward Klatt,

Florida State University School of Medicine.)

Continued
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CLINICAL COMMENTARY 4-1
Cystic Fibrosis—cont'd

surface.

pancreas is also obstructed by thick secretions, leading to
fibrosis and pancreatic insufficiency. The chloride ion transport
defect explains the abnormally high concentration of chloride
in the sweat secretions of CF patients: chloride cannot be
reabsorbed from the lumen of the sweat duct.

'DNA sequence analysis has revealed nearly 2,000 different
‘mutations at the CFTR locus. The most common of these,
(labeled'F508del is a three-base deletion that results in the loss
of a phenylalanine residue (F) at position 508 of the CFTR
protein. F508del accounts for nearly 70% of all CF mutations.
This mutation, along with several dozen other relatively
common ones, is assayed in the genetic diagnosis of CF (see
Chapter 13).

Identification of the specific mutation or mutations that are
responsible for CF in a patient can help to predict the severity
of the disease. For example, the most severe classes of muta-
tions (of which F508del is an example) result in a complete lack
of chloride ion channel production or in channels that cannot
migrate to the cell membrane. Patients homozygous for these
mutations nearly always have pancreatic insufficiency. In con-
trast, other mutations (e.g., R117H, a missense mutation)
result in ion channels that do proceed to the cell membrane
but respond poorly to cyclic AMP and consequently do not
remain open as long as they should. The phenotype is thus
milder, and patients who have this mutation are less likely to
have pancreatic insufficiency. Some males with mild CFTR
mutations have only congenital bilateral absence of the vas
deferens (CBAVD) but little, if any, lung or gastrointestinal
disease. The correlation between genotype and phenotype is

Class IlI y “\ turnover
. . . . o (€))
FIG 4-2 Classes of mutations in the CFTR gene and their effects in Q ‘EQ;
cells. Class | mutations result in no synthesis of the gene product. Class ? i st
[I'mutations produce a defective protein product that is destroyed in o Cr-

proteasomes. Class Il mutations produce a protein that gets to the cell

surface but is abnormally regulated. Class IV mutations result in defec- Of%
tive chloride ion conductance. Class V mutations are typically promoter & ﬁ;
(=]

or intron—-exon splicing mutations that reduce the number of mRNA
transcripts, allowing some normal protein products. Class VI mutations
result in increased rates of turnover of the chloride channel at the cell
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far from perfect, however, indicating that modifier loci and
environmental factors must also influence expression of the
disease (see text). In general, there is a reasonably good cor-
relation between genotype and pancreatic function and a more
variable relationship between genotype and pulmonary
function.

The ability to identify CFTR mutations has led to surveys of
persons who have one (heterozygous) or two (homozygous)
CFTR mutations but who do not have cystic fibrosis. They have
increased risks for a number of disease conditions, including
'CBAVD, bronchiectasis (chronic dilatation of the bronchi and
‘abnormal mucus  production), and pancreatitis  (pancreatic
inflammation).

By enhancing our understanding of the pathophysiology of CF,
identification of CFTR has opened the possibility of new treat-
ments for this disease. Examples include administration of
drugs that cause ribosomes to read through the premature stop
codons that account for approximately 7% of CFTR mutations.
Other drugs can increase the activity of chloride channels in
patients with class Il or IV mutations. The first FDA-approved
drug for CF treatment, ivacaftor, increases CFTR channel activity
in response to ATP. Clinical trials have demonstrated that this
drug significantly improves lung function in patients with the
class Il G551D mutation seen in approximately 4% of CF
patients. Gene therapy, in which the normal CFTRgene is placed
in viral or other vectors that are then introduced to the patient’s
airway (see Chapter 13), is also being actively investigated. This
strategy, however, has encountered difficulties because viral
vectors often induce an inflammatory immune response.

*Conventionally, the symbol for a gene, such as CFTR, is shown in italics, and the symbol for the protein product is not.
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the amino acid phenylalanine. Although babies with PKU are
unaffected at birth, their metabolic deficiency produces a
buildup of phenylalanine and its toxic metabolites. This
process is highly destructive to the central nervous system,
and it eventually produces severe mental impairment. It has
been estimated that babies with untreated PKU lose, on
average, 1 to 2 IQ points per week during the first year of life.
Thus, the PKU genotype can produce a severe disease pheno-
type. However, it is straightforward to screen for PKU at
birth (see Chapter 13), and damage to the brain can be
avoided by initiating a low-phenylalanine diet within 1
month after birth. The child still has the PKU genotype, but
the phenotype has been profoundly altered by environmental
modification.

This example shows that the phenotype is the result of the
interaction of genotype and environmental factors. It should
be emphasized that “environment” can include the genetic
environment (i.e., genes at other loci whose products can
interact with a specific gene or its product).

> The phenotype, which is physically observ-
able, results from the interaction of genotype
and environment.

Basic Pedigree Structure

The pedigree is one of the most commonly used tools in
medical genetics. It illustrates the relationships among family
members, and it shows which family members are affected or
unaffected by a genetic disease. Typically; an arrow denotes
the proband, the first person in whom the disease is diag-
nosed in the pedigree. The proband is sometimes also referred
to as the index case or propositus (proposita for a female).
Figure 4-3 describes the features of pedigree notation.

When discussing relatives in families, one often refers to
degrees of relationship. (First-degree relatives are those who
are related at the parent-offspring or sibling (brother and
sister) level. Second-degree relatives are those who are
removed by one additional generational step (e.g., grandpar-
ents and their grandchildren, uncles or aunts and their nieces
or nephews). Continuing this logic, third-degree relatives
would include, for example, ones first cousins and
great-grandchildren.

AUTOSOMAL DOMINANT INHERITANCE

Characteristics of Autosomal
Dominant Inheritance

Autosomal dominant diseases are seen in roughly 1 of every
200 individuals (see Table 1-3 in Chapter 1). Individually,
each autosomal dominant disease is rather rare in popula-
tions, however, with the most common ones having gene
frequencies of about 0.001. For this reason, matings between
two individuals who are both affected by the same autosomal
dominant disease are uncommon. Most often, affected oft-
spring are produced by the union of an unaffected parent
with an affected heterozygote. The Punnett square in Figure
4-4 illustrates such a mating. The affected parent can pass

Normal female
Normal male

Sex not specified

Single bar indicates mating

$o0c

Normal parents and normal offspring,

two girls and a boy, in birth order
1] |__—, indicated by the numbers; | and Il

indicate generations

Single parent as presented means
partner is normal or of no significance to
the analysis

Double bar indicates a consanguineous
mating (mating between close relatives)

Fraternal twins (not identical)

Identical twins

1o

®
o

Multiple individuals of each sex

' and . Darkened square or circle means
affected individual; arrow (when present)
indicates the affected individual is
the propositus (proband)

@ Carrier—not likely to manifest disease
@ andJZ Dead
@ Stillbirth at 29 weeks gestation
SB
29 wk

FIG 4-3 Basic pedigree notation. (For further details, see
Bennett RL, French KS, Resta RG, Doyle DL. Standardized
human pedigree nomenclature: update and assessment of
the recommendations of the National Society of Genetic
Counselors. J Genet Couns. 2008;17:424-433.)

either a disease allele or a normal allele to his or her children.
Each event has a probability of 0.5! Thus, on the average, half
of the children will be heterozygotes and will express the
disease, and half will be unaffected homozygotes.

Postaxial polydactyly, the presence of an extra digit next
to the fifth digit (Fig. 4-5), can be inherited as an autosomal
dominant trait. An idealized pedigree for this disease, shown
in Figure 4-6, illustrates several important characteristics of
autosomal dominant inheritance. First, the two sexes exhibit
the trait in approximately equal ratios, and males and females
are equally likely to transmit the trait to their offspring. This
is because postaxial polydactyly is an autosomal disease (as
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Unaffected parent

a a
= A Aa Aa
[0}
o
]
o
he)
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(6]
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< a aa aa

FIG 4-4 Punnett square illustrating the mating of an unaf-
fected individual (aa) with an individual who is heterozygous
for an autosomal dominant disease gene (Aa). The genotypes
of affected offspring are shaded.

FIG 4-5 Postaxial polydactyly. An extra digit is located next
to the fifth digit.

A _O
O B0
OLn0O e

FIG 4-6 Pedigree illustrating the inheritance pattern of post-
axial polydactyly, an autosomal dominant disorder. Affected
individuals are represented by shading.

opposed to a disease caused by an X chromosome mutation,

in which these ratios typically differ). (Second, there is no
(skipping of generations: if an individual has polydactyly, one
parent must also have it. This leads to a(vertical transmission
(pattern, in which the disease phenotype is usually seen in one

generation after another. If neither parent has the trait, none

of the children will have it. (CHifdfAther (o SN transmission

Chapter 5). Finally, as we have already seen,

imately halF of his o her childze However, because gamete

transmission, like coin tossing, is subject to chance fluctua-
tions, it is possible that all or none of the children of an
affected parent will have the trait. When large numbers of
matings of this type are studied, the ratio of affected children
closely approximates 1/2.

> Autosomal dominant inheritance is character-

ized by vertical transmission of the disease
phenotype, a lack of skipped generations, and
roughly equal numbers of affected males and
females. Father-to-son transmission may be
observed.

Recurrence Risks

Parents at risk for producing children with a genetic disease
typically want to know the risk, or probability, that their
future children will be affected. This probability is termed the

recurrence risk. (R
(risk for each child'is %/(assuming that the affected parent is

a heterozygote, which is nearly always the case). It is impor-
tant to keep in mind that each birth is an independent event,
as in the coin-tossing examples. Thus, even if the parents have
already had a child with the disease, their recurrence risk
remains 1/2. Even if they have had several children, all affected
(or all unaffected) by the disease, the law of independence
dictates that the probability that their next child will have the
disease is still 1/2. Although this concept seems intuitively
obvious, it is commonly misunderstood by the lay popula-
tion. Further aspects of communicating risks to families are
discussed in Chapter 15.

> The recurrence risk for an autosomal dominant

disorder is 50%. Because of independence, this
risk remains constant no matter how many
affected or unaffected children are born.

AUTOSOMAL RECESSIVE INHERITANCE

Like autosomal dominant diseases, autosomal recessive dis-

eases are fairly rare in populations./As shown previously, het-
(common than affected "homozygotes) Consequently, the

parents of individuals affected with autosomal recessive dis-
eases are usually both heterozygous carriers. As the Punnett
square in Figure 4-7 demonstrates,
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CHAPTER 4 Autosomal Dominant and Recessive Inheritance

Carrier parent

A a

- A AA Aa
c
o
®©
o
g
5

a Aa aa

FIG 4-7 Punnett square illustrating the mating of two hetero-
zygous carriers of an autosomal recessive gene. The geno-
type of the affected offspring is shaded.

and one fourth will be homozygotes affected with the disease
(on average).

Characteristics of Autosomal

Recessive Inheritance
Figure 4-8 is a pedigree showing the inheritance pattern of
an autosomal recessive form of albinism that results from
mutations in the gene that encodes tyrosinase, a tyrosine-

metabolizing enzyme.” (The resulting tyrosinase deficiency

Consequently, the
affected individual has very little pigment in the skin, hair,
and eyes (Fig. 4-9). Because melanin is also required for the
normal development of the optic fibers, persons with albi-
nism can also display nystagmus (rapid uncontrolled eye
movement), strabismus (deviation of the eye from its normal
axis), and reduced visual acuity. The pedigree demonstrates
most of the important criteria for distinguishing autosomal
recessive inheritance (Table 4-1). First, unlike autosomal
dominant diseases, in which the disease phenotype is seen in
one generation after another,@utosomal recessive diseases are
‘usually observed in one or more siblings but not in earlier
(generations: Second, as in autosomal dominant inheritance,

‘males and females are affected in equal proportions. Third,

on average, one fourth of the offspring of two heterozygous
carriers will be affected with the disorder. Finally, consan-
guinity is present more often in pedigrees involving autoso-

(inheritance (see Fig. 4-8). The term consanguinity (Latin,

*This form of albinism, termed tyrosinase-negative oculocutaneous
albinism (OCA1l), is distinguished from a second, milder form
termed tyrosinase-positive oculocutaneous albinism (OCA2). OCA2
is typically caused by mutations in a gene on chromosome 15 whose
protein product is thought to be involved in the transport and pro-
cessing of tyrosinase.

L] O

Aa AA

AA Aa AA Aa AA

AA Aa AA

Aa Aa
aa Aa aa AA

FIG 4-8 Pedigree showing the inheritance pattern of
tyrosinase-negative albinism, an autosomal recessive disease.
Consanguinity in this pedigree is denoted by a double bar
connecting the parents of the affected individuals.

FIG 4-9 An African woman with oculocutaneous albinism,
illustrating a lack of pigmentation in the hair and skin. She is
looking away from the camera because her eyes are more
sensitive to light than are those of persons with normally
pigmented retinas. (Courtesy Dr. Phil Fischer, Mayo Clinic.)
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CHAPTER 4 Autosomal Dominant and Recessive Inheritance

TABLE 4-1 A Comparison of the Major
Attributes of Autosomal Dominant and
Autosomal Recessive Inheritance Patterns
AUTOSOMAL AUTOSOMAL
ATTRIBUTE DOMINANT RECESSIVE
Usual recurrence  50% 25%
risk
Transmission Vertical; disease Disease phenotype
pattern phenotype seen may be seen in
in generation multiple siblings,
after generation but usually not in
earlier generations

Sex ratio Equal number of  Equal number of
affected males affected males
and females and females
(usually) (usually)

Other Father-to-son Consanguinity is
transmission of sometimes seen,
disease gene is especially for rare
possible recessive

diseases

“with blood”) refers to the mating of related persons. It is
sometimes a factor in recessive disease because related persons
are more likely to share the same disease-causing alleles. Con-
sanguinity is discussed in greater detail later in this chapter.

> Autosomal recessive inheritance is character-

ized by clustering of the disease phenotype
among siblings, but the disease is not usually
seen among parents or other ancestors. Equal
numbers of affected males and females
are usually seen, and consanguinity may be
present.

Recurrence Risks

As already discussed, the most common mating type seen in
recessive disease involves two heterozygous carrier parents.

The Punnett square in Figure 4-7 demonstrates that one
fourth of the offspring from this mating will be homozygous
for the disease gene and therefore affected.

As before,

these are average figures.

Occasionally, a carrier of a recessive disease-causing allele
mates with a person who is homozygous for this allele.

Because this pattern of iHHEHREEMIICS EhAGORAMAUOD
(dominant inheritance) With studies of extended pedigrees in

FIG 4-10 Achondroplasia. This girl has short limbs relative to
trunk length. She also has a prominent forehead, low nasal
root, and redundant skinfolds in the arms and legs.

which matings of heterozygotes are observed, quasidominant
inheritance can be distinguished from true dominant
inheritance.

‘When two persons affected by a recessive discase mate, all
‘oftheir children mustalso beaffected This obscrvation helps

to distinguish recessive from dominant inheritance because
two parents who are both affected by a dominant disease are
almost always both heterozygotes and one fourth of their
children, on average, will be unaffected.

>

The recurrence risk for autosomal recessive
diseases is usually 25%. Quasidominant inher-
itance, with a recurrence risk of 50%, is seen
when an affected homozygote mates with a
heterozygote.

“Dominant” Versus “Recessive”: Some Cautions

The preceding discussion has treated dominant and recessive
disorders as though they belong in rigid categories. However,
these distinctions are becoming less strict as our understand-

ing of these diseases increases. (Most dominant diseases are

(zygotes. An example is achondroplasia, an autosomal domi-
nant disorder in which heterozygotes have reduced stature
(Fig. 4-10). Heterozygotes have a nearly normal life span,
estimated to be about 10 years less than average. Affected
homozygotes are much more severely affected and usually die
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CHAPTER 4 Autosomal Dominant and Recessive Inheritance 67

in infancy from respiratory failure (see Chapter 10 for further
discussion of achondroplasia).

(be detected in heterozygotes because they result, for example,

in reduced levels of enzyme activity. This is usually the basis
for biochemical carrier detection tests (see Chapter 13). A
useful and valid way to distinguish dominant and recessive
disorders is that heterozygotes are clinically affected in most
cases of dominant disorders, whereas they are almost always
clinically unaffected in recessive disorders.

> Although the distinction between dominant

and recessive diseases is not rigid, a dominant
disease allele will produce disease in a het-
erozygote, whereas a recessive disease allele
will not.

‘Another caution is that a disease may be inherited in auto-
somal dominant fashion in some cases and in autosomal
(recessive fashion in others. Familial isolated growth hormone
deficiency (IGHD), another disorder that causes reduced
stature, is one such disease. DNA sequencing of a pituitary
growth hormone gene on chromosome 17 (GH1) has revealed
a number of different mutations that can produce IGHD.
Recessive IGHD can be caused by nonsense, frameshift, or
splice-site mutations that have a loss-of-function effect in
which a mature protein product is not synthesized. Because
they have one normal copy of GHI, heterozygotes still
produce half of the normal amount of growth hormone. This
is sufficient for normal stature. Homozygotes for these muta-
tions produce no GHI product and have reduced stature.

Dominant IGHD can result from dominant negative
mutations (see Chapter 3) in GHI. In one form of dominantly
inherited IGHD, a splice-site mutation deletes the third exon
of GHI, producing an abnormal protein that proceeds to the
secretory granules. Here, the abnormal GH1 product interacts
with the normal protein encoded by the normal GHI allele.
The abnormal molecules disable the normal growth hormone
molecules, resulting in greatly reduced production of GH1
product and thus reduced stature.

Another example is given by B-thalassemia, a condition

discussed in Chapter . (AIioUGhNEHENgREAE AMAJOTENOD
(dominant fashion. Some of these are caused by nonsense or

frameshift mutations that terminate translation in exon 3 of
the B-globin gene or in downstream exons. The resulting
messenger RNA (mRNA) proceeds to the cytoplasm and pro-

duces unstable B-globin chains. In heterozygotes, these

ol b s produced b he o .

contrast, frameshift or nonsense mutations that result in ter-
mination of translation in exons 1 or 2 of the gene result in
very little abnormal mRNA in the cytoplasm, leaving the
product of the normal allele intact. In these cases, the hetero-
zygote is unaffected.

These examples illustrate some of the complexities
involved in applying the terms “dominant” and “recessive.”
They also show how molecular analysis of a gene can help to
explain important disease features.

> In some cases, a disease may be inherited

in either autosomal dominant or autosomal
recessive fashion, depending on the nature of
the mutation that alters the gene product.

not genes. To see why,
consider the sickle cell mutation, discussed in Chapter 3.
Homozygotes for this mutation develop sickle cell disease.
Heterozygotes, who are said to have sickle cell trait, are usually
clinically normal. However, a heterozygote has an increased
risk for splenic infarctions at very high altitude. Is the mutant
gene then dominant or recessive? Clearly, it makes more
sense to refer to sickle cell disease as recessive and sickle
cell trait as dominant. Nonetheless, it is common (and often
convenient) to apply the terms dominant and recessive to
genes.

FACTORS THAT AFFECT EXPRESSION OF
DISEASE-CAUSING GENES

The inheritance patterns described previously for conditions
like postaxial polydactyly, cystic fibrosis, and albinism are

quite straightforward. However, most genetic diseases vary in
e degReeNoRIERpEESSIon) and. sometimes a person has a

disease-causing genotype but never manifests the phenotype.
Genetic diseases are sometimes seen in the absence of any
previous family history. These phenomena, and the factors
responsible for them, are discussed next.

New Mutation

If a child has been born with a genetic disease that has not
occurred previously in the family, it is possible that the disease
is the product of a new (or de novo) mutation. That is, the

‘gene transmitted by one of the parents underwent a change
in DNA sequence, resulting in a mutation from a normal to
(a disease-causing allele. The alleles at this locus in the parent’s

other germ cells would still be normal. In this case the recur-
rence risk for the parents’ subsequent offspring would not be
elevated above that of the general population. However, the
offspring of the affected child might have a substantially
elevated risk (e.g., it would be 50% for an autosomal domi-

nant disease). A large fraction of the observed cases of many

For example, approximately 7/8 of all cases of achondroplasia
are caused by new mutations, and only 1/8 are inherited from

an affected parent (THSTS primarily because the disease ends
o lifiE e potential for seproduction) To provide accurate

risk estimates, it is essential to know whether a patient’s
disease is due to an inherited mutation or a new mutation.
This can be done only if an adequate family history has been
taken.
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CHAPTER 4 Autosomal Dominant and Recessive Inheritance

New mutations are a common cause of the
> appearance of a genetic disease in a person
with no previous family history of the disorder.
The recurrence risk for the person’s siblings is
very low, but the recurrence risk for the per-
son’s offspring may be substantially increased.

Germline Mosaicism

Occasionally, two or more offspring present with an autoso-
mal dominant or X-linked disease when there is no family
history of the disease. Because mutation is a rare event, it is
unlikely that this would be due to multiple new mutations in
the same family. The mechanism most likely to be responsible
is termed germline mosaicism (mosaicism describes the
presence of more than one genetically distinct cell line in

the body). During the embryonic development of one of the
‘parents, a mutation occurred that affected all or part of the
germline but few or none of the somatic cells of the embryo

(Fig. 4-11). Thus, the parent carries the mutation in his or
‘her germline but does not actually express the disease because

Embryo

* Mutation
occurs in one
embryonic
cell

Daughter cells
contain mutation

Mature
organism

is a mosaic of
mutated and
nonmutated
cells

FIG 4-11 A mutation occurs in one cell of the developing
embryo. All descendants of that cell have the same mutation,
resulting in mosaicism. If the first mutated cell is part of the
germline lineage, then germline mosaicism results.

the mutation is absent in other cells of the body.(As a result,

Although this phenomenon is relatively rare, it can have sig-
nificant effects on recurrence risks when it does occur.
Germline mosaicism has been studied extensively in the
lethal perinatal form of osteogenesis imperfecta (OI type II;
see Chapter 2), which is caused by mutations in the type 1
procollagen genes. The fact that unaffected parents some-
times produced multiple offspring affected with this disease
led to the conclusion that type II OI was an autosomal reces-
sive trait. This was disputed by studies in which the poly-
merase chain reaction (PCR) technique was used to amplify
DNA from the sperm of a father of two children with type II
OI. This DNA was compared with DNA extracted from his
somatic cells (skin fibroblasts). Although procollagen muta-
tions were not detected in the fibroblast DNA, they were
found in approximately one of every eight sperm cells. This
was a direct demonstration of germline mosaicism in this
man. Although germline mosaicism has been demonstrated
for type II OI, most noninherited cases (approximately 95%)
are thought to be caused by new mutations. Some cases of

(been'identified (Clinical Commentary 2-1, Chapter 2).

(the latter
two diseases are discussed in Chapter 5). It has been estimated
that germline mosaicism accounts for up to 15% of Duch-
enne muscular dystrophy cases and 20% of hemophilia A
cases in which there is no previous family history.

> Germline mosaicism occurs when all or part of

a parent’s germline is affected by a disease-
causing mutation but the somatic cells are not.
It elevates the recurrence risk for offspring of
the mosaic parent.

Reduced Penetrance

Another important characteristic of many genetic diseases is
reduced (or incomplete) penetrance: a person who has a
disease-causing genotype might not exhibit the disease phe-
notype at all, even though he or she can transmit the disease-

causing allele to the next generation. Retinoblastoma; a
malignant eye tumor (Clinical Commentary 4-2),is'a good

(penetrance is seen. The transmission pattern of this disorder

is illustrated in Figure 4-12. Family studies have shown that
about 10% of the obligate carriers of a retinoblastoma-
causing allele (i.e., those who have an affected parent and
affected children and therefore must themselves carry the
allele) do not have the disease.
(Calising genotypes Hhien said £o/5e 90%) Penetrance rates arc
usually estimated by examining a large number of families
and determining what percentage of the obligate carriers (or
obligate homozygotes, in the case of recessive disorders)
develop the disease phenotype.
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CHAPTER 4 Autosomal Dominant and Recessive Inheritance

B—O

Aa aa
— —O
aa Aa Aa aa
O l é o
Aa aa Aa aa Aa Aa

FIG 4-12 Pedigree illustrating the inheritance pattern of reti-
noblastoma, a disorder with reduced penetrance. The unaf-
fected obligate carrier, denoted by a dot, has the same
genotype as the affected pedigree members.

> Reduced penetrance describes the situation

in which persons who have a disease-
causing genotype do not develop the disease
phenotype.

Age-Dependent Penetrance

Although some genetic diseases are expressed at birth or
shortly afterward, many others do not become apparent until

well into adulthood. (A'delay in the age of onset of a genetic
disease is known as age-dependent penetrance. On of the
best-known examples is ([Huntington disease; a neurological

disorder whose main features are progressive dementia and
increasingly uncontrollable movements of the limbs (Clinical
Commentary 4-3). The latter feature is known as chorea
(from the Greek word for “dance,” khoreia), and the disease
is sometimes called Huntington chorea. This autosomal
dominant disorder is named after Dr. George Huntington,
who first described the disease in 1872. Symptoms are not
usually seen until age 30 years or later (Fig. 4-13). Thus, those
who develop the disease often have children before they are
aware that they carry the disease-causing allele. If the disease

‘were present at birth, nearly all affected persons would die
‘before reaching reproductive age, and the frequency of the
disease in the population would be much lower. Delaying the
age of onset of the disease thus reduces natural selection
against a disease-causing allele, increasing its frequency in a
population.

A person whose parent has Huntington disease has a 50%
chance of inheriting the disease allele. Until recently, this
person would be confronted with a torturous question:
Should T have children, knowing that there is a 50% chance
that I have inherited this mutation and pass it to half of my
children? With the identification of the gene responsible for
Huntington disease, it is now possible for at-risk persons to

100
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FIG 4-13 Distribution of the age of onset for Huntington
disease. The age of onset tends to be somewhat earlier
when the affected parent is the father. (Data from Conneally
PM. Huntington disease: genetics and epidemiology. Am J
Hum Genet. 1984,36:520.)

know with a high degree of certainty whether they carry a
disease-causing allele.

hemochromatosis, a recessive disorder of iron storage (sce

Chapter 7); familial Alzheimer disease (see Chapter 12); and
many inherited cancers, including autosomal dominant
breast cancer.’

> Age-dependent penetrance is observed in
many genetic diseases. It complicates the inter-
pretation of inheritance patterns in families.

Variable Expression
Penetrance and expression are distinct entities. Penetrance is

(an all-or-none phenomenon: one either has the disease phe-
notype or does not. Variable expression refers to the degree
of severity of the disease phenotype.

The severity of expression of many genetic diseases can
vary greatly. A well-studied example of variable expression
in an autosomal dominant disease isneurofibromatosis type
(I (Clinical Commentary 4-4). A parent with mild expression
of the disease—so mild that he or she is not aware of it—

(have severe expression: Many factors can affect the expres-

sion of a genetic disease, including environmental (i.e., non-
genetic) influences such as diet, exercise, or exposure to
harmful agents such as tobacco smoke. In the absence of a
certain environmental factor, the disease-causing gene is
expressed with diminished severity or not at all (e.g., the
diminished expression of PKU under a low-phenylalanine

"Epidemiological studies indicate that about 5% of breast cancer
cases in the United States are caused by genes inherited in autosomal
dominant fashion. See Chapters 11 and 12 for further discussion.
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70 CHAPTER 4 Autosomal Dominant and Recessive Inheritance

CLINICAL COMMENTARY 4-2

Retinoblastoma

Retinoblastoma is the most common childhood eye tumor,
affecting approximately 1 in 20,000 children. (The tumor typic

of age, when retinal cells are actively dividing and proliferating.
It nearly always presents clinically by the age of 5 years.

Approximately 60% of retinoblastoma cases are caused
(By'somatic mutations that occur in early development and
are therefore not transmitted to the affected individual's
offspring. The remaining 40% are caused by inherited muta-
{tions? About 3/4 of these (30% of total cases) are the result
of new mutations, most often transmitted by the father. The
other 1/4 of inherited cases (10% of the total) are inherited
from a parent who carries a retinoblastoma-causing muta-
tion in all of his or her cells. (About 10% of those Who' have
inherited a disease-causing mutation never develop a tumor
(reduced penetrance).

The analysis of changes in DNA in and near the disease-
causing gene, RB1, has explained the mechanism responsible
for reduced penetrance. Briefly, an individual who has inherited
a disease-causing RB1 mutation carries the mutation in every
cell of his or her body. However, this is not sufficient to cause
tumor formation (if it were, every cell in the body would give
rise to a tumor). In any cell, the presence of one normal RB1
allele is sufficient to prevent tumor formation. To initiate a
tumor in a developing retinal cell, a second somatic event must
occur that disables the other, normal RB7 allele (this “two-hit"”
process is discussed further in Chapter 11). The second event,
which can be considered a somatic mutation, has a relatively
low probability of occurring in any given cell. However, there
are at least 1 million retinal cells in the developing fetus, each

representing a potential target for the event. Ustally, an‘indic
(retinal’cells, giving rise to several tumors. Inherited retinoblas-
toma is thus usually multifocal (consisting of several tumor foci)
and bilateral (affecting both eyes). Because the second muta-
tions are random events, a small fraction of persons who

inherit the disease-causing allele never experience a second
mutation in any retinal cell and they do not develop a retino-

blastoma. The requirement for a second somatic mutation thus

The retinoblastoma gene, RB1, encodes a protein product,
pRb, that plays a key role in cell cycle control. A major function
of pRb, when hypophosphorylated, is to bind and inactivate
members of the E2F family of nuclear transcription factors. The
cell requires active E2F to proceed from the G1 to the S phase
of mitosis. By inactivating E2F, pRb applies a brake to the cell
cycle. When cell division is required, pRb is phosphorylated by
cyclin-dependent kinase complexes (see Chapter 2) and E2F is
released by pRb and activated. A loss-of-function mutation in
pRb can cause a permanent loss of E2F-binding capacity. The

cell, having lost its brake, will undergo repeated, uncontrolled
mitosis, potentially leading to a tumor. Because of its control-
ling effect on the cell cycle, the RBT gene belongs to a class
of genes known as tumor suppressors (see Chapter 11).

If untreated, retinoblastomas can grow to considerable size
and can metastasize to the central nervous system or other
(Organsystems! Fortunately, these tumors are now usually
detected and treated before they progress. If found early
enough through ophthalmological examination, the tumor may
be treated successfully with cryotherapy (freezing) or laser
photocoagulation. In more advanced cases, radiation, chemo-
therapy, or enucleation (removal) of the eye may be necessary.
Currently, the 5-year survival rate for retinoblastoma patients
in the United States is nearly 95%.

Because persons with familial retinoblastoma have inherited
an(RB7 mutation'in‘all'cells'of theirbody) they are also suscep-
tible to other types of cancer later in life. In particular, about
15% of those who inherit an RB T mutation later develop osteo-
sarcomas (malignant bone tumors). Other common second
cancers include soft tissue sarcomas and cutaneous melano-
mas. Careful monitoring for subsequent tumors and avoidance
of agents that could produce a second mutation (e.g., x-rays)
are thus important aspects of management for the patient with
inherited retinoblastoma (Fig. 4-14).

FIG 4-14 A, A white reflex (leukocoria) can be seen in the
right eye of this individual on ophthalmoscopic examination.
B, Bilateral retinoblastoma, showing presence of neoplastic
tissue. (From Rosai J. Ackerman’s Surgical Pathology. 8th
ed. St Louis: Mosby; 1996.)
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CHAPTER 4 Autosomal Dominant and Recessive Inheritance

CLINICAL COMMENTARY 4-3

Huntington Disease

Huntington disease (HD) affects approximately 1 in 20,000
persons of European descent but is substantially less common
in most other populations The disorder usually (manifests

(between'thelagesiofi30iandiB0NVears) although it has been
observed as early as 1 year of age and as late as 80 years
of age.

HD is characterized by a (progressive loss of motor control,
(dementia, and psychiatric disorders! There is a substantial loss
of neurons in the brain, which is detectable by techniques
such as magnetic resonance imaging (MRI).([Decreased glticose)
uptake in the brain, an early sign of the disorder, can be
detected by positron-emission tomography (PET). (These tech-
nigues, however, are not specific enough to diagnose the dis-
order accurately.) Although many parts of the brain are affected,
the area most noticeably damaged is the corpus striatum. In

some patients, heldisease leads to/alloss of 26%!or more of

The clinical course of HD is protracted, and the interval from
initial diagnosis to death is typically 15 to 20 years. As in many
neurological disorders, patients with (HD'éxperience difficulties
(in"swallowing; aspiration pneumonia is the most common
cause of death{iCardicrespiratory failure and subdural hisma®
(foma (due to head trauma) are other frequent causes of death.
The suicide rate among HD patients is 5 to 10 times higher
than in the general population. Treatment includes drugs such
as
Affective disturbances, which are seen in nearly half of the
patients, are sometimes controlled with antipsychotic drugs
and antidepressants. Although these drugs help to control
some of the symptoms of HD, there is currently no way to alter
the outcome of the disease.

HD has the distinction of being the ffirst genetic disease
‘mapped to a specific chromosome using an RFLP marker, in
1983. Subsequent sequencing of the disease-causing gene

showed that the (great majority of D cases are caused by'a

(CAGexpandeditepeat (see Chapter 3) located inexon iy In
90% to 95% of cases, the mutation is inherited from an
affected parent/{In‘the general poptilation; the number of CAG
(fahdem repeatsranges from 0161261 Persons with 27 to 35
repeats are unaffected but are more likely to transmit a still
larger number of repeats to their offspring. The inheritance of
36 or more copies of the repeat can produce disease, although

(those' Who'have 86 to 40 repeats: As in many disorders caused
by trinucleotide repeat expansion, a larger number of repeats
is correlated with earlier age of onset of the disorder. About
60% to 70% of the variation in age of onset of HD can be

predicted by repeat number. (There'is'a tendency for greater

repeat expansion when the father, rather than the mother,
transmits the disease-causing mutation, which helps to explain
the difference in ages of onset for maternally and paternally
(transmitted disease 'seen’in Figure 4-13. In particular, 80% of
cases with onset before 20 years of age (juvenile Huntington

disease) are due to paternal transmission, and these cases are
characterized by especially large repeat expansions. It remains

FIG 4-15 Two cross sections of the brain of an adult with
Huntington disease, which illustrate severe caudate atrophy
and enlarged lateral ventricles. (Courtesy Dr. Thomas Bird,
University of Washington.)

iR (Fig. 4-15).
The protein product, termed huntingtin, is involved in the
transport of vesicles in cellular secretory pathways. In addition,

there is evidence that llintingtin'is‘necessary for the normal
production of brain-derived neurotrophic factor. The CAG

repeat expansion produces a lengthened series of glutamine
residues near huntingtin’s amino terminal. Although the precise
role of the expanded glutamine tract in disease causation is
unclear, it is correlated with a buildup of toxic protein aggre-
(Gates'within'and'near netironal nuclei These aggregates are

thought to be toxic and are associated with early neuronal
death. HD is notable in that affected homozygotes appear to
display a clinical course very similar to that of heterozygotes
(in contrast to most dominant disorders, in which homozygotes
are more severely affected). This attribute, and the fact that
mouse models in which one copy of the gene is inactivated
are perfectly normal, supports the hypothesis that the mutation
causes a harmful gain of function (see Chapter 3).
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72 CHAPTER 4 Autosomal Dominant and Recessive Inheritance

the disease-causing gene. (Finally, variable expression can
result from different types of mutations (i.e., different alleles)
at the same disease locus: This is termed allelic heterogene-
ity. Efforts are often made to establish genotype—phenotype
correlations to better predict the severity of a genetic disease,
given the patient’s genotype. In some cases, clinically distinct
diseases may be the result of allelic heterogeneity, as in the
B-globin mutations that can cause either sickle cell disease
or various forms of B-thalassemia.

Cystic fibrosis, discussed in Clinical Commentary 4-1,
illustrates ways these factors can influence disease severity.
CFTR mutations that result in a complete absence of chloride
channels on cell surfaces tend to produce more-severe disease
than do mutations that result in partially active chloride ion
channels (allelic heterogeneity). Some of the variation in
severity of lung disease among CF patients with identical
CFTR genotypes can be explained by variation in the TGFBI
gene (transforming growth factor ), a modifier gene whose
increased expression is also associated with asthma and
chronic obstructive pulmonary disease. Mutations in another
modifier gene, DCTN4, appear to reduce the effectiveness of
the dynactin protein in clearing Pseudomonas aeruginosa
from the airway. Patients with CF who suffer from more-
frequent and severe bacterial infections experience acceler-
ated lung damage. This disease thus provides examples of all
three major causes of variable expression: allelic heterogene-
ity, modifier genes, and nongenetic environmental factors
(bacterial infections).

Because of the many factors that can influence the expres-
sion of a genetic disease, it should be apparent that the com-
monly used term“single-gene disease”is an oversimplification.
Although a mutation in a single gene may be sufficient to
cause such a disease, its severity—always an important

concern for clinicians—is typically influenced by many
genetic and nongenetic factors.

> Variable expression of a genetic disease may
be caused by environmental effects, modifier
genes, or allelic heterogeneity.

Locus Heterogeneity

Quite commonly, a single disease phenotype can be caused
by mutations at different loci in different families, which is
termed locus heterogeneity (compare with allelic heteroge-
neity, discussed in the previous section, in which different
mutations are seen within the same disease locus). A good
example is adult polycystic kidney disease (APKD), an auto-
somal dominant disorder in which a progressive accumula-
tion of renal cysts is seen. Patients can also develop liver cysts,
hypertension, cerebral aneurysms, and cardiac valvular
defects. Occurring in about 1 of every 1000 persons of Euro-
pean descent, this disorder is responsible for 8% to 10% of
end-stage renal disease in North America. APKD can be
caused by mutations in genes on either chromosome 16
(PKD1) or chromosome 4 (PKD2). Both of these genes
encode membrane-spanning glycoproteins that interact with
one another and may be involved in cellular signaling. (When
this signaling goes awry, it is thought that cellular growth
regulation is compromised, resulting in cyst formation.) In
one family, the disease may be caused by a PKDI1 mutation,
whereas in another family it may be caused by a PKD2 muta-
tion. The disease states produced by mutations in these two
genes may be clinically indistinguishable.

Osteogenesis imperfecta provides a second example of
locus heterogeneity. Recall from Chapter 2 that the subunits
of the procollagen triple helix are encoded by two genes, one

CLINICAL COMMENTARY 4-4

Neurofibromatesis: A Disease with Highly Variable Expression
—(NF1) is also known as von Reckling-
hausen disease, recognizing the German physician who first
described this condition in 1882 (Ifis'one of the more common
(alitosomal dominant disorders, affecting approximately 1 in

3000 individuals in all studied populations. NF1 provides a
good example of variable expression in a genetic disease.
(Some patients have only/cafesaulait spots (French for “coffee
with milk,” describing the color of the hyperpigmented skin
patches), Lisch nodules (benign growths on the iris), and a
few neurofibromas (nonmalignant peripheral nerve tumors).
These persons are sometimes unaware that they have the
condition. Other patients have a much more severe expression
of the disorder, including hundreds to thousands of neurofibro-
mas, plexiform neurofibromas, optic pathway gliomas (benign
tumors of the optic nerve), learning disabilities, hypertension,
scoliosis (lateral curvature of the spine), and malignancies.
About two thirds of patients have only a mild cutaneous
involvement. Approximately 10% develop malignant peripheral
nerve sheath tumors (MPNSTs), which typically arise from
plexiform neurofibromas. Expression can vary significantly

within the same family: a mildly affected parent can produce a

severely affected offspring.

A standard set of diagnostic criteria for NF1 has been devel-
oped. Two or more of the following must be present:

1. Six or more café-au-lait spots greater than 5 mm in diameter
in prepubertal patients and greater than 15 mm in postpu-
bertal patients

2. Freckling in the armpits or groin area

3. Two or more neurofibromas of any type or one plexiform
neurofibroma (i.e., an extensive growth that occurs along a
large nerve sheath)

4. Two or more Lisch nodules

5. Optic glioma

6. Distinctive bone lesions, particularly an abnormally formed
sphenoid bone or tibial pseudarthrosis*

7. A first-degree relative with neurofibromatosis diagnosed
using the previous six criteria

Although NF1 has highly variable expression, the penetrance
of disease-causing mutations is virtually 100%. Approximately

50% of patients with NF1 have the condition because of a new
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CLINICAL COMMENTARY 4-4
Neurofibromatesis: A Disease with Highly Variable Expression—cont'd

mutation. In fact, the NF1 gene has (Gne of the highest known
(loctis*specific mutation rates, about 1 in 10,000 per generation.

This is due in part to the large size of the NF7 gene (approxi-
mately 350 kb), making it a large target for mutation. The gene
product, neurofibromin, acts as a tumor suppressor (see
Chapter 11 for further details). NF7 mutations can be detected
in more than 90% of cases, using a combination of detection
methods including DNA sequencing, cytogenetic analysis, and
analysis of abnormal (truncated) products. Persons in whom
the entire NF7 gene is deleted tend to be severely affected,
with large numbers of neurofibromas and an increased risk of
developing MPNSTSs.

‘An NFT mutation that occurs during embryonic development
‘will affect only some cells of the individual, resulting in somatic
(mosaicism In this case, the disease features may be confined
to only one part of the body (segmental neurofibromatosis).

Neurofibromatosis type 2 (NF2) is much rarer than NF1 and
is characterized by vestibular schwannomas (tumors that arise
in Schwann cells and affect the eighth cranial nerve) and, occa-
sionally, café-au-lait spots. Patients who have NF2 do not,
however, have true neurofibromas, so the term “neurofibro-

matosis type 2" is a misnomer. The! NF2gene encodes a tumor

Mild cases of neurofibromatosis can require very little clinical
management. However, surgery may be required if malignan-
cies develop or if benign tumors interfere with normal function.
Scoliosis, tibial pseudarthrosis, and/or tibial bowing, seen in
less than 5% of cases, can require orthopedic management.
Hypertension can develop and is often secondary to a pheo-
chromocytoma or a stenosis (narrowing) of the renal artery.
The most common clinical problems in children are learning
disabilities (seen in about 50% of persons with NF1), short
stature, and optic gliomas (which can lead to vision loss). Close
follow-up can help to detect these problems and minimize their
effects. Recent clinical trials designed to reduce or eliminate
the tumors seen in patients with NF1 have provided hope for
better treatment options (Fig. 4-16).

FIG 4-16 Neurofibromatosis type 1 (NF1). A, Multiple
neurofibromas in an adult with type 1 neurofibromatosis.
B, Lisch nodules (benign hamartomas of the iris) visible on
a slit-lamp examination of an individual with type 1 neuro-
fibromatosis. (A from Habif T, Campbell J, Chapman M,
et al. Skin Disease: Diagnosis and Treatment. 2nd ed.
St. Louis: Mosby; 2005; B from Jones KL. Smith’s Recog-
nizable Patterns of Human Malformation. 6th ed. Philadel-
phia: Mosby; 2006.)

*Pseudarthrosis can occur when a long bone, such as the tibia, undergoes a loss of bone cortex, leading to weakening and fracture.
Abnormal callus formation causes a false joint in the bone, leading to the term (arthron = “joint").
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COL1A1

TAVAVAVAVAY

COL1A2
FIG 4-17 Structure of the triple helix type 1 collagen protein.
The two o, chains are encoded by a gene on chromosome 17,
and the o, chain is encoded by a gene on chromosome 7.

on chromosome 17 and the other on chromosome 7 (Fig.
4-17). A mutation occurring in either of these genes can alter
the normal structure of the triple helix, resulting ultimately in

osteogenesis imperfecta. [Locus heterogeneity is seen in many

> A disease that can be caused by mutations at
different loci in different families is said to
exhibit locus heterogeneity.

Pleiotropy

(are’said to be pleiotropic. A good example of a gene with

pleiotropic effects is given by Marfan syndrome. First
described in 1896 by Antoine Marfan, a French pediatrician,
this autosomal dominant disorder affects the eye, the skele-
ton, and the cardiovascular system (Clinical Commentary
4-5). Most of the observed features of Marfan syndrome are
caused by unusually stretchable connective tissue. The great
majority of Marfan syndrome cases are caused by mutations
in the gene that encodes fibrillin, a component of connective
tissue that is expressed in most of the tissues and organs
affected by Marfan syndrome (see Clinical Commentary 4-5).
We have already discussed several other single-gene diseases
in which pleiotropy is seen, including cystic fibrosis, in which
sweat glands, lungs, and pancreas can be affected; osteogen-
esis imperfecta, in which bones, teeth, and sclerae can be
affected; and albinism, in which pigmentation and optic fiber
development are affected.

> Genes that exert effects on multiple aspects of
physiology or anatomy are pleiotropic. Pleio-
tropy is a common feature of human genes.

CONSANGUINITY IN HUMAN POPULATIONS

Although consanguinity is relatively rare in Western popula-
tions, it is common in many populations of the world. For
example, first-cousin unions are seen in 20% to 50% of mar-
riages in many countries of the Middle East, and uncle—niece
and first-cousin marriages occur in some parts of India.

(disorders. It is possible to quantify the percentage of DNA

sequence shared by a pair of relatives by €stimating the coef~
(ficient of relationship (Box 4-1). Estimation of this quantity

shows, for example, that siblings share 1/2 of their DNA
sequences, on average, because they share two parents. Uncles
and nieces share 1/4 of their DNA sequences because of
common ancestry, first cousins share 1/8, first cousins once
removed share 1/16, second cousins share 1/32, and so on.*

Consanguinity and the Frequency

of Recessive Diseases

Recall that about 1 in 25 whites is a heterozygous carrier of a
mutation that causes cystic fibrosis. A man who carries this
allele thus has a 1 in 25 chance of meeting another carrier if
he mates with somebody in the general population. He only

In contrast, a carrier of a relatively rare recessive disease, such
as classic galactosemia (a metabolic disorder discussed in
Chapter 7), has only a 1/170 chance of meeting another
carrier in the general population. Because he shares 1/8 of his
DNA with his first cousin, the chance that his first cousin also
has a galactosemia mutation is still 1/8. With this rarer disease,
a carrier is 21 times more likely to mate with another carrier
in a first-cousin marriage than in a marriage with an unre-
lated individual. This illustrates an important principle: the

This principle has been substantiated empirically. A French
study showed that the frequency of first-cousin marriages in
that country was less than 0.2%. Among patients with cystic
fibrosis, a relatively common recessive disorder, 1.4% were
the offspring of first-cousin matings. This percentage rose to
7.1% for cystinosis and 12.5% for achromatopsia, both of
which are less-common recessive disorders.

> Consanguinity increases the chance that a

mating couple will both carry the same disease-
causing mutation. It is seen more often in pedi-
grees involving rare recessive diseases than in
those involving common recessive diseases.

Health Consequences of Consanguinity

It has been estimated that each person carries the equivalent
of one to five recessive mutations that would be lethal to
offspring if matched with another copy of the mutation (i.e.,
homozygosity). It would therefore be expected that matings
between relatives would more often produce offspring with
genetic diseases. In fact, most empirical studies do show that
mortality rates among the offspring of first-cousin marriages
are substantially greater than those of the general population
(Table 4-2). Similarly, the prevalence of genetic disease is
roughly twice as high among the offspring of first-cousin

*First cousins are the offspring of two siblings and thus share a set
of grandparents. A first cousin once removed is the offspring of one’s
first cousin. Second cousins are the offspring of two different first
cousins and thus share a set of great-grandparents.
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CLINICAL COMMENTARY 4-5

Marfan Syndrome: An Example of Pleiotropy

Marfan syndrome is an @litosomal dominant condition seen in
approximately 1 of every 10,000 North Americans. It is charac-
terized by defects in three major systems: (ocular, skeletal, and
(cardiovascular, The ocular defects include myopia, which is
present in most patients with Marfan syndrome, and displaced
lens (ectopia lentis), which is observed in about half of Marfan
syndrome patients. The skeletal defects include dolichosteno-
melia (unusually long and slender limbs), pectus excavatum
("hollow chest”), pectus carinatum (“pigeon chest”), scoliosis,
and arachnodactyly (literally “spider fingers,” denoting the
characteristically long, slender fingers) (Fig. 4-18). Marfan
patients also typically exhibit joint hypermobility.

The cardiovascular features of Marfan syndrome can be life-
threatening. Most patients with Marfan syndrome develop
prolapse of the mitral valve, a condition in which the cusps of
the mitral valve protrude upward into the left atrium during
systole, which can result in mitral regurgitation (leakage of
blood back into the left atrium from the left ventricle). Mitral
valve prolapse, however, is seen in 1% to 3% of the general
population and is often of little consequence. A more serious
complication is dilatation (widening) of the ascending aorta,
which is seenin 90% of Marfan patients. As dilatation increases,
the aorta becomes susceptible to dissection or rupture, particu-
larly when cardiac output is high (as in heavy exercise or preg-
nancy). As the aorta widens, the left ventricle enlarges, and
cardiomyopathy (damage to the heart muscle) ensues. The end
result is congestive heart failure, a common cause of death
among Marfan syndrome patients.

‘Most cases of Marfan syndrome are caused by mutations in
a gene, FBN1, that is expressed in the aorta, the periosteum,
(@nd"the"'suspensory ligament 'of ‘thelens: Because FBNT
(encodes'a connective tissue protein, fibrillify) mutations of this

gene alter the structure of connective tissue. This helps to
explain some of the cardiovascular and ocular features of this
disorder. Hundreds of different FBN7 mutations have been
identified in Marfan syndrome patients. (Viost of these are mis-
'sense mutations, but frameshifts and nonsense mutations
‘producing a truncated fibrillin protein are also seen. In many
cases, the missense mutations produce a more severe disease
phenotype because of a (dominant negative effect (i.e., the
abnormal fibrillin proteins bind to and disable many of the
normal fibrillin proteins produced by the normal allele in a het-
erozygote). A severe neonatal form of the disease is produced
by mutations in exons 24 to 32. At least one Marfan syndrome
compound heterozygote has been reported. (This infant, Who
inherited a disease-causing allele from each of its affected
heterozygous parents, had severe congestive heart failure and
died from cardiac arrest at 4 months of age.

Specific mutations in FBNT can cause familial arachnodactyly
(with no other symptoms of Marfan syndrome), whereas
others can cause familial ectopia lentis. A disease called con-
genital contractural arachnodactyly exhibits many of the skel-
etal features of Marfan syndrome but does not involve cardiac
or ocular defects. This disease is caused by mutations in a
second gene, FBNZ2, that encodes another form of fibrillin.

A small percentage of persons with Marfan syndrome do not
have mutations in FBN7 or FBNZ2 but instead have mutations
in the gene that encodes transforming growth factor B receptor

FIG 4-18 A, A young man with Marfan syndrome. Note
characteristically long limbs and narrow face. B, Arachno-
dactyly in an 8-year-old girl with Marfan syndrome. Note
projection of the thumb well beyond the edge of the
palm (Steinberg thumb sign). (A from Jones KL. Smith’s
Recognizable Patterns of Human Malformation. 6th ed.
Philadelphia: Saunders; 2006:549. B from Jones KL. Smith’s
Recognizable Patterns of Human Malformation. 6th ed.
Philadelphia: Mosby; 2006.)

2 (TGFBR2). These mutations increase the signaling activity of
transforming growth factor B (TGF-B), which contributes to
aortic dilatation and abnormal bone growth. It is interesting that
the fibrillin protein contains a domain that binds TGF-B, and
mutations that disrupt fibrillin increase TGF-B signaling. Thus,
FBNT mutations can produce structural connective tissue
abnormalities as well as abnormal TGF- activity, accounting
for the pleiotropic features of this disorder.

Continued
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CLINICAL COMMENTARY 4-5
Marfan Syndrome: An Example of Pleiotropy—cont'd

Treatment for Marfan syndrome includes regular ophthalmo-
logical examinations and, for individuals with aortic dilatation,
the avoidance of heavy exercise and contact sports. In addition,
B-adrenergic blockers (e.g., atenolol) can be administered to
decrease the strength and abruptness of heart contractions.
This reduces stress on the aorta, although it is unclear whether
these drugs reduce aortic dilatation. In some cases, the aorta
and aortic valve are surgically replaced with a synthetic tube
and artificial valve. With such treatment, persons with Marfan
syndrome can achieve nearly normal life spans.

Another possible avenue for treatment has been opened by
the discovery of elevated TGF- signaling in Marfan syndrome.
In mouse models of this disorder, administration of TGF-
antagonists has been shown to prevent aortic dilatation. One

of these agents, losartan, is an angiotensin Il type 1 receptor
antagonist and is commonly used to treat high blood pressure.
This drug has been evaluated in clinical trials and has been
shown to cause a significant reduction in aortic dilatation in
patients with Marfan syndrome.

A number of historical figures might have had Marfan syn-
drome, including Niccolo Paganini, the violinist, and Sergei
Rachmaninoff, the composer and pianist, and U.S. President
Abraham Lincoln. Some of Lincoln’s skeletal features are seen
in Marfan syndrome, and examination of his medical records
has shown that he had features consistent with aortic dilatation.
It has been suggested that he was in congestive heart failure
at the time of his death and that, had he not been assassinated,
he still would not have survived his second term of office.

BOX 4-1
To determine the possible consequences of a consanguineous

(mating, it is useful to know what percentage of DNA is shared
by two related individuals because of their descent from a
common ancestor. The coefficient of relationship is a measure
of this percentage. Clearly, individuals who are more closely
related must share a greater percentage of their genes. To
begin with a simple example, an individual receives half of his
or her genes from each parent. Thus, the coefficient of relation-
ship between a parent and offspring is 1/2. This also means
that the probability that the parent and offspring share a given
DNA sequence (e.g., a disease allele) is 1/2.

To continue with a more complex example, suppose that a
man is known to be a heterozygous carrier for galactosemia, a
relatively rare autosomal recessive metabolic disorder. If he
mates with his first cousin, what is the probability that she also
carries this disease-causing allele? We know that this probabil-
ity must be higher than that of the general population, because
first cousins share one set of grandparents. There is thus a
possibility that the grandparent who transmitted the galactose-
mia allele to the known carrier also transmitted it to the carri-
er's cousin. The coefficient of relationship specifies this
probability. A pedigree for a first-cousin mating is shown below
in panel A on the left. The male carrier is labeled A, and his
female cousin is labeled E. Because we are interested only in
the family members who are related to both the man and his
cousin, the pedigree is condensed, in panel B on the right, to

A, Pedigree for a first-cousin mating.
B, The pedigree is condensed to
show only those individuals who are
related to both of the first cousins.

O—T—®

Measurement of Consanguinity: The Coefficient of Relationship

include only those individuals who form a path between the
man and his cousin.

To estimate the coefficient of relationship, we begin with the
carrier and ascend the pedigree. We know that there is a prob-
ability of 1/2 that the known carrier inherited the gene from the
parent in the path (labeled B). There is also a probability of 1/2
that he inherited the gene from his other parent, who is not
related to his cousin and is thus not included in the diagram.
By similar reasoning, the probability that individual B inherited
the disease gene from his parent, individual C, is also 1/2. The
probability that individual C in turn passed on the disease gene
to his offspring, D, is 1/2, and the probability that D passed the
disease gene to E is also 1/2. Thus, for E to share a disease-
causing allele with A, each of these four events must have
taken place. The multiplication rule dictates that, to find the
probability that all four events have taken place, we take the
product of all four probabilities. Because each of these proba-
bilities is 1/2, the result is (1/2)* = 1/16.

If individuals A and E shared only one grandparent, the coef-
ficient of relationship would be 1/16. But, as with most first
cousins, they share a common grandfather and grandmother.
Thus, there are two paths through which the disease gene could
have passed. To obtain the probability that the gene passed
through the second path, we use the same procedure as in the
previous paragraph and obtain a probability of 1/16. Now we
need to estimate the probability that the gene went through
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BOX 4-1

either the first path or the second (i.e., through one grandparent
or the other). The addition rule states that we can add these
two probabilities together to get the overall probability that A
and E share a disease gene: 1/16 + 1/16 = 1/8. The probability
that the carrier’s cousin shares his disease allele, as a result of
their descent from a common set of grandparents, is thus 1/8.
This is the coefficient of relationship for first cousins.*

It should be recognized that individual E could also inherit a
disease allele from an ancestor not included in either of these
paths. However, for disease alleles that are relatively rare in
populations, this probability is small and can usually be
disregarded.

Measurement of Consanguinity: The Coefficient of Relationship—cont’d

The rules for calculating the coefficient of relationship can be
summarized as follows:

1. Each individual can appear in a route only once.

2. Always begin with one individual, proceed up the pedigree
to the common ancestor, then down the pedigree to the
other individual.

3. The coefficient of relationship for one route is given by
(1/2)™", where n is the number of individuals in the route.
4.1f there are multiple routes (i.e., multiple common ances-
tors), the probabilities estimated for each route are added

together.

*A related quantity, often used in population genetics, is the inbreeding coefficient. This coefficient is the probability that an individual is
homozygous at a locus as a result of consanguinity in his or her parents. For a given type of mating, the inbreeding coefficient of an
individual always equals the parents’ coefficient of relationship multiplied by 1/2 (e.g., the inbreeding coefficient for the offspring of a

first-cousin mating is 1/16).

TABLE 4-2 Mortality Levels among Cousin and Unrelated Control Marriages in Selected

Human Populations

MORTALITY 1.0 COUSIN 1.5 COUSIN* 2.0 COUSIN UNRELATED
POPULATION TYPE % N % N % N % N
Amish (Old Order) Prereproductive 14.4 1218" — — 18.3 6064 8.2 17,200
Bombay, India Perinatal 4.8 3309 2.8 176 0 30 2.8 35,620
France (Loir-et-Cher) Prereproductive 17.7 282 6.7 105 11.7 240 8.6 1117
Fukuoka, Japan 0to 6 yr 10.0 3442 8.3 1048 9.2 1066 6.4 5224
Hirado, Japan Prereproductive 18.9 2301 1.3 764 14.7 1209 14.3 28,569
Kerala, India Prereproductive 18.6 391 — — 11.8 34 8.7 770
Punjab, Pakistan Prereproductive 22.1 3532 22.9 1114 20.1 57 16.4 4731
Sweden Prereproductive 14.1 185 13.7 227 11.4 79 8.6 625
Utah Mormons Prereproductive 22.4 1048 183 517 12.2 1129 13.2 302,454

Modified from Jorde LB. Inbreeding in human populations. In: Dulbecco R, ed. Encyclopedia of Human Biology. Vol. 5. New York: Academic

Press; 1997:1-13.
*First cousins once removed.
"Includes 1.5 cousins.

marriages as among the offspring of unrelated persons. First-
cousin marriages are illegal in most states of the United
States, and marriages between closer relatives (except double
first cousins, who share both sets of grandparents) are pro-
hibited throughout the United States.

Very few data exist for matings between siblings or parents
and offspring (defined as incest). The limited data indicate
that between ), and )4 of incestuous matings result in off-
spring affected by serious disease, with mental impairment as
one of the most common consequences. Because of small

Bl sTUDY QUESTIONS

sample sizes in these studies, it is difficult to separate the
effects of genetics from those of a substandard environment.
It is likely that the problems experienced by the offspring of
incestuous matings are caused by both (genetic and environ-
mental influences.

> Atthe populationlevel,consanguinityincreases

the frequency of genetic disease and mortality.
The closer the degree of consanguinity, the
greater the increase.

1. A man who has achondroplasia marries a phenotypically
normal woman. If they have four children, what is the
probability that none of their children will be affected with
this disorder? What is the probability that all of them will
be affected?

2. The estimated penetrance for familial retinoblastoma is
approximately 90%. If a man has had familial retinoblas-
toma and mates with a woman who does not have a reti-

noblastoma mutation, what is the risk that their offspring
will develop retinoblastoma?

3. A 30-year-old woman had a sister who died from infantile
Tay—Sachs disease, an autosomal recessive disorder that is
fatal by age 6 years. What is the probability that this woman
is a heterozygous carrier of the Tay—Sachs mutation?

4. A man has neurofibromatosis type 1. His mother also has
this condition. What is the probability that his sister also
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has this disease? In the absence of knowledge of his sister’s
phenotype, what is the probability that his sister’s daugh-
ter has neurofibromatosis type 1?

5. Consider a woman who is a known heterozygous carrier
of a mutation that causes PKU (autosomal recessive).
What is the probability that her two grandchildren, who
are first cousins, are both heterozygous carriers of this
PKU-causing allele? Suppose instead that the woman is
affected with PKU. Now what is the probability that both
of her grandchildren carry the disease-causing allele?

6. Two mating individuals, labeled A and B in Figure 4-19,
share a single great-grandparent. What is their coefficient
of relationship? Suppose that one member of this couple
is a heterozygous carrier for PKU. What is the probability
that this couple will produce a child affected with PKU?

7. A suspect in a rape case has been typed for three STR
(short tandem repeat) loci. His alleles match those of the
evidentiary sample (semen taken from the rape victim) for
each locus. He is a heterozygote for the first two loci and
a homozygote for the third. The allele frequencies for locus
1 in the general population are 0.05 and 0.10. For locus 2,
they are 0.07 and 0.02. For locus 3, the allele frequency in
the general population is 0.08. What is the probability that

X

&
&
&

S—O—

FIG 4-19 Diagram for study question 6.

~<

a random individual in the general population would
match the evidentiary sample?

8. A man implicated in a paternity suit has had his DNA
tested to establish whether or not he is the father of the
baby. Four STR loci were tested for him, the mother, and
the baby. The baby’s alleles and the man’s alleles match for
all four loci. The frequencies of these alleles in the general
population are 0.05,0.01,0.01, and 0.02. What is the prob-
ability that someone else in the general population could
be the father of the baby?
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CHAPTER 5

Sex-Linked and Nontraditional

The previous chapter dealt with diseases that are inherited in
patterns that were first elucidated by Gregor Mendel. In this
chapter we discuss disease-causing mutations that are inher-

ited in ways that were [unknown'to Mendel and are'thus

The first mutations to be discussed are DNA variants of
the sex chromosomes (X and Y), known as sex-linked muta-
tions. The human X chromosome is large, containing about
5% of the nuclear genome’s DNA (approximately 155 million

base pairs [155 megabases, 155 Mb]).(More than 1200 genes
thave been localized to the X chromosome, and the diseases

caused by these genes are said to be X-linked. In contrast to
the X chromosome, the Y chromosome is quite small (60 Mb)
and contains only a few dozen genes.

Another group of disease-causing mutations is located in
the mitochondrial genome, which is inherited only from

one’s mother. Vitochondialidiseases this display @ uniqie
{pattefi of inheritance in families. Extensive analyses have

revealed a growing number of disease-causing mutations in
the mitochondrial genome.

Finally, we discuss two processes that have been eluci-
dated only in the past 2 to 3 decades: (anticipation and
(imprinting: Anticipation refers to earlier age-of-onset of
some genetic diseases in more recent generations of families.

(il o patermally transmitted ChromOSOMES and others are

expressed only on maternally transmitted chromosomes.
Our understanding of both of these processes has been
greatly enhanced by detailed molecular analyses of humans
and model organisms.

X INACTIVATION

The X chromosome contains many important protein-coding
genes, and it has long been known that human females have
two X chromosomes and males have only one. Thus, females
have two copies of each X-linked gene, and males have only
one copy. Yet males and females do not differ in terms of the
amounts of protein products (e.g., enzyme levels) encoded by
most of these genes. What could account for this?

This would result in dosage compensation, an equalization
of the amount of X-linked gene products in males and
females. The Lyon hypothesis stated that X inactivation

Modes of Inheritance

In each cell, one of the two

each inactivated in about half of the embryo’s cells. Thus,

inactivation, like gamete transmission, is analogous to a coin-
tossing experiment. Once an X chromosome is inactivated in
a cell, it will remain inactive in all descendants of that cell. X
inactivation is therefore a randomly determined, but fixed (or
permanent), process. As a result of X inactivation, all normal
females have two distinct populations of cells: one population
has an active paternally derived X chromosome, and the other
has an active maternally derived X chromosome. (Fig. 5-1

provides a summary of this process.) Because they have two

(see Chapter 4)

for X chromosome activity. (Males, having only one copy of

> The Lyon hypothesis states that one X chro-
mosome in each cell is randomly inactivated
early inthe embryonic development of females.
This ensures that females, who have two
copies of the X chromosome, will produce
X-linked gene products in quantities roughly
similar to those produced in males (dosage
compensation).

The Lyon hypothesis relied on several pieces of evidence,
most of which were derived from animal studies. First, it was
known that females are typically mosaics for some X-linked
traits and males are not. For example, female “calico” cats
have alternating black and orange patches of fur that corre-
spond to two populations of cells: one that contains X chro-
mosomes in which an “orange” allele is active and one that
contains X chromosomes in which a “black” allele is active.
Male cats of this breed do not exhibit alternating colors and
have either black or orange patches of fur. Another example,
seen in humans, is X-linked ocular albinism. This is an
X-linked recessive condition characterized by a lack of
melanin production in the retina and by ocular problems
such as nystagmus (rapid involuntary eye movements) and
decreased visual acuity. Males who inherit the mutation show
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

a relatively uniform lack of melanin in their retinas, whereas
female heterozygotes exhibit alternating patches of pigmented
and nonpigmented tissue (Fig. 5-2).

The Lyon hypothesis was also supported by biochemical
evidence. The enzyme glucose-6-phosphate dehydrogenase
(G6PD) is encoded by a gene on the X chromosome and is
present in equal quantities in males and females (dosage

Zygote

Early cell
division

X-chromosome
inactivation

Mosaic somatic '
cells in female

FIG 5-1 The X inactivation process. The maternal (m) and
paternal (p) X chromosomes are both active in the zygote and
in early embryonic cells. X inactivation then takes place,
resulting in cells having either an active paternal X or an active
maternal X chromosome. Females are thus X chromosome
mosaics, as shown in the tissue sample at the bottom of the
figure.

compensation). In females who are heterozygous for two
common G6PD alleles (labeled A and B), some skin cells
produce only the A variant of the enzyme and others produce

only the B variant. (This is further proof of X' chromosome
‘mosaicism in females.

Finally, cytogenetic studies in the 1940s showed that inter-
phase cells of female cats often contained a densely staining
(chromatin mass in their nuclei: These masses were not seen
in males. They were termed Barr bodies, after Murray Barr,
‘e of the scientists who described them Barr and his col-
league Ewart Bertram hypothesized that the Barr body rep-

esentedia highly ondensed X chromosome It is now known
that Barr and Bertram were correct and that the inactive X

(of normal females. Its condensed state is correlated with
reduced transcriptional activity, and its DNA is replicated
later in the S phase than that of other chromosomes.

> The Lyon hypothesis is supported by cytoge-

netic evidence: Barr bodies, which are inactive
X chromosomes, are seen only in cells with
two or more X chromosomes. It is also sup-
ported by biochemical and animal studies that
reveal mosaicism of X-linked traits in female
heterozygotes.

Further study has largely verified the Lyon hypothesis.

‘contains no more than a few dozen €ells, Inactivation s initi-

ated in a single 1-Mb region on the X chromosome long arm,

FIG 5-2 Fundus photos of X-linked ocular albinism. A, Fundus photograph of a female heterozy-
gous carrier for X-linked ocular albinism. The pigmented and nonpigmented patches demonstrate
mosaicism of the X chromosome as a result of random X inactivation. B, Fundus photograph
of the heterozygous carrier's son, showing a much greater lack of melanin pigment. (Courtesy
Dr. Donnell J. Creel, University of Utah Health Sciences Center.)
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

the X inactivation center, and (then spreads along the chro-
(mosome. Although inactivation is random among cells that

make up the embryo itself, only the paternally derived X
chromosome is inactivated in cells that will become extraem-
bryonic tissue (e.g., the placenta). X inactivation is perma-

nent for all somatic cells in the female, but the inactive X
‘chromosome must later become reactivated in the female’s
‘germline so that each of her egg cells will receive one active
‘copy of the X chromosome..

An important implication of the Lyon hypothesis is that
‘the number of Barr bodies in somatic cells is always one less
(than the number of X chromosomes. Normal females have

one Barr body in each somatic cell, and normal males have
none. Females with Turner syndrome (see Chapter 6), having
only one X chromosome, have no Barr bodies. Males with
Klinefelter syndrome (two X chromosomes and a Y chromo-
some) have one Barr body in their somatic cells, and females
who have three X chromosomes per cell have two Barr bodies
in each somatic cell. This pattern leads to another question:
if the extra X chromosomes are inactivated, why aren’t people
with extra (or missing) X chromosomes phenotypically
unaffected?

(copies. For example, the tips of the short and long arms of
the X chromosome do not undergo inactivation. (The tip of

the short arm of the X chromosome is homologous to the
(distal short arm of the Y chromosome (sce Chapter 6). In

total, about 15% of the genes on the human X chromosome
escape inactivation, and relatively more genes on the short
arm escape inactivation than on the long arm. Some of the
X-linked genes that remain active on both copies of the X
chromosome have homologs on the Y chromosome, preserv-
ing equal gene dosage in males and females. Thus, having
extra (or missing) copies of active portions of the X chromo-
some contributes to a disease phenotype.

> X inactivation is random, fixed, and incom-

plete. The last feature helps to explain why,
despite X inactivation, most persons with
abnormal numbers of sex chromosomes have
a disease phenotype.

transcribed only on the inactive X chromosome; its 17-kb
mRNA transcripts are detected in normal females but not in
normal males. The RNA transcript, however, is not translated

into a protein and is an example of along noncoding RNA
(IncRNA; compare with miRNA in Chapter 2). (The' XIST
X chromosome. This process acts as a signal that leads to

other aspects of inactivation, including late replication and
condensation of the inactive X chromosome.

Methylation and histone deacetylation are additional fea-
(s of theinactive X chromosome Many CG dinucleotides

in the 5" regions of genes on the inactive X are heavily methyl-
ated, and the administration of demethylating agents, such as

5-azacytidine, can partially reactivate an inactive X chromo-
some in vitro.

[involved in spreading the inactivation signal from the inacti-

vation center to the remainder of the X chromosome. It is
more likely to be responsible for

The XIST gene is located in the X inactivation
center and is required for X inactivation. It
encodes a IncRNA product that coats the
inactive X chromosome. X inactivation is
also associated with methylation of the
inactive X chromosome, a process that might
help to ensure the long-term stability of
inactivation.

SEX-LINKED INHERITANCE

Sex-linked genes are those that are located on either the X or
the Y chromosome. Because only a few dozen genes are
known to be located on the human Y chromosome, our atten-
tion will be focused mostly on X-linked diseases. These have
traditionally been grouped into X-linked recessive and
X-linked dominant categories, and these categories are used
here for consistency with other literature. However, because

X-Linked Recessive Inheritance

A number of well-known diseases and traits are caused by
X-linked recessive genes. These include hemophilia A (Clini-
cal Commentary 5-1), Duchenne muscular dystrophy (Clini-
cal Commentary 5-2), and red—green colorblindness (Box
5-1). Additional X-linked diseases are listed in Table 5-1. The
inheritance patterns and recurrence risks for X-linked reces-
sive diseases differ substantially from those for diseases caused
by autosomal genes.
Because

In this way, X-linked loci in females
are much like autosomal loci. However, for most X-linked
loci, there is only one copy of the allele in an individual
somatic cell because of X inactivation.

Thus, as with autosomal recessive traits,

(product. Ordinarily this is sufficient for a normal phenotype.
The situation is different for
Ifa

because the Y chromosome does not carry a normal allele to
compensate for the effects of the disease allele.
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

CLINICAL COMMENTARY 5-1

Hemophilia A

Hemophilia A is caused by mutations in the gene that encodes
clotting factor VIl and affects approximately 1 in 5000 to 1 in
(10,000 males worldwide! It is the most common of the severe

bleeding disorders and has been recognized as a familial disor-
der for centuries. The Talmud states that boys whose brothers
or cousins bled to death during circumcision are exempt from
the procedure (this may well be the first recorded example of
genetic counseling).

Hemophilia A is caused by deficient or defective factor VIII,
a key component of the clotting cascade. Fibrin formation is
affected, resulting in prolonged and often severe bleeding from
wounds and hemorrhages in the joints and muscles (Fig. 5-3).
Bruising is often seen.
-are common in the ankles, knees, hips, and elbows. These
events are often painful, and repeated episodes (can lead to

Intracranial hemorrhages can occur and are a leading cause of
death. Platelet activity is normal in hemophiliacs, so minor
lacerations and abrasions do not usually lead to excessive
bleeding.

Hemophilia A varies considerably in its severity, and this varia-
tion is correlated directly with the level of factor VIII. About half
of hemophilia A patients fall into the severe category, with
factor VIl levels that are less than 1% of normal. These persons
experience relatively frequent bleeding episodes, often several
per month. Patients with moderate hemophilia (1-5% of normal
factor VIII) generally have bleeding episodes only after mild
trauma and typically experience one to several episodes per
year. Persons with mild hemophilia have 5% to 30% of the
normal factor VIII level and usually experience bleeding epi-
sodes only after surgery or relatively severe trauma.

Historically, hemophilia A was often fatal before 20 years of
age, but a major advance in treatment came in the early 1960s

¥
g

‘ﬂw'

with the ability to purify factor VIII from donor plasma. Factor
VIII is usually administered at the first sign of a bleeding
episode and is a highly effective treatment. Prophylactic factor
VIII administration in severe hemophiliacs is effective in pre-
venting loss of joint function. By the 1970s, the median age at
death of persons with hemophilia had increased to 68 years.

The major drawback of donor-derived factor VIII was the fact
that, because a typical infusion contained plasma products
from hundreds or thousands of different donors, it was often
contaminated by viruses. Consequently, patients often suf-
fered from hepatitis B and C infections. More seriously, human
immunodeficiency virus (HIV) can be transmitted in this
manner, and it is estimated that half of American hemophilia
patients treated with donor-derived factor VIII between 1978
and 1985 became infected with HIV. From 1979 to 1998,
acquired immune deficiency syndrome (AIDS) accounted for
nearly half of deaths among Americans with hemophilia A,
which resulted in a decrease in the median age at death to 49
years in the 1980s. Donor blood has been screened for HIV
since 1985, and heat treatment of donor-derived factor VIII kills
HIV and hepatitis B virus, nearly eliminating the threat of infec-
tion. Consequently, AIDS mortality among those with hemo-
philia A has decreased markedly since 1995.

Cloning and sequencing of the factor VIII gene has led to a
number of insights. (Patients With nonsense or frameshift muta"
tions usually develop severe hemophilia, and those with mis-
'sense mutations usually have mild to moderate disease. This is
expected because nonsense and frameshift mutations typically
produce a truncated protein that is degraded and lost. Missense
mutations produce a single amino acid substitution without a
dominant negative effect, usually resulting in an altered but
partially functional protein product. Many of the point mutations
take place at methylated CG sequences, which are hot spots for

FIG 5-3 A, The enlarged right knee joint of a patient with hemophilia A, demonstrating the effects
of hemarthrosis. B, Extensive bruising of the right outer thigh. (From Hoffbrand VA. Color Atlas
of Clinical Hematology. 3rd ed. Philadelphia: Mosby; 2000:281-283.)
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CHAPTER 5 Sex-Linked and

Nontraditional Modes of Inheritance

CLINICAL COMMENTARY 5-1
Hemophilia A—cont'd
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in Adults and Children. 5th ed. St. Louis: Mosby;

mutation (see Chapter 3). (AbBolit45% of Severe cases of hemos
philia A are caused by a chromosome inversion (see Chapter )

that disrupts the factor VIII gene. An additional 5% of patients
have deletions, which usually lead to relatively severe disease.
About 10% of female heterozygotes have factor VIl levels less
than 35%, and some of these are manifesting heterozygotes,
with mild symptoms of hemophilia A.

Cloning of the factor VIII gene has enabled the production of
human factor VIII using recombinant DNA techniques. Exten-
sive clinical testing showed that recombinant factor VIII works
as effectively as the donor-derived form, and it was approved
for commercial use in 1994. Recombinant factor VIII has, of
course, the advantage that there is no possibility of viral con-
tamination. However, as with other forms of factor VIII, recom-
binant factor VIII generates antifactor VIII antibody production
in approximately 10% to 15% of patients. (This response is
most common in patients who have no native factor VI
production.)

Two other major bleeding disorders are hemophilia B and von
Willebrand disease. Hemophilia B, sometimes called Christmas
disease, ™ is also an X-linked recessive disorder and is caused
by a deficiency of clotting factor IX. This condition is about one
fifth as common as hemophilia A and can be treated with

donor-derived or recombinant factor IX. Mon Willebrand disease
(expression: Although it can affect as many as 1% of individuals
of European descent, it reaches severe expression in fewer

than 1 in 10,000. (FheVon Willebrand factor, Which!is'encoded

FIG 5-4 A pedigree showing the inheritance of hemophilia B in the European royal families. The
first known carrier in the family was Queen Victoria. Note that all of the affected individuals are
male. (Modified from McCance K, Huether S. Pathophysiology: The Biologic Basis for Disease

2005.)

(by'a'gene on chromosome'12, acts as a carrier protein for

factor VIII. In addition, it binds to platelets and to damaged
blood vessel endothelium, thus promoting the adhesion of
platelets to damaged vessel walls.

Hemophilia is of historical interest because it affected
members of the royal families of Germany, Spain, England, and
Russia (Fig. 5-4). Among these families, Queen Victoria of
England was the first known heterozygous hemophilia carrier.
She had one affected son, and two of her daughters had
affected sons, making them presumptive carriers. One of her
affected great-grandsons was the Tsarevitch Alexei of Russia,
the son of Tsar Nicholas Il and Alexandra. Grigori Rasputin,
called the “mad monk,” had an unusual ability to calm the
Tsarevitch during bleeding episodes, probably through hypno-
sis. As a result, he came to have considerable influence in the
royal court, and some historians believe that his destabilizing
effect helped to bring about the 1917 Bolshevik revolution.
Recently, the Russian royal family was again touched by genet-
ics. Using the polymerase chain reaction, autosomal DNA mic-
rosatellites and mitochondrial DNA sequences were assayed
in the remains of several bodies exhumed near Yekaterinburg,
the reputed murder site of the royal family. Analysis of this
genetic variation and comparison with living maternal relatives
showed that the bodies were indeed those of the Russian royal
family. Further analysis demonstrated that Alexei had a patho-
genic mutation in the gene that encodes factor IX, establishing
that the royal families were affected by hemophilia B (rather
than the more common hemophilia A).

*Christmas was the last name of the first reported patient.
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

CLINICAL COMMENTARY 5-2

Duchenne Muscular Dystrophy

Muscular dystrophy, defined as a progressive weakness and

loss of muscle, exists in dozens of different forms. Of these,

Duchenne muscular dystrophy (DMD), named after the French

neurologist who provided the first comprehensive description

in 1868, is one of the most severe and common forms/{&If

affects approximately 1 of every 4,000 males, a prevalence

figure that is similar among all ethnic groups studied thus far.
The symptoms of DMD are usually seen before the age of 5

years, when parents begin to (otice Unusual clumsiness and
(muscle weakness! Pseudohypertrophy of the calves, the result

of infiltration of muscle by fat and connective tissue, is often
seen early in the course of the disease. All skeletal muscle
degenerates eventually, and most patients with DMD are con-
fined to a wheelchair by 11 years of age. The heart and respira-

tory musculature become impaired, and (death Usually results
(fiom respiratory or'cardiac failire! Survival beyond age 25 years

is uncommon; little can be done to alter the ultimate course of
this disease.

As muscle cells die, the enzyme creatine kinase (CK) leaks
into the blood stream. In DMD patients, serum CK is elevated
at least 20 times above the upper limit of the normal range.
This elevation can be observed presymptomatically, before
clinical symptoms such as muscle wasting are seen. Other
traditional diagnostic tools include electromyography, which
reveals reduced action potentials, and muscle biopsy.

Female heterozygous carriers of the DMD-causing muta-
tions are usually free of disease, although 8% to 10% have
(Somedegreeof ‘musclelWeakness: In addition, serum CK
exceeds the 95th percentile in approximately two thirds of
heterozygotes.

Until the gene responsible for DMD was identified in 1986,
little was known about the mechanism responsible for muscle
deterioration. The DMD gene covers approximately 2.5 Mb of
DNA, making it by far the largest gene known in the human. It
contains 79 exons that produce a 14-kb mRNA transcript.

Because of this gene's huge size, transcription of an mRNA
(Molectile’can take'as long'as 24 hours: The protein product,
named dystrophin, was unknown before the identification of
DMD. Dystrophin accounts for only about 0.002% of a striated
muscle cell’s protein mass and is localized on the cytoplasmic

side of the cell membrane. [s'amino terminus binds Factin, &
(Sarcoglycan complex) that spans the cell membrane and binds

to extracellular proteins. Dystrophin thus links these two
cellular components and plays a key role in maintaining the
structural integrity of the muscle cell. Lacking dystrophin,
the muscle cells of the DMD patient gradually die as they are
stressed by muscle contractions.

The large size of DMD helps to explain its high mutation rate,
(@boUt10™ perloctsiperigeneration: As with the gene respon-
sible for neurofibromatosis type 1, the DMD gene presents a
large target for mutation. A slightly altered form of the DMD
gene product is normally found in brain cells, in which the

transcription initiation site is farther downstream in the gene
and a different promoter is used. Thus, the mRNA transcript
and the resulting gene product differ from the gene product

found in muscle cells. (Dystrophin‘s’expressionin " the brain
(Somedegreerofintellectualidisability Several additional pro-
moters have also been found, providing a good example of a
single gene that can produce different gene products as a
result of modified transcription.

fform! The progression is also much slower, with onset at 11
years of age, on average. One study showed that whereas
95% of DMD patients are confined to a wheelchair before 12
years of age, 95% of those with BMD become wheelchair
bound after 12 years of age. Some never lose their ability to
walk. BMD is less common than DMD, affecting about 1 in
18,000 male births.

For some time it was unclear whether BMD and DMD are
caused by distinct X-linked loci or by different mutations at the
same locus. Identification of DMD showed the latter to be the
case. Both diseases usually result from deletions (65% of DMD
cases and 85% of BMD cases) or duplications (6% to 7% of
DMD and BMD cases) in DMD. But, whereas the great major-
ity of DMD-causing deletions and duplications produce frame-
Shifts) the
(alterations (i.e., a multiple of three bases is deleted or dupli-
cated). One would expect that a frameshift, which is likely to
produce a premature stop codon (see Chapter 3) and no protein
product, would produce more-severe disease than would an
in-frame alteration.

The consequences of these different mutations can be
observed in the gene product. Although dystrophin is absent
in almost all DMD patients, it is usually present in reduced
quantity (or as a shortened form of the protein) in BMD patients.
Thus, a dystrophin assay can help to distinguish between
the two diseases. This assay also helps to distinguish both
diseases from other forms of muscular dystrophy, because
several of these forms (e.g., various limb—girdle muscular dys-
trophies) result from mutations in genes that encode proteins
of the dystroglycan—sarcoglycan complex, whereas dystrophin
appears to be affected only in BMD and DMD (Figs. 5-5, 5-6,
and 5-7).

Genetic testing (see Chapter 13) is now commonly used to
help diagnose DMD and BMD; a disease-causing mutation is
identified in about 95% of cases. Considerable research has
been done on genetically based therapies for muscular dystro-

phy. For example, small-molecule drugs can cause ribosomes

(promise in mouse models) Antisense oligonucleotides (see

Chapter 13) can induce the skipping of the altered DMD exon
during mRNA translation. These approaches, along with gene
therapy in which a normal copy of DMD is inserted into muscle
cells, are now being tested in clinical trials.
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

CLINICAL COMMENTARY 5-2
Duchenne Muscular Dystrophy—cont'd

= J\WRk

= gl

FIG 5-6 Transverse section of gastrocnemius

muscle from
s (A) a normal boy and (B) a boy with Duchenne muscular
FIG 5-5 A patient with late-stage Duchenne muscular dys- dystrophy. Normal muscle fiber is replaced with fat and
trophy, showing severe muscle loss.

connective tissue.

Laminin-2

Dystroglycan Extracellular

matrix

d-Sarcoglycan o-Sarcoglycan

Cytoskeleton
FIG 5-7 The amino terminus of the dystrophin protein binds to F-actin in the cell’s cytoskeleton,
and its carboxyl terminus binds to elements of the dystroglycan—sarcoglycan complex. The latter

complex of glycoproteins spans the cell membrane and binds to proteins in the extracellular
matrix, such as laminin.
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BOX 5-1

Color Vision: Molecular Biology and Evolution

Human vision depends on a system of retinal photoreceptor
cells, about 95% of which are rod cells. They contain the light-
absorbing protein rhodopsin and allow us to see in conditions
of dim light. In addition, the retina contains three classes of
cone cells, which contain light-absorbing proteins (opsins) that
react to light wavelengths corresponding to the three primary
colors—red, green, and blue. Color vision depends on the pres-
ence of all four of these cell types. Because three major colors
are involved, normal color vision is said to be trichromatic.

There are many recognized defects of human color vision.
The most common of these involve red and green color percep-
tion and have been known since 1911 to be inherited in X-linked
recessive fashion. Thus, they are much more common in males
than in females. Various forms of red—-green colorblindness are
seen in about 8% of European males, 4% to 5% of Asian
males, and 1% to 4% of African and Native American males.
‘Among European males, 2% are dichromatic: they are unable
to perceive one of the primary colors, usually red or green. The
inability to perceive green is termed deuteranopia, and the
inability to perceive red is termed protanopia. About 6% of
European males can detect green and red, but with altered
perception of the relative shades of these colors. These are
respectively termed deuteranomalous and protanomalous
conditions.

A, Image perceived by a person with normal color vision.
B, The predicted perception by a person with protanopia, a
form of red-green colorblindness. (Copyright George V.

Kelvin.)

It should be apparent that dichromats are not really color
blind, because they can still perceive a fairly large array of dif-
ferent colors. True colorblindness (monochromacy, the ability
to perceive only one color) is much less common, affecting
approximately 1 in 100,000 persons. There are two major
forms of monochromatic vision. Rod monochromacy is an
autosomal recessive condition in which all visual function is
carried out by rod cells. Blue cone monochromacy is an
X-linked recessive condition in which both the red and green
cone cells are absent.

Cloning of the genes responsible for color perception has
revealed a number of interesting facts about both the biology
and the evolution of color vision in humans. In the 1980s,
Jeremy Nathans and colleagues reasoned that the opsins in all
four types of photoreceptor cells might have similar amino acid
sequences because they carry out similar functions. Thus, the
DNA sequences of the genes encoding these proteins should
also be similar. But none of these genes had been located, and
the precise nature of the protein products was unknown. How
could they locate these genes?

Fortunately, the gene encoding rhodopsin in cattle had
been cloned. Even though humans and cattle are separated by
millions of years of evolution, their rhodopsin proteins still
share about 40% of the same amino acid sequence. Thus, the
cattle (bovine) rhodopsin gene could be used as a probe to
search for a similar DNA sequence in the human genome. A
portion of the bovine rhodopsin gene was converted to single-
strand form, radioactively labeled, and hybridized with human
DNA (much in the same way that a probe is used in Southern
blotting [see Chapter 3]). Low-stringency hybridization condi-
tions were used: Temperature and other conditions were
manipulated so that complementary base pairing would occur
despite some sequence differences between the two species.
In this way, the human rhodopsin gene was identified and
mapped to chromosome 3.

The next step was to use the human rhodopsin gene as a
probe to identify the cone-cell opsin genes. Each of the cone-
cell opsin amino acid sequences shares 40% to 45% similarity
with the human rhodopsin amino acid sequence. By probing
with the rhodopsin gene, the gene for blue-sensitive opsin was
identified and mapped to chromosome 7. This gene was
expected to map to an autosome because variants in blue
sensitivity are inherited in autosomal recessive fashion. The
genes for the red- and green-sensitive opsins were also identi-
fied in this way and, as expected, were found to be on the X
chromosome. The red and green genes are highly similar,
sharing 98% of their DNA sequence.

Initially, many investigators expected that people with color
vision defects would display the usual array of deletions and
missense and nonsense mutations seen in other disorders. But
further study revealed some surprises. It was found that the
red and green opsin genes are located directly adjacent to each
other on the distal long arm of the X chromosome and that
normal persons have one copy of the red gene but can have
one to several copies of the green gene. The multiple green
genes are 99.9% identical in DNA sequence, and the presence
of multiple copies of these genes has no effect on color per-
ception because only the red gene and the first green gene are
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BOX 5-1

expressed in the retina. However, when there are no green
genes, deuteranopia is produced. Persons who lack the single
red gene have protanopia.

The unique aspect of these deletions is that they are the
(fesult'of 'unequal  crossover during meiosis: Unlike ordinary
crossover, in which equal segments of chromosomes are
exchanged (see Chapter 2), unequal crossover results in a loss
of chromosome material on one chromosome homolog and a

gain of material on the other. (UREqUal'Crossover seems to'be

Color Vision: Molecular Biology and Evolution—cont’d

(red'and greengenes: |t is relatively easy for the cellular machin-

ery to make a mistake in deciding where the crossover should
occur. Thus, a female with one red gene and two green genes
could produce one gamete containing a red gene with one
green gene and another gamete containing a red gene with
three green genes. Unequal crossover could also result in
gametes with no copies of a gene, producing protanopia or
deuteranopia.

a Unequal crossover

() Green dichromat

— | -
S I G ) — —
YT T T ) Normal @
: - H ):( ) C - ) Normal
). ( | -
A B
T — . W —
O )i )

CZ) Red dichromat

(¢
C 1D T

E

1

S S (— ..
C D

(= G =

(S S

) Red dichromat or red anomalous trichromat

) Green anomalous trichromat

A, Normal individuals have one red gene and one to several green genes. B, Unequal crossover
causes normal variation in the number of green genes. C, Unequal crossover can produce a
green dichromat with no green genes (deuteranopia). D, Unequal crossover that occurs within
the red and green genes can produce a red dichromat (protanopia) or a green anomalous trichro-
mat (deuteranomaly). E, Crossovers within the red and green genes can also produce red
anomalous trichromats (protanomaly). The degree of red and green color perception depends on
where the crossover occurs within the genes. (Based on Nathans J, Merbs SL, Sung C, et al.
The genes for color vision. Sci Am. 1989;260:42-49.)

Continued
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

BOX 5-1

Unequal crossover also explains protanomalous and deuter-
anomalous color vision. Here, crossover takes place within the
red or green genes, resulting in new chromosomes with hybrid
genes (e.g., a portion of the red gene fused with a portion of
the green gene) (The relative ratio of red and green compo’
nents of these fusion genes determines the extent and nature
of the red-green anomaly.

Because the opsin genes have DNA sequence similarity and
perform similar functions, they are members of a gene family,
much like the globin genes (see Chapter 3). This suggests that
they evolved from a single ancestral gene that, through time,
duplicated and diverged to encode different but related pro-
teins. Evidence for this process is provided by comparing these
genes in humans and other species. Because the X-linked red
and green opsin genes share the greatest degree of DNA

Color Vision: Molecular Biology and Evolution—cont’d

sequence similarity, we would expect that these two genes
would be the result of the most recent duplication. Indeed,
humans share all four of their opsin genes with apes and Old
World monkeys, but the less closely related New World
monkeys have only a single opsin gene on their X chromo-
somes. It is therefore likely that the red-green duplication
occurred sometime after the split of the New and Old World
monkeys, which took place about 30 to 40 million years ago.
Similar comparisons date the split of the X-linked and autoso-
mal cone opsin genes to approximately 500 million years ago.
And finally, comparisons with the fruit fly, Drosophila melano-
gaster, indicate that the duplication that produced the rod and
cone visual pigment genes may have occurred as much as
1 billion years ago.

TABLE 5-1

Additional Examples of X-Linked Recessive Disorders

Hypohydrotic ectodermal hypoplasia EDA

Vitamin D-resistant rickets PHEX

Aarskog-Scott syndrome FGD1
(faciogenital dysplasia)

Cleft palate with ankyloglossia TBX22
Pelizaeus—Merzbacher disease PLP1
Nephrogenic diabetes insipidus AVPR2

Otopalatodigital spectrum disorders FLNA

NAME GENE CLINICAL CHARACTERISTICS

Juvenile retinoschisis RS1 Progressive visual impairment caused by splitting of the nerve fiber layer of
the retina; begins in the first or second decade of life; impairment typically
20/60 to 20/120

Leri-Weill dyschondrosis SHOX Madelung deformity of the radius and ulna; mesomelia (shortening of the
forearms and lower legs); short stature

ATR-X ATRX Mental retardation; genital anomalies; and o-thalassemia without abnormalities

of the a-globin gene complex

Diminished sweating and heat intolerance; sparse and light-colored hair,
eyelashes, and eyebrows; abnormal and/or missing teeth; recurrent upper
airway infections

Hypophosphatemia due to reduced renal phosphate reabsorption; short
stature; bowed legs; poor teeth formation

Short stature; hypertelorism; genital anomalies

Cleft palate with or without ankyloglossia (tongue tie)

Defect of myelination; typically manifests in infancy or early childhood;
characterized by nystagmus, hypotonia, spasticity, early death

Impaired response to antidiuretic hormone that leads to inability to
concentrate urine, polydipsia (excessive thirst), polyuria (excessive urine
production)

Skeletal dysplasia ranging from mild to lethal; males more severely affected
than females

An X-linked recessive disease with gene frequency g will
be seen in a fraction g of males! This is because a male, having
only one X chromosome, will manifest the disease if his X
chromosome contains the disease-causing mutation.Females,
needing two copies of the mutant allele to express the disease,
will have a disease frequency of only ¢°, as in autosomal reces-
sive diseases. For example, hemophilia A (see Clinical Com-
mentary 5-1) is seen in about 1 of every 10,000 males in some
populations. Thus, in a collection of 10,000 male X chromo-
somes, one chromosome would, on average, contain the
disease-causing mutation (g = 0.0001). Affected female
homozygotes are almost never seen, because g* = 0.00000001,
or 1 in 100,000,000. This example shows that, in general,
males are more frequently affected with X-linked recessive

diseases than are females, with this difference becoming more
pronounced as the disease becomes rarer.

> Because females have two copies of the X

chromosome and males have only one (hemi-
zygosity), X-linked recessive diseases are
much more common among males than
among females.

In addition to their higher prevalence in males than
females, X-linked recessive diseases display several patterns of
inheritance that distinguish them from autosomal dominant
and recessive diseases (Fig. 5-8). Because a father can transmit
only a Y chromosome to his son, X-linked genes are not


martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv


CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

FIG 5-8 A pedigree showing the inheri-
tance of an X-linked recessive trait. Solid

Mother
X4 Xa
Daughters:
X4 X1X4 X1 Xz 50% normal,
50% carriers
9]
<
©
(TN
Sons:
Y XiY XoY 50% normal,
50% affected

FIG 5-9 Punnett square representation of the mating of a
heterozygous female who carries an X-linked recessive
disease gene with a normal male. X;, Chromosome with
normal allele; X5, chromosome with disease allele.

passed from father to son. (In contrast, father-to-son trans-
mission can be observed for autosomal disease alleles.) An
X-linked disease allele can be transmitted through a series of
phenotypically normal heterozygous females, causing the
appearance of skipped generations. The gene is passed from
an affected father to all of his daughters, who, as carriers,
transmit it to approximately half of their sons, who are
affected.

> X-linked recessive inheritance is characterized

by an absence of father-to-son transmission,
skipped generations when genes are passed
through female carriers, and a preponderance
of affected males.

(male. The carrier mother will transmit the disease gene to
half of her sons and half of her daughters, on average. As

symbols represent affected individuals,
and dotted symbols represent heterozy-
gous carriers.

Mother

X4 X4

Daughters:
X XeXs XeXs 100% carriers
9]
ey
©
(TN
v X1Y X1Y Sons:

100% normal

FIG 5-10 Punnett square representation of the mating of a
normal female with a male who is affected by an X-linked
recessive disease. X;, Chromosome with normal allele;
X, chromosome with disease allele.

‘amating will be carriers, and half will be normal. Half of the
sons will be normal, and half, on average, will have the disease.

The other common mating type is an affected father and
(ahomozygous unaffected mother (Fig. 5-10). Here, all of the
sons must be unaffected, because the father can transmit only
his Y chromosome to them. Because all of the daughters must
receive the father’s X chromosome, they will all be heterozy-

gous carriers. None of the children will manifest the disease,
however.

A much less common mating type is that of an affected
father and a carrier mother (Fig. 5-11).

Half of
the sons will be unaffected, and half will be affected. It may
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

Mother
X4 Xo
Daughters:
Xa XXy XoXo 50% affected,
50% carriers
5
<
©
[
Sons:
Y XY XoY 50% normal,
50% affected

FIG 5-11 Punnett square representation of the mating of a
carrier female with a male affected with an X-linked recessive
disease. X;, Chromosome with normal allele; X, chromo-
some with disease allele.

Recurrence risks for X-linked recessive disor-
> ders are more complex than for autosomal

disorders. The risk depends on the genotype

of each parent and the sex of the offspring.

(disease! Imagine a female embryo that has received a normal
clotting factor VIII allele from one parent and a mutated

clotting factor VIII allele from the other. Ordinarily, X inac-
tivation will result in approximately equal numbers of cells
‘having active paternal and maternal X chromosomes. In this

case, the female carrier would produce about 50% of the
normal level of factor VIII and would be phenotypically
normal. However, because X inactivation is a random process,
it sometimes results in a heterozygous female in whom nearly
all of the active X chromosomes happen to be the ones car-

rying the disease-causing mutation./About 5% of female het-
(erozygotes exhibit hemophilia A and are termed manifesting

heterozygotes. Because they usually maintain at least a small
fraction of active normal X chromosomes, manifesting het-
erozygotes tend to be relatively mildly affected.

> Because X inactivation is a random process,

some female heterozygotes experience inacti-
vation of most of the normal X chromosomes
in their cells. These manifesting heterozygotes
are usually mildly affected.

Less commonly, females having only a single X chromo-
some (Turner syndrome) have been seen with X-linked reces-
sive diseases such as hemophilia A. Females can also be
affected with X-linked recessive diseases as a result of trans-
locations or deletions of X chromosome material (see Chapter
6). These events are rare.

X-Linked Dominant Inheritance

X-linked dominant diseases are fewer and less prevalent than
‘e Xelinked fecessive diseases, An cxample of an X-linked

dominant disease is hypophosphatemic rickets, a disease in
which the kidneys are impaired in their ability to reabsorb
phosphate. This results in abnormal ossification, with bending
and distortion of the bones (rickets). Another example is
incontinentia pigmenti type 1, a disorder characterized by
abnormal skin pigmentation, conical or missing teeth, and
ocular and, in some cases, neurological abnormalities. (This

disorder s seeionlyn females 1t is thought that EMIZIE0HS

Heterozygous females, having one normal X chromosome,
tend generally to have milder expression of X-linked
dominant traits (just as heterozygotes for most autosomal
dominant disease genes are less severely affected than are

homozygotes).

(syndrome; a neurodevelopmental disorder seen in 1 in 10,000
females and in a much smaller fraction of males, most of
whom do not survive to term. Rett syndrome is characterized
by autistic behavior, intellectual disability, seizures, and gait
ataxia. The severity of this condition varies substantially
among affected females, reflecting the effects of random X
inactivation. In mildly affected females, a large percentage of
the X chromosomes that bear the disease-causing mutation
have been randomly inactivated. About 95% of classic Rett
syndrome cases are caused by mutations in the MECP2 gene,
and most of these mutations are de novo events that occur in
the paternal germline (consistent with a higher mutation rate
in male gamete formation, discussed in Chapter 3). (The

{tion. Loss-of-function mutations in MECP2 result in the
inappropriate expression of genes thought to be involved in
brain development.

Figure 5-12 illustrates a pedigree for X-linked dominant

inheritance. As with autosomal dominant diseases, a person
disease gene to manifest the disorder; Because females have

two X chromosomes, either of which can potentially carry the
disease gene, they are about twice as commonly affected as
males (unless the disorder is lethal in males, as in incontinen-

tia pigmenti). Affected fathers cannot transmit the trait to
their sons. All of their daughters must inherit the disease
(gene, so all are affected. Affected females are usually hetero-

zygotes and thus have a 50% chance of passing the disease
allele to their daughters and sons. The characteristics of
X-linked dominant and X-linked recessive inheritance are
summarized in Table 5-2. As already mentioned, the distinc-
tion between these categories can be blurred by incomplete
penetrance in heterozygotes for X-linked dominant muta-
tions and by the presence of disease in heterozygotes for
X-linked recessive mutations (manifesting heterozygotes).
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

X-linked dominant diseases display character-
> istic patterns of inheritance. They are about
twice as common in females as in males,
skipped generations are uncommon, and
father-to-son transmission is not seen.

Y-Linked Inheritance

Although it consists of approximately 60 Mb of DNA, the Y
chromosome contains relatively few genes. Only a few dozen
Y-linked, or holandric, genes have been identified. These
include the gene that initiates differentiation of the embryo
into a male (see Chapter 6), several genes that encode testis-
specific spermatogenesis factors, a minor histocompatibility
antigen (termed HY), and a gene in which mutations can
cause hearing loss (DFENY1). Several housekeeping genes are

XY X1Xa

- O [

XoY XiX1  XiXq XqY X1 Xz
X1 XiXo XY XiXo XoY XY XqXq

FIG 5-12 Pedigree demonstrating the inheritance of an
X-linked dominant trait. X;, Chromosome with normal allele;
X,, chromosome with disease allele.

located on the Y chromosome, and they all have inactivation-
escaping homologs on the X chromosome. Transmission of
Y-linked traits is strictly from father to son (Fig. 5-13).

SEX-LIMITED AND SEX-INFLUENCED TRAITS

Confusion sometimes exists regarding traits that are sex-
linked and those that are sex-limited or sex-influenced. A
sex-limited trait occurs in only one of the sexes—due, for
instance, to anatomical differences. Inherited uterine or tes-
ticular defects would be examples. A good example of a sex-
influenced trait is male-pattern baldness, which occurs in
both males and females but much more commonly in males.
This is related in part to sex differences in hormone levels.
Contrary to oft-stated belief, male-pattern baldness is not
strictly X-linked, although variation in the X-linked andro-
gen receptor gene is associated with baldness. Autosomal
genes are also thought to influence male-pattern baldness,
helping to explain apparent father-to-son transmission of
this trait.

L omd bbb

1 O

FIG 5-13 Pedigree demonstrating the inheritance of a
Y-linked trait. Transmission is exclusively male to male.

TABLE 5-2 Comparison of the Major Attributes of X-Linked Dominant and X-Linked

Recessive Inheritance Patterns
ATTRIBUTE X-LINKED DOMINANT

X-LINKED RECESSIVE

Recurrence risk for heterozygous
female x normal male mating
Recurrence risk for affected male

x normal female mating
Transmission pattern

affected

affected

Sex ratio

50% of sons affected; 50% of daughters
0% of sons affected; 100% of daughters

Vertical; disease phenotype seen in
generation after generation

Twice as many affected females as affected
males (unless disease is lethal in males)
Other Male-to-male transmission is not seen;
expression is less severe in female
heterozygotes than in affected males

50% of sons affected; 50% of daughters
heterozygous carriers

0% of sons affected; 100% of daughters
heterozygous carriers

Skipped generations may be seen,
representing transmission through carrier
females

Much greater prevalence of affected males;
affected homozygous females are rare

Male-to-male transmission not seen;
manifesting heterozygotes may be seen
in females

*Compare with the inheritance patterns for autosomal diseases shown in Table 4-1.
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MITOCHONDRIAL INHERITANCE

The great majority of genetic diseases are caused by altera-
tions in the nuclear genome. However, a small but significant
number of diseases can be caused by mutations in mitochon-

drial DNA. Because of the (unique properties of the mito-
«chondria, these diseases display characteristic modes of
inheritance and a large degree of phenotypic variability.

Each human cell contains several hundred or more mito-
chondria in its cytoplasm. Through the complex process of
oxidative phosphorylation, mitochondria produce adenosine
triphosphate (ATP), the energy source essential for cellular
metabolism. Mitochondria are thus critically important for
cell survival.

The mitochondria have their own DNA molecules, which
occur in several copies per mitochondrial body and consist
of 16,569 base pairs arranged on a double-stranded circular
molecule (Fig. 5-14). The mitochondrial genome encodes

( N\

. Complex | genes . Complex Ill genes |:| Transfer RNA
(NADH (ubiquinol: genes
dehydrogenase) cytochrome ¢

oxidoreductase)

|:| Complex IV genes . Complex V |:| Ribosomal
(cytochrome ¢ genes (ATP RNA genes
oxidase) synthase)

J

FIG 5-14 The circular mitochondrial DNA genome. Locations
of protein-encoding genes (for reduced nicotinamide adenine
dinucleotide [NADH] dehydrogenase, cytochrome c oxidase,
cytochrome ¢ oxidoreductase, and adenosine triphosphate
[ATP] synthase) are shown, as are the locations of the two
ribosomal RNA genes and 22 transfer RNA genes (desig-
nated by single letters). The replication origins of the heavy
(OH) and light (OL) chains and the noncoding D loop (also
known as the control region) are shown. (Modified from
MITOMAP. A Human Mitochondrial Genome Database.
http://www.mitomap.org, 2008.)

two ribosomal RNAs (rRNAs), 22 transfer RNAs (tRNAs),
and 13 polypeptides involved in oxidative phosphorylation.
(Approximately 1000 nuclear DNA genes also encode poly-
peptides that are transported into the mitochondria.) (Tran-

imitochondsion; independently of the nucleus Unlike nuclear
gens, FMEDNA'gEiEs CONGAINTOMMEORS Because it i located

in the cytoplasm, mtDNA is inherited exclusively through the
maternal line (Fig. 5-15). Males do not transmit mtDNA
to their offspring because sperm cells contain only a small
number of mtDNA molecules, which are not incorporated
into the developing embryo. (One isolated case of paternal
transmission of a mitochondrial DNA mutation has been
reported, but such events appear to be extremely rare.)

The mutation rate of mtDNA is about 10 times higher
(than that of nuclear DNA. This is caused by a relative lack of

DNA repair mechanisms in the mtDNA and also by damage
from free oxygen radicals released during the oxidative phos-
phorylation process.

'mtDNA mutation and other molecules that do not. This het-
erogeneity in DNA composition, termed heteroplasmy, is an
important cause of variable expression in mitochondrial

diseases. The larger the percentage of mutant mtDNA mol-
ecules, the more severe the expression of the disease. As cells

divide, changes in the percentage of mutant alleles can occur
through chance variation (identical in concept to genetic
drift, discussed in Chapter 3) or because of a selective advan-
tage (e.g., deletions produce a shorter mitochondrial DNA
molecule that can replicate more quickly than a full-length
molecule).

Each tissue type requires a certain amount of ATP for
normal function. Although some variation in ATP levels may
be tolerated, there is typically a threshold level below which
cells begin to degenerate and die. Organ systems with large
ATP requirements and high thresholds tend to be the ones
most seriously affected by mitochondrial diseases. For
example, the central nervous system consumes about 20% of
the body’s ATP production and therefore is often affected by
mtDNA mutations.

Like the globin disorders, mitochondrial disorders can be
classified according to the type of mutation that causes them.

). This disease, which affects about
one in 10,000 persons, is characterized by rapid loss of vision
in the central visual field as a result of optic nerve death.

(usually irreversible: Heteroplasmy is minimal in LHON, so

expression tends to be relatively uniform and pedigrees for
this disorder usually display a clear pattern of mitochondrial
inheritance.

Single-base mutations in a tRNA gene can result in myo-
clonic epilepsy with ragged-red fiber syndrome (MERREF), a
disorder characterized by epilepsy, dementia, ataxia (uncoor-
dinated muscle movement), and myopathy (muscle disease).


http://www.mitomap.org
martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv
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FIG 5-15 A pedigree showing the inheritance of a
disease caused by a mitochondrial DNA mutation.
Only females can transmit the disease mutation to

I

bl e o
p b

ighly Variable i its @xpression. Another example of  mito-

chondrial disease caused by a single-base tRNA mutation is
mitochondrial encephalomyopathy and stroke-like episodes
(MELAS). Like MERRF, MELAS is heteroplasmic and highly
variable in expression.

The final class of mtDNA mutations consists of duplica-
tions and deletions. These can produce Kearns—Sayre disease
(muscle weakness, cerebellar damage, and heart failure);
Pearson syndrome (infantile pancreatic insufficiency, pancy-
topenia, and lactic acidosis); and chronic progressive external
ophthalmoplegia (CPEO). Hundreds of disease-causing
mtDNA mutations, including single-base mutations, dele-
tions, and duplications, have been reported.

Mitochondrial mutations are also associated with some
common human diseases. A mitochondrial mutation causes
a form of late-onset deafness, and the MELAS mutation is
seen in 1% to 2% of persons with type 2 diabetes mellitus.

‘whether mitochondrial mutations are a primary cause or a
(secondary event: It has also been suggested that mtDNA

mutations, which accumulate through the life of an individ-
ual as a result of free radical formation, could contribute to
the aging process.

> The mitochondria, which produce ATP, have
their own unique DNA. Mitochondrial DNA is
maternally inherited and has a high mutation
rate. A number of diseases are known to be
caused by mutations in mitochondrial DNA.

GENOMIC IMPRINTING

Mendel’s experimental work with garden peas established
that the phenotype is the same whether a given allele is inher-
ited from the mother or the father. Indeed, this principle has
long been part of the central dogma of genetics. However,
research during the past two decades demonstrates that this

principle does not always hold. ([Fot soime human genes, one
(R e aleles S FANSCHpHOMAIIYARACEN® (no mRNA i pro-

duced), depending upon the parent from whom the allele was

|
om——l
.

their offspring. Complete penetrance of the disease-
causing mutation is shown in this pedigree, but
heteroplasmy often results in incomplete pene-
trance for mitochondrial diseases.

received. For example, an allele transmitted by the mother
(father would be active. The normal individual would have

only one transcriptionally active copy of the gene. This
process of gene silencing is known as imprinting, and the
transcriptionally silenced genes are said to be imprinted. At
least 100 human genes are known to be imprinted, and most
of these are located in genomic regions that contain clusters
of several or more imprinted genes.

Imprinted alleles tend to be heavily methylated (in con-

trast to the nonimprinted copy of the allele, which typicall
is not methylated)._‘

«condensation of chromatin, inhibit the binding of proteins
(that promote transcription: It should be apparent that this

process is similar in many ways to X inactivation, discussed
earlier in this chapter.

Prader—Willi and Angelman Syndromes

A striking disease example of imprinting results from a dele-
tion of about 4 Mb of the long arm of chromosome 15. When

this deletion is inherited from the father, the child manifests

Prader-Willi syndrome (PWS), (@ diseéase whose features
include short stature, hypotonia (poor muscle tone), small
‘hands and feet, obesity, mild to moderate intellectual dis-
(ability, and hypogonadism (Fig. 5-16A). When the same

deletion is inherited from the mother, the child develops
Angelman syndrome (AS), which is characterized by severe
intellectual disability, seizures, and an ataxic gait (see Fig.
5-16B). Both diseases are seen in about 1 of every 15,000
persons, and chromosome deletions are responsible for about
70% of cases of both diseases. The deletions that cause PWS
and AS are microscopically indistinguishable and affect the
same group of genes.

For some time, it was unclear how the same chromosomal
deletion could produce such disparate results in different
patients. Further analysis showed that the 4-Mb deletion (the
critical region) contains several genes that normally are tran-
scribed only on the chromosome inherited from the father.

‘These genes are transcriptionally inactive (imprinted) on the
copy of chromosome 15 inherited from the mother. Similarly;

other genes in the critical region are active only on the
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PWS region
AS gene

PWS region

Deletion
I: AS gene

MO0 -
QN [0

Chromosome 15 Chromosome 15

C Prader-Willi syndrome

PWS region
AS gene

PWS region

Deletion
AS gene :I

(amm i) -
C_ a0

Chromosome 15 Chromosome 15

[ Active

Angelman syndrome mm Inactive

FIG 5-16 lllustration of the effect of imprinting on chromosome 15 deletions. A, Inheritance of
the deletion from the father produces Prader-Willi syndrome (PWS) (note the inverted V-shaped
upper lip, small hands, and truncal obesity). B, Inheritance of the deletion from the mother pro-
duces Angelman syndrome (note the characteristic posture). C, Pedigrees illustrating the inheri-
tance pattern of this deletion and the activation status of genes in the critical region.

chromosome inherited from the mother and are inactive on
the chromosome inherited from the father. Thus, several
genes in this region are normally active on only one chromo-

some (see Fig. 5-16C). If the single active copy of one of these
genes is lost through a chromosome deletion, then no gene
product is produced at all, and disease results.

Molecular analysis using many of the tools and techniques
outlined in Chapter 3 has identified several specific genes in
the critical region of chromosome 15. The gene responsible
for AS encodes a protein involved in ubiquitin-mediated

protein degradation during brain development (consistent
with the intellectual disability and ataxia observed in this
disorder). In brain tissue, this gene is active only on the chro-
mosome inherited from the mother; thus, a maternally trans-
mitted deletion removes the single active copy of this gene.
Several genes in the critical region are involved in PWS, and
they are transcribed only on the chromosome transmitted by
the father.

Several mechanisms in addition to chromosome deletions
can cause PWS and AS. One of these is uniparental disomy,
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in which an individual inherits two copies of a chromosome
from one parent and none from the other (see Chapter 6
for further discussion). When two copies of the maternal
chromosome 15 are inherited, (PWS results because no
active paternal genes are present in the critical region. Con-
versely, disomy of the paternal chromosome 15 produces AS.
Point mutations in the maternally transmitted copy of the
AS gene produce approximately 10% to 20% of AS cases.
Finally, a small percentage of PWS and AS result from
defects in the imprinting control center on chromosome 15.
This is the DNA sequence that helps to set and reset the
imprint itself. The great majority of PWS and AS cases can
be diagnosed accurately by analyzing methylation patterns
and DNA sequences in the critical region. Box 5-2 presents
clinical issues of PWS from the perspective of a patient’s
family.

Beckwith-Wiedemann Syndrome

A second example of imprinting in the human genome is
given by Beckwith—-Wiedemann syndrome, an overgrowth
condition accompanied by an increased predisposition to
cancer. Beckwith—-Wiedemann syndrome is usually recogniz-
able at birth because of large size for gestational age, neonatal
hypoglycemia, a large tongue, creases on the ear lobe, and
omphalocele (an abdominal wall defect). Some children with
Beckwith—Wiedemann syndrome also develop asymmetrical
overgrowth of a limb or one side of the face or trunk (ie.,
hemihyperplasia). Children with Beckwith—-Wiedemann syn-
drome have an increased risk for developing Wilms tumor (a
kidney cancer) and hepatoblastoma (a liver cancer). Both of
these tumors can be treated effectively if they are detected
early, so screening at regular intervals is an important part of
management (see Chapter 15).

As with Angelman syndrome, a minority of Beckwith—
Wiedemann syndrome cases (about 20-30%) (are caused by
the inheritance of two copies of a chromosome from the
father and no copy of the chromosome from the mother
(uniparental disomy, in this case affecting chromosome 11).
Several genes on the short arm of chromosome 11 are
imprinted on either the paternal or maternal chromosome
(Fig. 5-17). These genes are found in two separate, differen-
tially methylated regions (DMRs). In DMRI, the gene that
encodes insulin-like growth factor 2 (IGF2) is normally inac-
tive on the maternally transmitted chromosome and active
on the paternally transmitted chromosome. Normally, then,
a person has only one active copy of IGF2. When two copies
of the paternal chromosome are inherited (i.e., paternal uni-
parental disomy) or there is loss of imprinting on the mater-
nal copy of IGF2, an active IGF2 gene is present in double
dose. This results in increased levels of IGF2 during fetal
development, contributing to the overgrowth features of
Beckwith—Wiedemann syndrome. (Note that, in contrast to
PWS and Angelman syndromes, which are produced by a
missing gene product, (Beckwith-Wiedemann syndrome is
caused, at least in part, by overexpression of a gene product.)

In 50% to 60% of cases, Beckwith—-Wiedemann syndrome
is caused by a loss of methylation or other alterations

BOX 5-2 A Mother’'s Perspective of

Prader-Willi syndrome

We have a 3)%-year-old son, John, who has Prader—Willi
syndrome. Months before John was born, we were con-
cerned about his well-being because he wasn't as active in
utero as his older siblings had been. At the first sight of John,
the doctors suspected that things “weren’t quite right.” John
opened his eyes but made no other movements. He couldn’t
adequately suck, he required supplemental oxygen, and he
was “puffy.” He remained hospitalized for nearly 3 weeks.
The next 3 years were filled with visits to occupational thera-
pists, physical therapists, home health-care aides, early child-
hood service providers, and speech therapists.

From the day John was born, we searched diligently for a
diagnosis. His father insisted that we need only love and help
him. However, | wanted specifics on how to help him and
knowledge from other parents who might have traveled a
similar path. After extensive testing and three “chromosome
checks,” John's problem was diagnosed as Prader-Willi syn-
drome (PWS). We were glad to be provided with some direc-
tion and decided that we would deal with further challenges
as they came upon us. We used what we learned about PWS
to get started helping John reach his potential. We were not
going to worry about all the potential problems John could
have because of his PWS.

John attends a special education preschool at the local
elementary school 4 days a week. The bus ride takes about
5 minutes, but it is long enough for John to very much antici-
pate it each day. If he is ill, we have to tell him that the bus
is broken. He attends a Sunday school class with children of
a similar age. He misbehaves by saying “hi” and “bye"” very
loudly to each participant. He receives speech therapy once
a week, and | spend at least 30 minutes each day with John
practicing speech, cognitive, and play skills. John has not yet
experienced the feeding difficulties commonly observed in
children with PWS. However, excessive eating and weight
gain are more common in older children with PWS.

Compared with other 3-year-old children, John struggles
with speech and motor developmental milestones. Yet, he
loves to play with his siblings and their friends and to look at
books. In fact, we struggle to keep people from doing too
many things for John because they might prevent him from
attaining the same goal independently. We feel very privi-
leged to have him in our family.

Our expectations for John are that he achieves everything
that is possible for him plus a little bit more. Indeed, some
of his care providers are already impressed with his capabili-
ties. | hope that his success is partly a result of the care
and support that we have given to him. Moreover, | hope
that John continues to overcome the daily challenges that
face him.

of DMR2. This region contains several genes, including
CDKNI1C, animportant growth-regulating gene, and KCNQI,
a gene that contains a regulatory IncRNA within one of its
introns. Altered expression levels of these genes are thought
to result in silencing of growth inhibitors and thus over-
growth and increased predisposition to cancer.



martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv
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Maternal

allele DMR1 DMR2

—_ H19 — IGF2 — KCNQ1 — CDKNiC —
—_— H19 — IGF2 — KCNQ1 — CDKN1C —
Paternal

allele

FIG 5-17 Schematic of the organization of several imprinted
genes on chromosome 11p15.5 that are involved in the
pathogenesis of Beckwith-Wiedemann syndrome and Silver—
Russell syndrome. Beckwith—-Wiedemann syndrome can
arise from loss of imprinting of the growth promoting gene,
IGF2, on the maternally transmitted chromosome, two copies
of the paternal allele with an active /GF2 as a consequence
of uniparental disomy, or faulty imprinting of the growth-
suppressing gene, CDKN1C, on the maternally transmitted
chromosome. Imprinting defects that lead to down-regulation
of IGF2 on the paternal allele cause some cases of Silver—
Russell syndrome. DMR, Differentially methylated region;
red, genes that are not methylated and therefore expressed;
green, genes that are methylated and therefore silenced.

Silver-Russell Syndrome

Silver—Russell syndrome is a clinically heterogeneous group
of disorders characterized by growth retardation, proportion-
ate short stature, leg length discrepancy, and a small,
triangular-shaped face. About half of Silver—Russell syndrome
cases are associated with a loss of methylation of DMR1 on
chromosome 11p15.5, leading to down-regulation of IGF2
and diminished growth. Thus, whereas up-regulation or
extra copies of active IGF2 cause overgrowth in Beckwith—
Wiedemann syndrome, down-regulation of IGF2 causes
diminished growth in Silver—Russell syndrome.

> Some disease genes may be expressed differ-

ently when inherited from one sex versus the
other. This is genomic imprinting. It is typically
associated with methylation of DNA and chro-
matin condensation, which limit the action
of transcription factors and decrease gene
expression.

Anticipation and Repeat Expansion

Since the early part of the 20th century, it has been observed
that some genetic diseases seem to display an earlier age of
onset and/or more severe expression in the more recent gen-
erations of a pedigree: This pattern is termed anticipation,
and it has been the subject of considerable controversy and
speculation. Many researchers believed that it was an artifact
of better observation and clinical diagnosis in more recent
times: a disorder that previously might have remained undi-
agnosed until age 60 years might now be diagnosed at age
40 years simply because of better diagnostic tools. Others,
however, believed that anticipation could be a real biological
phenomenon, although evidence for the actual mechanism
remained elusive.

I J Y e )
FIG 5-18 A three-generation family affected with myotonic
dystrophy. The degree of severity increases in each genera-
tion. The grandmother (right) is only slightly affected, but the
mother (left) has a characteristic narrow face and somewhat
limited facial expression. The baby is more severely affected
and has the facial features of children with neonatal-onset
myotonic dystrophy, including an open, triangle-shaped
mouth. The infant has more than 1000 copies of the trinucleo-
tide repeat, whereas the mother and grandmother each have
approximately 100 repeats.

Molecular genetics has now provided good evidence that
anticipation does have a biological basis: This evidence has
come, in part, from studies of myotonic dystrophy, an auto-
somal dominant disease that involves progressive muscle
deterioration and myotonia (inability to relax muscles after
contraction) (Fig. 5-18). Seen in approximately 1 in 8000
persons, myotonic dystrophy is the most common muscular
dystrophy that affects adults. This disorder is also typically
characterized by cardiac arrhythmias (abnormal heart
rhythms), testicular atrophy, insulin resistance, and cataracts.
Most cases of myotonic dystrophy (termed myotonic dystro-
phy type 1) are caused by mutations in DMPK, a protein
kinase gene located on chromosome 19.

Analysis of DMPK has shown that the disease-causing
mutation is an expanded CTG trinucleotide repeat (see
Chapter 3) that lies in the 3" untranslated portion of the gene
(i.e., a region transcribed into mRNA but not translated into
protein). The number of these repeats is strongly correlated
with severity of the disease: Unaffected persons typically have
5 to 37 copies of the repeat. Those with 50 to 100 copies may


martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv
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be mildly affected or have no symptoms. Those with full-
blown myotonic dystrophy have anywhere from 100 to several
thousand copies of the repeated sequence. Expansion to large
repeat numbers can produce congenital myotonic dystrophy;

for reasons that are not well understood, (these large expan-
sions are transmitted almost exclusively by fernales. The

number of repeats often increases with succeeding genera-
tions: a mildly affected parent with 80 repeats might produce
a severely affected offspring who has more than 1000 repeats
(Fig. 5-19). As the number of repeats increases through suc-
cessive generations, the age of onset decreases and severity

often increases. (Thus, expansion of this trinucleotide repeat

How does a mutation in an untranslated portion of DMPK
produce the many disease features of myotonic dystrophy?
The expanded repeat produces an mRNA product that
remains in the nucleus of the cell and produces toxic gain-of-

function effects. The abnormal mRNA interacts with proteins

(splicing. As a result, a number of proteins, including several
that are expressed in heart and skeletal muscle, are abnor-
mally formed, giving rise to some of the pleiotropic features
of the disease phenotype.

A second form of(myotonic dystrophy, type 2,)is caused by
a 4-bp (CCTG) expanded repeat in a gene located on chro-
mosome 3. Again, the repeat is located in an untranslated
region of the gene (intron 1), and it results in a toxic mRNA
that interferes with the normal function of RNA-binding

55 yr

proteins. The phenotype associated with this mutation is
similar to that of myotonic dystrophy type 1, although it
sometimes is less severe. Myotonic dystrophy thus illustrates
several important genetic principles: anticipation, pleiotropy,
and locus heterogeneity.

Repeat expansions have now been identified as a cause of
fifore.thai 20" genetic. diseases (Table 5-3), which can be

assigned to three broad categories. The first includes neuro-
logical diseases, such as[Huntington disease and most of the
spinocerebellar ataxias, that are caused by a CAG or CTG
repeat expansion in a protein-coding portion of the gene. The
repeats generally expand in number from a normal range of
10 to 35 to a disease-causing range of approximately 50 to

100. Expansions tend to be larger when transmitted through
the father than through the mother, and the mutations typi-
(cally have a gain-of-function effect. The second group con-
sists of phenotypically more diverse diseases in which the
expansions are again small in magnitude and are found in
exons. The repeat sequence is heterogeneous, however, and
(anticipation is ‘not a typical feature, The third category

includes fragile X syndrome, myotonic dystrophy, two of the
spinocerebellar ataxias, juvenile myoclonic epilepsy, and
Friedreich ataxia. The repeat expansions are generally much
larger than in the first two categories: The normal range is
usually 5 to 50 trinucleotides, but the disease-causing range
can vary from 100 to several thousand trinucleotides. The
repeats are located outside the protein-coding regions of
the gene in all of these disorders, and in some cases (e.g.,

S S

48 yr 50 yr

bhg bg

A 41yr 40 yr 42 yr

i

FIG 5-19 A, Myotonic dystrophy pedigree illustrating anticipation. In this case, the age of onset
for family members affected with an autosomal dominant disease is lower in more recent gen-
erations. B, An autoradiogram from a Southern blot analysis of the myotonic dystrophy gene in
three individuals. Individual a is homozygous for a 4- to 5-repeat allele and is normal. Individual
b has one normal allele and one disease allele of 175 repeats; this individual has myotonic dys-
trophy. Individual c is also affected with myotonic dystrophy and has one normal allele and a
disease-causing allele of approximately 900 repeats. (B courtesy Dr. Kenneth Ward and Dr. Elaine

Lyon, University of Utah Health Sciences Center.)
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TABLE 5-3 Diseases Associated with Repeat Expansions

NORMAL PARENT IN WHOM
REPEAT RANGE; DISEASE EXPANSION LOCATION OF
DISEASE DESCRIPTION SEQUENCE RANGE USUALLY OCCURS EXPANSION
Category 1
Huntington disease Loss of motor CAG 6-34; 36-121 More often through Exon
control, dementia, father
affective disorder
Spinal and bulbar Adult-onset motor- CAG 9-36; 38-62 More often through Exon
muscular atrophy neuron disease father
associated with
androgen
insensitivity
Spinocerebellar ataxia Progressive ataxia, CAG 6-39; 40-82 More often through Exon
type 1 dysarthria, father
dysmetria
Spinocerebellar ataxia Progressive ataxia, CAG 15-24; 32-200 — Exon
type 2 dysarthria
Spinocerebellar ataxia Dystonia, distal CAG 13-36; 61-84 More often through Exon
type 3 (Machado- muscular atrophy, father
Joseph disease) ataxia, external
ophthalmoplegia
Spinocerebellar ataxia Progressive ataxia, CAG 4-19; 20-33 — Exon
type 6 dysarthria,
nystagmus
Spinocerebellar ataxia Progressive ataxia, CAG 4-35; 37-306 More often through —
type 7 dysarthria, retinal father
degeneration
Spinocerebellar ataxia Progressive ataxia, CAG 25-42; 47-63 — Exon
type 17 dementia,
bradykinesia,
dysmetria
Dentatorubral- Cerebellar atrophy, CAG 7-34; 49-88 More often through Exon
pallidoluysian atrophy ataxia, myoclonic father
(Haw River syndrome) epilepsy,
choreoathetosis,
dementia
Huntington disease-like Features very similar ~ CTG 7-28; 66-78 — Exon
2 to those of
Huntington disease
Category 2
Pseudoachondroplasia, Short stature, joint GAC 5; 6-7 — Exon
multiple epiphyseal laxity, degenerative
dysplasia joint disease
Oculopharyngeal Proximal limb GCG 6; 7-13 — Exon
muscular dystrophy weakness,
dysphagia, ptosis
Cleidocranial dysplasia Short stature, open GCG, GCT, 17, 27 (expansion — Exon
skull sutures with GCA observed in one
bulging calvaria, family)
clavicular
hypoplasia,
shortened fingers,
dental anomalies
Synpolydactyly Polydactyly and GCG, GCT, 15; 22-25 — Exon
syndactyly GCA
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TABLE 5-3 Diseases Associated with Repeat Expansions—cont’d

epilepsy type 1

convulsions,

motif

NORMAL PARENT IN WHOM
REPEAT RANGE; DISEASE EXPANSION LOCATION OF
DISEASE DESCRIPTION SEQUENCE RANGE USUALLY OCCURS EXPANSION
Category 3
Myotonic dystrophy Muscle loss, cardiac CTG 5-37; 50 to several  Either parent, but 3’ untranslated
(DM1; chromosome arrhythmia, thousand expansion to
19) cataracts, frontal congenital region
balding form through
mother
Myotonic dystrophy Muscle loss, cardiac CCTG 10-26; 75-11,000 — 3’ untranslated
(DM2; chromosome 3) arrhythmia, region
cataracts, frontal
balding
Friedreich ataxia Progressive limb GAA 6-32; 200-1700 Disorder is Intron
ataxia, dysarthria, autosomal
hypertrophic recessive, so
cardiomyopathy, disease alleles are
pyramidal inherited from
weakness in legs both parents
Fragile X syndrome Intellectual disability, CGG 4-39; 200-900 Exclusively through 5’ untranslated
(FRAXA) large ears mother region
and jaws,
macroorchidism in
males
Fragile site (FRAXE) Mild intellectual GCC 6-35; >200 More often through 5" untranslated
disability mother region
Spinocerebellar ataxia Adult-onset ataxia, CTG 16-34; >74 More often through 3’ untranslated
type 8 dysarthria, mother region
nystagmus
Spinocerebellar ataxia Ataxia and seizures ATTCT 10-20; 500-4500 More often through Intron
type 10 father
Spinocerebellar ataxia Ataxia, eye CAG 7-45; 55-78 — 5’ untranslated
type 12 movement region
disorders; variable
age at onset
Progressive myoclonic Juvenile-onset 12-bp repeat  2-3; 30-75 Autosomal recessive 5" untranslated

inheritance, so

region

myoclonus,
dementia

transmitted by
both parents

myotonic dystrophy) the mutation produces a harmful RNA
product. Repeat expansions are often larger when they are
transmitted through the mother. Anticipation is seen in most
of the diseases in the first and third categories.

> Anticipation refers to progressively earlier or

more severe expression of a disease in more
recent generations. Expansion of DNA repeats
has been shown to cause anticipation in
some genetic diseases. These diseases can be
divided into three major categories, depending
on the size of the expansion, the location of
the repeat, the phenotypic consequences
of the expansion, the effect of the mutation,
and the parent in whom large expansions typi-
cally occur.

The Fragile X Story: Molecular Genetics Explains

a Puzzling Pattern of Inheritance

Since the 19th century, it has been observed that there is an
approximate 25% excess of males among persons with intel-
lectual disability.(This excess is partly explained by X-linked
conditions that cause cognitive impairment, of which the
fragile X syndrome is the most common: In addition to intel-
lectual disability, fragile X syndrome is characterized by a dis-
tinctive facial appearance, with large ears and long face (Fig.
5-20), hypermobile joints, and macroorchidism (increased
testicular volume) in postpubertal males. The degree of intel-
lectual disability tends to be milder and more variable in
females than in males. The syndrome is termed “fragile X”
because the X chromosomes of affected persons, when cul-
tured in a medium that is deficient in folic acid, sometimes
exhibit breaks and gaps near the tip of the longarm (Fig. 5-21).
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FIG 5-20 Boys with fragile X syndrome. Note the long faces, prominent jaws, and large ears

B

and the similar characteristics of children from different ethnic groups: European (A), Asian (B),

and Latin American (C).

i

FIG 5-21 An X chromosome from a male with fragile X syn-
drome, showing an elongated, condensed region near the tip
of the long arm. (From Stein CK. Applications of cytogenetics
in modern pathology. In: McPherson RA, Pincus MR, eds.
Henrys Clinical Diagnosis and Management by Laboratory
Methods. 21st ed. Philadelphia: Saunders; 2006.)

Although the presence of a single fragile X mutation is
sufficient to cause disease in either males or females, the
prevalence of this condition is higher in males (1/4000) than

in females (1/8000). (The lower degree of penetrance in
females, as well as variability in expression, reflects variation
(in patterns of X inactivation (i.., the percentage of active X

chromosomes that carry the disease-causing mutation).
Males who have affected descendants but are not affected
themselves are termed mormal transmitting males. In the mid-
1980s, studies of fragile X syndrome pedigrees revealed a
perplexing pattern: the mothers of transmitting males had a
‘much lower percentage of affected sons than did the daugh-
(ters of these males (Fig. 5-22). Because the mothers and

daughters of normal transmitting males are both obligate
carriers of the X-linked mutation, they should have equal
risks of producing affected sons. Daughters of normal

. O—0

50-55 CGG repeats

I ©O)

0% 60-70 0%
ool @ ©
70-90 5% 70-90 9%
WY ® I ® i
0% | 70-90 40% >90  16%
Affected
individuals
have
>200
repeats
\Y
40% 16% 50% 20%

FIG 5-22 A pedigree showing the inheritance of the fragile X
syndrome. Females who carry a premutation (50 to 200 CGG
repeats) are shown by dotted symbols. Affected individuals
are represented by solid symbols. A normal transmitting
male, who carries a premutation of 70 to 90 repeat units, is
designated NTM. Note that the number of repeats increases
each time the mutation is passed through another female.
Also, only 5% of the NTM's sisters are affected, and only 9%
of his brothers are affected, but 40% of his grandsons and
16% of his granddaughters are affected. This is the Sherman
paradox.
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

transmitting males were never affected with the disorder, but
these women’s sons could be affected. This pattern, dubbed
the Sherman paradox, appeared to be inconsistent with the
rules of X-linked inheritance.

Many mechanisms were proposed to explain this pattern,
including autosomal and mitochondrial modifier loci. Reso-
lution of the Sherman paradox came only with the identifica-
tion of the disease-causing gene, labeled FMRI. DNA sequence
analysis showed that the 5" untranslated region of the gene
contains a CGG repeat unit that is present in 6 to 50 copies
in unaffected persons. Those with fragile X syndrome have
200 to 1000 or more CGG repeats (a full mutation)./An inter-
mediate number of repeats, ranging approximately from 50
to 200 copies, is seen in normal transmitting males and their
female offspring and is termed a premutation. When these
female offspring transmit the gene to their offspring, there is
sometimes an expansion from the premutation of 50 to 200
repeats to the full mutation of more than 200 repeats. These
expansions do not occur in male transmission. Furthermore,
premutations tend to become larger in successive generations,
and larger premutations are more likely to expand to a full
mutation. These findings explain the Sherman paradox.
Males with the premutation do not have daughters with
fragile X syndrome because expansion to the full mutation
occurs only in female transmission. Grandsons and great-
grandsons of transmitting males are more likely to be affected
by the disorder than are brothers of transmitting males
because of progressive repeat expansion through successive
generations of female permutation carriers.

Measurement of mRNA transcribed from FMRI has
shown that the highest mRNA expression levels are in the
brain, as would be expected. Persons with normal and pre-
mutation FMRI genes both produce mRNA. In fact, mRNA

I STUDY QUESTIONS

production is elevated in those with premutations, and it has
been shown that this mRNA accumulates in the nucleus and
has toxic effects, as do mutated mRNAs in myotonic dystro-
phy. Consequently, about more than half of males with pre-
mutations develop a neurological disease characterized by
ataxia and tremors by age 70 (the risk for female carriers is
less than 20%). Approximately 25% of females with FMRI
premutations experience premature ovarian failure (amenor-
rhea before age 40 years), again because of toxic mRNA
effects. In contrast, those with full mutations have no FMR1
mRNA in their cells, indicating no transcription of the gene.
The CGG repeat is heavily methylated in those with the full
mutation, as is a series of CG sequences 5" of the gene. The
degree of methylation, which is likely to influence transcrip-
tion of FMRI, is correlated with severity of expression of
the disorder. A small percentage of persons with fragile X
syndrome (<5%) do not have an expansion of the CGG
repeat but instead have other loss-of-function mutations
in FMRI.

The protein product of FMRI, FMRP, binds to RNA and
is capable of shuttling back and forth between the nucleus
and the cytoplasm. It appears that FMRP is involved in trans-
porting mRNA from the nucleus to the cytoplasm, and it is
thought to be involved in regulating the translation of mRNA.

Identification of the FMRI gene and the nature of its
repeat expansion have already explained a great deal about
the inheritance and expression of the fragile X syndrome.
These advances have also improved diagnostic accuracy for
the condition, because cytogenetic analysis of chromosomes
often fails to identify fragile X heterozygotes. In contrast,
DNA diagnosis, which consists of measurement of the length
of the CGG repeat sequence and the degree of methylation
of FMRI, is much more accurate.

1. Females have been observed with five X chromosomes in
each somatic cell. How many Barr bodies would such
females have?

2. Explain why 8% to 10% of female carriers of the DMD
gene have muscle weakness.

3. For X-linked recessive disorders, the ratio of affected
males to affected females in populations increases as the
disease frequency decreases. Explain this in terms of gene
and genotype frequencies.

4. Figure 5-23 shows the inheritance of hemophilia A in a
family. What is the risk that the male in generation IV is
affected with hemophilia A? What is the risk that the
female in generation IV is a heterozygous carrier? What
is the risk that she is affected by the disorder?

5. Pedigrees for autosomal dominant and X-linked domi-
nant diseases are sometimes difficult to distinguish.
Name as many features as you can that would help to tell
them apart.

6. How would you distinguish mitochondrial inheritance
from other modes of inheritance?

7. A man with Becker muscular dystrophy marries a phe-
notypically normal woman. On average, what percentage
of their male offspring will be affected and what percent-
age of their female offspring will be affected by this
disorder?

SR
o 4
b

FIG 5-23 Pedigree for study question 4.
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CHAPTER 5 Sex-Linked and Nontraditional Modes of Inheritance

8. A female carrier of a Duchenne muscular dystrophy
mutation marries a phenotypically normal man. On
average, what percentage of their male offspring will be
affected and what percentage of their female offspring
will be affected with the disorder?

9. A boy and his brother both have hemophilia A. If there
is no family history of hemophilia A in previous genera-
tions, what is the probability that the boys’ aunt (the

mother’s sister) is a heterozygous carrier of the disease
gene?

10. It is possible to create a zygote from two copies of the
maternal genome alone. In amphibians, the zygote will
develop and mature into an adult without fertilization by
a sperm cell (this process is known as parthenogenesis).
The same experiment has been attempted in mice, but it
always results in early prenatal death. Explain this.
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CHAPTER

Clinical Cytogenetics: The Chromosomal

The previous two chapters have dealt with single-gene dis-
eases. We turn now to diseases caused by alterations in the

number or structure of chromosomes. The study of chromo-

Chromosome abnormalities are responsible for a signifi-
cant fraction of genetic diseases,(OCCUTTing in approximately
(1 of every 150 live births: They are the leading known cause

of intellectual disability and pregnancy loss. Chromosome
abnormalities are seen in 50% of first-trimester and 20% of
second-trimester spontaneous abortions. Thus, they are an
important cause of morbidity and mortality.

As in other areas of medical genetics, advances in molecu-
lar genetics have contributed many new insights in the field
of cytogenetics. For example, molecular techniques have per-
mitted the identification of chromosome abnormalities, such
as deletions, that affect very small regions. In many cases,
specific genes that contribute to the phenotypes of cytoge-
netic syndromes are being pinpointed. In addition, the ability
to identify DNA polymorphisms in parents and offspring has
enabled researchers to specify whether an altered chromo-
some is derived from the mother or from the father. This has
increased our understanding of the biological basis of meiotic
errors and chromosome abnormalities.

In this chapter we discuss abnormalities of chromosome
number and structure. The genetic basis of sex determination
is reviewed, the role of chromosome alterations in cancer is
examined, and several diseases caused by chromosomal insta-
bility are discussed. Emphasis is given to the recent contribu-
tions of molecular genetics to cytogenetics.

CYTOGENETIC TECHNOLOGY AND
NOMENCLATURE

Although it was possible to visualize chromosomes under
microscopes as early as the mid-1800s, it was quite difficult
to observe individual chromosomes and thus to count the
number of chromosomes in a cell or to examine structural
abnormalities. Beginning in the 1950s, several techniques
were developed that improved our ability to observe chromo-
somes. These included the use of spindle poisons, such as

colchicine and Eolcgmid, that affest dividing Somatic cellsin
‘metaphase, when chromosomes are maximally condensed
did easiest {0 5ee; the 15 0F @ BypotoRie (low-salt) solution,

which causes swelling of cells, rupture of the nucleus, and

Basis of Human Disease

better separation of individual chromosomes; and the use of
staining materials that are absorbed differently by different
parts of chromosomes, producing the characteristic light and
dark bands that help to identify individual chromosomes.

> Our ability to study chromosomes has been

improved by the visualization of chromosomes
in metaphase, by hypotonic solutions that
cause nuclear swelling, and by staining tech-
niques that label chromosome bands.

Chromosomes are typically analyzed by collecting a living
tissue (usually blood), culturing the tissue for the appropriate
amount of time (usually 48 to 72 hours for peripheral lym-
phocytes), adding colcemid to produce metaphase arrest,
harvesting the cells, placing the cell sediment on a slide, rup-
turing the cell nucleus with a hypotonic saline solution, stain-
ing with a designated nuclear stain, and photographing the
metaphase spreads of chromosomes on the slide. The images

of the 22 pairs of autosomes are arranged according to length,
with the sex chromosomes in the right-hand corner. This
ordered display of chromosomes is termed a karyogram or
karyotype (Fig. 6-1). (The term karyotype refers to the
number and type of chromosomes present in an individual,
and karyogram is now often used to designate the printed
display of chromosomes.) Currently, computerized image
analyzers are usually used to display chromosomes.

After sorting by size, chromosomes are further classified
according to the position of the centromere. If the centro-

(the middle and the tip: The tip of each chromosome is the

telomere. The short arm of a chromosome is labeled p (for
“petite”), and the long arm is labeled g. In metacentric chro-
mosomes, where the arms are of roughly equal length, the p
and q arms are designated by convention.

> A karyotype, or karyogram, is a display of

chromosomes ordered according to length.
Depending on the position of the centromere,
a chromosome may be acrocentric, submeta-
centric, or metacentric.
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FIG 6-1 A banded karyogram (karyotype) of a normal male. The banded metaphase chromo-

somes are arranged from largest to smallest.

Metacentric Submetacentric Acrocentric

Short Stalk
arm p

Satellite

Centromere %’/
Long

arm q 18 21

2

FIG 6-2 Metacentric, submetacentric, and acrocentric chro-
mosomes. Note the stalks and satellites present on the short
arms of the acrocentric chromosomes.

A normal female karyotype is designated 46,XX; a normal
male karyotype is designated 46,XY. The nomenclature for
various chromosome abnormalities is summarized in Table
6-1 and is indicated for each condition discussed in this
chapter.

Chromosome Banding

Early karyotypes were useful in counting the number of chro-
mosomes, but structural abnormalities, such as balanced
rearrangements or small chromosomal deletions, were often
undetectable. Staining techniques were developed in the
1970s to produce the chromosome bands characteristic of
modern karyotypes. (Chromosome banding helps greatly in
the detection of deletions, duplications; and other structural

abnormalities, and it facilitates the correct identification of
individual chromosomes. The major bands on each chromo-
some are systematically numbered (Fig. 6-3). For example,
14q32 refers to the second band in the third region of the
long arm of chromosome 14. Sub-bands are designated by
decimal points following the band number (e.g., 14q32.3 is
the third sub-band of band 2).

Several chromosome-banding techniques are used in cyto-
genetics laboratories. Quinacrine banding (Q-banding)
was the first staining method used to produce specific
banding patterns. This method requires a fluorescence
microscope and is no longer as widely used as Giemsa
banding (G-banding). To produce G-bands, a Giemsa
stain is applied after the chromosomal proteins are partially
digested by trypsin. Reverse banding (R-banding) requires
heat treatment and reverses the usual white and black
pattern that is seen in G-bands and Q-bands. This method is
particularly helpful for staining the distal ends of chromo-
somes. Other staining techniques include C-banding and
nucleolar organizing region stains (NOR stains). These latter
methods specifically stain certain portions of the chromo-
some. C-banding stains the constitutive heterochromatin,
which usually lies near the centromere, and NOR staining
highlights the satellites and stalks of acrocentric chromo-
somes (see Fig. 6-2).

High-resolution banding involves staining chromosomes
during prophase or early metaphase (prometaphase), before
they reach maximal condensation. Because prophase and
prometaphase chromosomes are more extended than
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TABLE 6-1 Standard Nomenclature for Chromosome Karyotypes
KARYOTYPE DESCRIPTION

46,XY Normal male chromosome constitution

47 XX,4+21 Female with trisomy 21, Down syndrome

47 XY ,+21[10]/46,XY[10]
46,XY,del(4)(p14)
46,XX,dup(5)(p14p15.3)
45,XY,der(13;14)(g10;q10)

46,XY,1(11;22)(923;0922)
are at 11923 and 22922
46,XX,inv(3)(p21g13)
this is a pericentric inversion
46,X,r(X)(p22.3928)

46,X,i(Xq)
chromosome

Male who is a mosaic of trisomy 21 cells and normal cells (10 cells scored for each karyotype)

Male with distal and terminal deletion of the short arm of chromosome 4 from band p14 to terminus

Female with a duplication within the short arm of chromosome 5 from bands p14 to p15.3

A male with a balanced Robertsonian translocation of chromosomes 13 and 14; karyotype shows
that one normal 13 and one normal 14 are missing and replaced with a derivative chromosome
composed of the long arms of chromosomes 13 and 14

A male with a balanced reciprocal translocation between chromosomes 11 and 22; the breakpoints

An inversion on chromosome 3 that extends from p21 to q13; because it includes the centromere,
A female with one normal X chromosome and one ring X chromosome formed by breakage at

bands p22.3 and g28 with subsequent fusion
A female with one normal X chromosome and an isochromosome of the long arm of the X

metaphase chromosomes, the number of bands observable
for all chromosomes increases from about 300 to 450 (as in
Fig. 6-3) to as many as 800. This allows the detection of less
obvious abnormalities usually not seen with conventional
banding.

> Chromosome bands help to identify individual

chromosomes and structural abnormalities
in chromosomes. Banding techniques include
quinacrine, Giemsa, reverse, C, and NOR
banding. High-resolution banding, using
prophase or prometaphase chromosomes,
increases the number of observable bands.

Fluorescence in Situ Hybridization

In the widely used fluorescence in situ hybridization (FISH)
technique, a labeled single-stranded DNA segment (probe) is
exposed to denatured metaphase, prophase, or interphase
chromosomes from a patient.(The probe undergoes comple-
mentary base pairing (hybridization) only with the comple-
mentary DNA sequence at a specific location on one of the
denatured chromosomes: Because the probe is labeled with a
fluorescent dye, the location at which it hybridizes with the
patient’s chromosomes can be visualized under a fluorescence
microscope. A common use of FISH is to determine whether
a portion of a chromosome is deleted in a patient.In an unaf-
fected person, a probe hybridizes in two places, reflecting the
presence of two homologous chromosomes in a somatic cell
nucleus. If a probe from the chromosome segment in ques-
tion hybridizes to only one of the patient’s chromosomes,
then the patient probably has the deletion on the copy of the
chromosome to which the probe fails to hybridize. FISH pro-
vides considerably better resolution than high-resolution
banding approaches and can typically detect deletions as
small as 1 million base pairs (1 Mb) in size. It is widely used

to detect common deletion syndromes such asPrader—Willi
syndrome (microdeletion of 15q11.2) and Williams syn-
drome (microdeletion of 7q11.2) (discussed later).

Extra copies of a chromosome region can also be detected
using FISH. In this case,the probe hybridizes in three or more
places instead of two. Combinations of FISH probes can also
be used to detect chromosome rearrangements such as trans-
locations (see later discussion).

Figure 6-4A illustrates a FISH result for a child who is
missing a small piece of the short arm of chromosome 17.
Although a centromere probe (used as a control) hybridizes
to both copies of chromosome 17, a probe corresponding to
a specific region of 17p hybridizes to only one chromosome.
This demonstrates the deletion that causes the Smith—Magenis
syndrome (see Fig. 6-4B; also see Table 6-3).

Because FISH detection of missing or extra chromo-
somes can be carried out with interphase chromosomes,
it is not necessary to stimulate cells to divide in order to
obtain metaphase chromosomes (a time-consuming proce-
dure required for traditional microscopic approaches). This
allows analyses and diagnoses to be completed more rapidly.
FISH analysis of interphase chromosomes is commonly used
in the prenatal detection of fetal chromosome abnormalities
and in the analysis of chromosome rearrangements in tumor
cells.

The FISH technique has been extended by using multiple
probes, each labeled with a different color, so that several of
the most common numerical abnormalities (e.g., those of
chromosomes 13, 18, 21, X, and Y) can be tested simultane-
ously in the same cell. In addition, techniques such as spectral
karyotyping use varying combinations of five different fluo-
rescent probes in conjunction with special cameras and
image-processing software so that each chromosome is
uniquely colored (painted along its entire length with a series
of same-colored probes) for ready identification. Such images
can be especially useful for identifying small chromosome
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FIG 6-3 A schematic representation of the banding pattern of a G-banded karyotype; 300
bands are represented in this ideogram. The short and long arms of the chromosomes are des-
ignated, and the segments are numbered according to the standard nomenclature adopted at
the Paris conference in 1971. In this illustration, both sister chromatids are shown for each
chromosome.

FIG 6-4 A, A fluorescence in situ hybridization (FISH) result. The thinner arrows point to a
centromere-hybridizing probe for chromosome 17, and the thicker arrow points to a probe that
hybridizes to 17p. The latter probe reveals only one spot in this individual, who has a deletion
of 17p, producing the Smith-Magenis syndrome. (Courtesy Dr. Arthur Brothman, University
of Utah Health Sciences Center.) B, Face of an infant girl with Smith—Magenis syndrome. Note
the broad forehead and relatively flat face. (Courtesy Dr. Marilyn C. Jones, Children’s Hospital,
San Diego.)



CHAPTER 6 Clinical Cytogenetics: The Chromosomal Basis of Human Disease

FIG 6-5 Spectral karyotype. An application of spectral karyotyping is demonstrated by the iden-
tification of a rearrangement between chromosomes 2 and 22. Note that a portion of chromo-
some 2 (purple) has exchanged places with a portion of chromosome 22 (yellow). (Courtesy Dr.
Arthur Brothman, University of Utah Health Sciences Center.)

rearrangements (Fig. 6-5). With the increasing use of tech-
niques such as comparative genomic hybridization (see
below), spectral karyotyping is now less used in clinical
practice.

Comparative Genomic Hybridization

Losses or duplications of whole chromosomes or specific
chromosome regions can be detected by a widely used tech-
nique known as comparative genomic hybridization (CGH)
(Fig. 6-6).[DNA is extracted from a test source, such as cells
from a tumor or whole-blood cells from a patient.(The DNA
is then labeled with a substance that exhibits one color (e.g.,
red) under a fluorescence microscope; (DNA taken from
normal control cells is labeled with a second color (e.g.,
green). In the earliest version of CGH, both sets of DNA are
then hybridized to normal metaphase chromosomes on a
slide. If any chromosome region is duplicated in the tumor
cell, then the corresponding region of the metaphase chro-
mosome will hybridize with excess quantities of the

red-labeled DNA. This region will appear red under the
microscope. Conversely, if a region is deleted in the tumor
cell, then the corresponding region of the metaphase chro-
mosome will hybridize only with green-labeled control DNA,
and the region will appear green under the microscope. CGH
is especially useful in scanning for deletions and duplications
of chromosome material in cancer cells; where detection of
such alterations can help to predict the type and/or severity
of the cancer.

A serious limitation of CGH when used with metaphase
chromosomes is that deletions or duplications smaller than
5 to 10 Mb cannot be detected microscopically. Higher reso-
lution is offered by array CGH (aCGH), in which test and
control DNA is hybridized with a microarray (see Chapter 3)
that contains hundreds of thousands to millions of oligo-
nucleotide probes (see Chapter 3) whose DNA sequences
correspond to specific regions of the genome. These microar-
rays provide resolution to 50 to 100 kb or even less, allowing
the detection of duplications and deletions that may affect
only a single gene.

Array CGH offers a number of other advantages over tra-
ditional karyotype analysis. The process is highly automated,
requiring less time from laboratory personnel. There is no
need for dividing cells (in contrast to the analysis of meta-
phase chromosomes), and less than a microgram of DNA is
sufficient for analysis of the entire genome. For these reasons,
aCGH has become one of the most commonly used tech-
niques in cytogenetics laboratories. The primary (disadvan-
tage of aCGH is that it cannot detect balanced rearrangements
of chromosomes|((i.e.; reciprocal translocations or inversions)
because the quantity of chromosome material remains
unchanged.
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FIG 6-6 The comparative genomic hybridization (CGH) technique. A, Red-labeled test DNA (from
a tumor sample in this case) and green-labeled reference DNA (from normal cells) are both
denatured and hybridized to normal chromosomes. The ratio of green to red signal on the hybrid-
ized chromosomes indicates the location of duplications (red signal) or deletions (green signal)
in the tumor chromosomes. B, Array CGH: Test and normal DNA are hybridized to probes embed-
ded in a microarray. Duplications are indicated by hybridization of more red-labeled DNA to a
probe containing a DNA sequence that is complementary to the duplicated region. Conversely,
hybridization of only green-labeled DNA (reference DNA) indicates a deletion of the correspond-
ing region. C, In a patient with DiGeorge sequence, an aCGH test was performed in which the
patient’s DNA was labeled green and the control DNA was labeled red. The figure demonstrates
a lack of green signal and excess red signal, signifying a deletion of chromosome 22q11.

The CGH technique, in which differentially
labeled DNA from test and control sources is
hybridized to probes in microarrays, allows the
detection of chromosome duplications and
deletions but not balanced rearrangements.
Array CGH can detect deletions and duplica-
tions shorter than 100 kb and requires only
small amounts of DNA.

>

ABNORMALITIES OF
CHROMOSOME NUMBER

Polyploidy

A cell that contains a multiple of 23 chromosomes in its
nucleus is said to be euploid (Greek, eu = “good,” ploid =
“set”). Thus, haploid gametes and diploid somatic cells are
euploid. Polyploidy, the presence of a complete set of extra
chromosomes in a cell, is seen commonly in plants and often
improves their agricultural value. Polyploidy also occurs in
humans, although much less frequently. The polyploid

conditions that have been observed in humans are triploidy
(69 chromosomes in the nucleus of each cell) and tetraploidy
(92 chromosomes in each cell nucleus). The karyotypes for
these two conditions are designated 69,XXX and 92,XXXX,
respectively (assuming that all of the sex chromosomes were
X; other combinations of the X and Y chromosomes may be
seen). Because the number of chromosomes present in each
of these conditions is a multiple of 23, the cells are euploid
in each case. However, the additional chromosomes encode a
large amount of surplus gene product, causing multiple
anomalies such as defects of the heart and central nervous
system.

Triploidy is seen in about 1 in 10,000 live births, but it
accounts for an estimated 15% of the chromosome abnor-
malities occurring at conception.

(first two trimesters of pregnancy. Triploid fetuses that survive
to term typically die shortly after birth. The most common
cause of triploidy is the fertilization of an egg by two sperm

(dispermy). The resulting zygote receives 23 chromosomes
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CHAPTER 6 Clinical Cytogenetics: The Chromosomal Basis of Human Disease

from the egg and 23 chromosomes from each of the two
sperm cells. Triploidy can also be caused by the fusion of an
ovum and a polar body, each containing 23 chromosomes,
and subsequent fertilization by a sperm cell. Meiotic failure,
in which a diploid sperm or egg cell is produced, can also
produce a triploid zygote.

Tetraploidy is much rarer than triploidy, both at concep-
tion and among live births. It has been recorded in only a few
live births, and those infants survived for only a short period.

(embryo: all of the duplicated chromosomes migrate to one
of the two daughter cells. It can also result from the fusion of
two diploid zygotes.

> Cells that have a multiple of 23 chromosomes

are said to be euploid. Triploidy (69 chromo-
somes) and tetraploidy (92 chromosomes) are
polyploid conditions found in humans. Most
polyploid conceptions are spontaneously
aborted, and all are incompatible with long-
term survival.

Autosomal Aneuploidy

Cells that contain missing or additional individual chromo-
(somes are termed aneuploid (not a multiple of 23 chromo-

somes). Usually only one chromosome is affected, but it is

Parent

Meiosis |

Meiosis Il

Gametes

Nondisjunctizn

possible for more than one chromosome to be missing or
duplicated. Aneuploidies of the autosomes are among the
most clinically important of the chromosome abnormalities.

eisomy (three copies oF a chromosome)) Autosomal mono-

somies are nearly always incompatible with survival to term,
so only a small number of them have been observed among
live-born individuals. In contrast, some trisomies are seen
with appreciable frequencies among live births. The fact that
trisomies produce less-severe consequences than monoso-
mies illustrates an important principle: the body can tolerate
excess genetic material more readily than it can tolerate a deficit
of genetic material.

(meiosis (Fig. 6-7). Nondisjunction can occur during meiosis
I or meiosis II (see Chapter 2). The resulting gamete either
lacks a chromosome or has two copies of it, producing a
monosomic or trisomic zygote, respectively.

> Aneuploid conditions consist primarily of

monosomies and trisomies. They are usually
caused by nondisjunction. Autosomal monoso-
mies are almost always lethal, but some auto-
somal trisomies are compatible with survival.

Nondisjunction

Fertilization
with normal
gamete

Offspring

Trisomy

Monosomy

Monosomy

Trisomy

FIG 6-7 In meiotic nondisjunction, two chromosome homologs migrate to the same daughter
cell instead of disjoining normally and migrating to different daughter cells. This produces mono-
somic and trisomic offspring.
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CHAPTER 6 Clinical Cytogenetics: The Chromosomal Basis of Human Disease

Trisomy 21

Trisomy 21 (karyotype 47,XY,4+21 or 47,XX,+21)* is seen in
approximately 1 of every 700 to 1000 live births, making it the
most common autosomal aneuploid condition compatible
with survival to term. This trisomy is the most common cause
of Down syndrome, a phenotype originally described by John
Langdon Down in 1866. Almost 100 years elapsed between
Down’s description of this syndrome and the discovery (in
1959) that it is caused by the presence of an extra copy of chro-
mosome 21.

Although there is considerable variation in the appearance
of persons with Down syndrome, they present with a constella-
tion of features that help the clinician to make a clinical diag-
nosis. The facial features include a depressed nasal root,
upslanting palpebral fissures, measurably small and sometimes
overfolded ears, and a flattened maxillary and malar region,
giving the face a characteristic appearance (Fig. 6-8). Some of
these features led to the use of the term “mongolism” in earlier
literature, but this term is inappropriate and is no longer used.
The cheeks are round, and the corners of the mouth are some-
times downturned. The neck is short, and the skin is redundant
at the nape of the neck, especially in newborns. The occiput is
flat, and the hands and feet tend to be rather broad and short.
Approximately 50% of persons with Down syndrome have a
single flexion crease across their palms (single palmar crease,
formerly termed a “simian crease,” though this term is also now
considered inappropriate). Decreased muscle tone (hypotonia)
is a highly consistent feature that is also helpful in making a
diagnosis. None of these features are diagnostic per se as all are
observed in the general population of infants; it is the clustering
together that suggests the diagnosis.

Several medically significant problems occur with increased
frequency among infants and children with Down syndrome.
About 3% of these infants develop an(obstruction of the duo-
denum or atresia (closure or absence) of the esophagus, duo-
denum, or anus! Respiratory infections are quite common, and
the risk of developing leukemia is 15 to 20 times higher in
patients with Down syndrome than in the general population.
The most significant medical problem is that approximately
40% of these persons are born with structural heart defects.
The most common of these is an(atrioventricular (AV) canal,
a defect in which the interatrial and interventricular septa fail
to fuse normally during fetal development. The result is blood
flow from the left side of the heart to the right side and then to
the pulmonary vasculature,(producing pulmonary hyperten-
sion. Ventricular septal defects (VSDs) are also common.

Moderate to mild intellectual disability” (standardized IQ
ranging from 40 to 60) occurs in most persons with Down

*For brevity, the remainder of the karyotype designations for abnor-
malities not involving the sex chromosomes will indicate an affected
male.

"Because of the potentially stigmatizing aspects of the term “mental
retardation,” many professional organizations and advocacy groups
related to Down syndrome are currently abandoning the term and
using intellectual or cognitive disability in its place.

syndrome, and (this condition alone accounts for approxi-
mately 10% of all cases of intellectual disability in the United
States! In recent years clinical trials designed to test whether
specific medications might improve attention and learning in
school age-children with Down syndrome have been initiated
(see www.clinicaltrials.gov).

Several other medical problems occur in infants and young
children with Down syndrome. Conductive and sometimes
sensorineural hearing loss, hypothyroidism, and various eye
abnormalities are the most important and common. Clinical
Commentary 6-1 outlines a plan for routine medical care of
infants and children with Down syndrome.

The medical problems seen in children with Down syn-
drome result in decreased survival rates. Congenital heart
defects are the most important single cause of early mortality.
In the early 1960s, only about half of children with this dis-
order survived as long as 5 years. As a result of improvements
in corrective surgery, antibiotic treatment, and management
of leukemia, the survival rate has increased considerably in
the past 40 years. Currently, it is estimated that more than
80% of children with Down syndrome will survive to age 10
years, and more than half survive to 50 years of age. There is
convincing evidence that enriched environments and educa-
tional interventions can produce significant improvements in
intellectual function.

Males with Down syndrome are nearly always sterile, with
only a few reported cases of reproduction. Many females with
Down syndrome can reproduce, although approximately
40% fail to ovulate. A female with Down syndrome has a 50%
risk of producing a gamete with two copies of chromosome
21 (which would then produce a trisomic zygote). However,
because about 75% of trisomy 21 conceptions are spontane-
ously aborted, the risk of producing affected live-born off-
spring is considerably lower than 50% in women with Down
syndrome. Because reproduction is uncommon, (nearly all
cases of trisomy 21 can be regarded as new mutations.

Approximately 95% of Down syndrome cases are caused
by nondisjunction, and most of the remainder are caused by
chromosome translocations (see later discussion). Compari-
sons of chromosome 21 polymorphisms in parents and off-
spring have demonstrated that {the extra chromosome is
contributed by the mother in 90% to 95% of trisomy 21 cases.
About 75% of these maternal nondisjunctions occur during
meiosis I, and the remainder occur during meiosis II. As
discussed in greater detail later, there is a strong correlation
between maternal age and the risk of producing a child with
Down syndrome.

Mosaicism (see Chapter 4) is seen in approximately 2% to
4% of trisomy 21 live births. These persons have some normal
somatic cells and some cells with trisomy 21. This type of
mosaicism in a male is designated 47,XY,+21[10]/46,XY[10],
with the numbers inside the brackets indicating the number of
cells scored with each karyotype. The most common cause of
mosaicism in trisomy is a trisomic conception followed by loss
of the extra chromosome during mitosis in some embryonic
cells. Mosaicism often results in milder clinical expression of
the phenotype associated with a chromosome abnormality.
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FIG 6-8 A, Aninfant with Down syndrome, illustrating typical features of this disorder: upslanting
palpebral fissures, redundant skin of the inner eyelid (epicanthic fold), protruding tongue, and
low nasal bridge. B, Same girl as in A, 7 years later. Note that the typical features are present
but less obviously expressed. C, A karyogram of a male with trisomy 21.
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CLINICAL COMMENTARY 6-1

An approach termed health supervision and anticipatory guid-
ance has evolved for the care and treatment of persons with
genetic syndromes and chronic diseases. After a thorough
study of the disease in question (including an extensive litera-
ture review), basic guidelines are established for the screening,
evaluation, and management of patients. If followed by the
primary care practitioner or the specialist, these guidelines
should help to prevent further disability or illness. We illustrate
the health supervision and anticipatory guidance approach
with the current guidelines for care of children with Down
syndrome.

e As mentioned in the text, AV canals are the most common
congenital heart defect seen in newborns with Down syn-
drome. Surgical correction of this condition is appropriate if
it is detected before 1 year of age; after this time, pulmonary
hypertension has been present too long for surgery to be
successful. Accordingly, it is now recommended that an
echocardiogram be performed during the newborn period
and no later than 6 months.

e Because Down syndrome patients often have strabismus
(deviation of the eye from its normal visual axis) and other
eye problems, they should be examined regularly by their
physician. If any symptoms or signs are observed, the
patient is referred to an ophthalmologist familiar with Down

Anticipatory Guidance and Health Supervision in Children with Down Syndrome

syndrome. In asymptomatic children, an ophthalmological
examination before the age of 4 years is recommended to
evaluate visual acuity.

¢ Hypothyroidism is common, especially during adolescence.
Therefore, thyroid hormone levels should be measured
annually.

e Sensorineural and conductive hearing loss are both seen in
children with Down syndrome. The routine follow-up should
include a hearing test at birth and every 6 months until 2
years of age, with subsequent testing as needed.

e |nstability of the first and second vertebrae has led to spinal
cord injuries in some older Down syndrome patients. It is
thus suggested that imaging studies be carried out in chil-
dren with neurological symptoms and in those planning to
participate in athletic activities.

e Referral of infants and children with Down syndrome
to preschool programs to provide intervention for develop-
mental disabilities is an important component of routine
care.

Similar series of guidelines have been developed for children
with trisomy 18, Williams syndrome, and Turner syndrome. In
principle, the anticipatory guidance and health supervision
approach can be applied to any genetic disease for which there
is sufficient knowledge.

Depending on the timing and the way the mosaicism
originated, some persons have tissue-specific mosaicism. As
the term suggests, this type of mosaicism is confined only to
certain tissues. This can complicate diagnosis because cyto-
genetic analysis is usually based on a single tissue type (usually
circulating lymphocytes derived from a blood sample, or, less
commonly, fibroblasts derived from a skin biopsy). Mosa-
icism affecting primarily the germline of a parent can lead to
multiple recurrences of Down syndrome in the offspring.
This factor helps to account for the fact that the recurrence
risk for Down syndrome among mothers younger than 30
years is about 1% (i.e., 10 times higher than the population
risk for this age group).

Because of the prevalence and clinical importance of
Down syndrome, considerable effort has been devoted to
determining which genes on chromosome 21 account for the
features of this disorder. A candidate for intellectual disability
in Down syndrome is (DYRKIA, a kinase gene that causes
learning and memory defects when it is over-expressed in
mice. Another gene located in the critical region, APPE, encodes
the amyloid B precursor protein. A third copy of APP is likely
to account for the occurrence of Alzheimer disease features
in nearly all Down syndrome patients by 40 years of age.
Mutations of APP cause a small percentage of Alzheimer
disease cases (see Chapter 12), and (Down syndrome indi-
viduals with partial trisomies that do not include the APP
gene do not develop Alzheimer disease features.

> Trisomy 21, which causes Down syndrome, is
the most common autosomal aneuploidy seen

among live births. The most significant fea-
tures include intellectual disability, gastroin-
testinal tract obstruction, congenital heart
defects, and respiratory infections. The extra
21st chromosome is contributed by the mother
in approximately 90% of cases. Mosaicism is
seen in 2% to 4% of Down syndrome cases,
and it often accompanies a milder phenotype.
Specific genes contributing to the Down syn-
drome phenotype are being identified.

Trisomy 18

Trisomy 18 (47,XY,+18), also known as Edwards syndrome,
is the second most common autosomal trisomy, with a preva-
lence of about 1 per 6000 live births. It is, however, much
more common at conception and is the most common chro-
mosome abnormality among stillborns with congenital mal-
formations. It is estimated that fewer than 5% of trisomy 18
conceptions survive to term.

The Edwards syndrome phenotype is as discernible as
Down syndrome, but because it is less common, it is less likely
to be recognized clinically. Infants with trisomy 18 have pre-
natal growth deficiency (weight that is low for gestational
age), characteristic facial features, and a distinctive hand
abnormality that often helps the clinician to make the initial
diagnosis (Fig. 6-9). Minor anomalies of diagnostic impor-
tance include small ears with unraveled helices, a small mouth
that is often hard to open, a short sternum, and short halluces
(first toes). Most babies with trisomy 18 have major malfor-
mations. Congenital heart defects, particularly VSDs, are the
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CHAPTER 6 Clinical Cytogenetics: The Chromosomal Basis of Human Disease

FIG 6-9 A girl with full trisomy 18 at 3 years (A) and 13 years (B) of age. She shows the typical
facial features of an older child with short palpebral fissures and ear variations. A also depicts
the overriding of the index finger onto the third finger, a characteristic finding of the hands in

the syndrome.

most common and occur in 90% of children: Other medically
significant congenital malformations include omphalocele
(protrusion of the bowel into the umbilical cord), radial
aplasia (missing radius bone), diaphragmatic hernia, and,
occasionally, spina bifida.

About 50% of infants with trisomy 18 die within the first
several weeks of life, and only about 5% to 8% survive to 12
months of age. A combination of factors, including aspiration
pneumonia, predisposition to infections and apnea, and con-
genital heart defects, accounts for the high mortality rate.

Marked developmental disabilities are seen among those
trisomy 18 patients who survive infancy. The degree of delay
is much more significant than in Down syndrome, and most
children are not able to walk independently. However, chil-
dren with trisomy 18 do progress in their milestones, albeit
slowly, and older children learn some communication skills.

More than 95% of patients with Edwards syndrome have
complete trisomy 18; only a small percentage have mosaicism.
As in trisomy 21, there is a significant maternal age effect, and
more than 90% of trisomy 18 cases are the result of an extra
chromosome transmitted by the mother.

Trisomy 13

Trisomy 13 (47,XY,+13), also termed Patau syndrome, is seen
in about 1 of every 10,000 births. The malformation pattern
is quite distinctive and usually permits clinical recognition. It
consists (primarily of orofacial clefts, microphthalmia (small,
abnormally formed eyes), and postaxial polydactyly (Fig.
6-10). Malformations of the central nervous system are often
seen, as are heart defects and renal abnormalities. Cutis

FIG 6-10 An 8-year-old girl with full trisomy 13 showing her
small eyes and prominent, wide nose.
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aplasia (a defect of the skin of the scalp on the posterior
occiput) can also occur.

Children who survive infancy have significant developmental
disability, with skills seldom progressing beyond those of a
child of 2 years. However, as in trisomy 18, children with
trisomy 13 do progress somewhat in their development and
are able to communicate with their families to some degree.

About 80% of patients with Patau syndrome have full

trisomy 13. Most of the remaining patients have trisomy of
the long arm of chromosome 13 due to a translocation (see

later discussion). As in trisomies 18 and 21, the risk of bearing
a child with this condition increases with advanced maternal
age. It is estimated that 95% or more of trisomy 13 concep-
tions are spontaneously lost during pregnancy.

> Trisomies of the 13th and 18th chromosomes

are sometimes compatible with survival to
term, although 95% or more of affected fetuses
are spontaneously aborted. These trisomies
are much less common at birth than is trisomy
21, and they produce more serious disease
features, with 90% to 95% mortality during the
first year of life. As in trisomy 21, there is a
maternal age effect, and the mother contrib-
utes the extra chromosome in more than 90%
of cases.

Trisomies, Nondisjunction, and Maternal Age

The prevalence of Down syndrome among offspring of
‘mothers of different ages i showin Figurc 6-11. Among

mothers younger than 30 years of age, the risk is less than
1/1000. It increases to approximately 1/400 at age 35 years,

NUMBER OF DOWN SYNDROME

CASES PER 1000 BIRTHS
100
80
60 -

40 -

20

0 T T T T T
20 25 30 35 40 45

Maternal age
FIG 6-11 The prevalence of Down syndrome among live
births in relation to age of the mother. The prevalence
increases with maternal age and becomes especially notable
after the age of 35 years. (Data from Hook EB, Chambers
GM. Birth defects. 1977;23[3A]:123-141.)

1/100 at age 40 years, and approximately 1/25 after age 45
years. Most other trisomies, including those in which the
fetus does not survive to term, also increase in prevalence as
maternal age increases. This risk is one of the primary indica-
tions for prenatal diagnosis (see Chapter 13).

Several hypotheses have been advanced to account for this
increase, including the idea that a trisomic pregnancy is less
likely to be spontaneously aborted in older women. Direct
studies of the frequency of chromosome abnormalities in
sperm and egg cells indicate that the pattern is instead due to
an increase in nondisjunction among older mothers. Recall
that nearly all of a female’s oocytes are formed during her
embryonic development. (There is recent evidence that a
small number of oocytes may be produced later in life.) They

(ovulation: Thus, an ovum produced by a 45-year-old woman

is itself about 45 years old. This long period of suspension in
prophase I might impair normal chromosome disjunction,
although the precise nature of this mechanism is not
understood.

Many factors have been examined to determine whether
they affect the frequency of nondisjunction in women. These
include hormone levels, cigarette smoking, autoimmune
thyroid disease, alcohol consumption, and radiation (the
latter does increase nondisjunction when administered in
very large doses to experimental animals). None of these
factors has shown consistent correlations with nondisjunc-
tion in humans, however, and maternal age remains the only
known correlated factor.

Although maternal age is strongly correlated with the risk
of Down syndrome, (approximately three fourths of Down
syndrome children are born to mothers younger than 35
(years of age. This is because the great majority of children
(more than 90%) are borne by women in this age group.

Numerous studies, including direct analysis of sperm cells,

have tested the (hypothesis of a paternal age effect for triso-

mies.
(is minor. This is probably because spermatocytes, unlike
oocytes, are generated throughout the life of the male.

> Nearly all autosomal trisomies increase with
maternal age as a result of nondisjunction in
older mothers. There is little evidence for a
paternal age effect on nondisjunction in males.

Sex Chromosome Aneuploidy

Among live-born infants, about 1 in 400 males and 1 in 650
females have some form of sex chromosome aneuploidy. Pri-

marily because of X inactivation, the consequences of this
class of ancuploidy are less severe than those of autosomal

(aneuploidy: With the exception of the complete absence of an
X chromosome, all of the sex chromosome aneuploidies are
compatible with survival in at least some cases.

Monosomy of the X Chromosome (Turner Syndrome)

The phenotype associated with a single X chromosome (45,
X) was described by Henry Turner in 1938. (An earlier
description was given by Otto Ullrich in 1930.) Persons with
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Turner syndrome are female and usually have a characteristic

phenotype, including the variable presence of (proportionate
short stature, sexual infantilism and ovarian dysgenesis, and
a pattern of major and minor malformations. The physical
features can include a triangle-shaped face; posteriorly
rotated external ears; and a broad, “webbed neck” (Fig. 6-12).
In addition, the chest is broad and shield-like in shape.
Lymphedema of the hands and feet is observable at birth.
Many infants with Turner syndrome have (congenital heart
(defects, most commonly obstructive lesions of the left side of
the heart (bicuspid aortic valve in 50% of patients and coarc-
tation [narrowing] of the aorta in 15-30%). Severe obstruc-
tions should be surgically repaired. (About 50% of persons
‘with Turner syndrome have structural kidney defects, but
they usually do not cause medical problems. There is typi-
cally some diminution in spatial perceptual ability, but intel-
ligence is usually normal.

Girls with Turner syndrome exhibit proportionate short
stature and do not undergo an adolescent growth spurt.
‘Mature height is reduced by approximately 20 cm, on average.
Growth hormone administration produces increased height
somewhat in these girls, and families now commonly choose
this therapy. In most persons with Turner syndrome, streaks
of connective tissue, rather than ovaries, are seen (gonadal
dysgenesis). Lacking normal ovaries, they do not usually
develop secondary sexual characteristics, and most women
‘with this condition are infertile (about 5-10% have sufficient
ovarian development to undergo menarche, and a small

FIG 6-12 A girl with Turner syndrome (45,X). Note the char-
acteristically broad, webbed neck. Stature is reduced, and
swelling (lymphedema) is seen in the ankles and wrists.

(umber have borne children): Teenagers with Turner syn-

drome are typically treated with estrogen to promote the
development of secondary sexual characteristics. The dose is
then continued at a reduced level to maintain these charac-
teristics and to help prevent osteoporosis.

The diagnosis of Turner syndrome is often made in the
newborn infant, especially if there is a noticeable webbing of

the neck coupled with a heart defect.(The facial features are

(previously, but the experienced clinician can often diagnose
Turner syndrome on the basis of one or more of the listed
clues. If Turner syndrome is not recognized in infancy or
childhood, it is often diagnosed later because of short stature
and/or amenorrhea.

The chromosome abnormalities in persons with Turner

syndrome are quite variable. (§boUE5096/0F €hese patients
45:X/46, XX and less. commonly 45X/6:X) Patients with

mosaicism who have Y chromosomes in some cells are pre-
disposed to neoplasms (gonadoblastomas) in the gonadal

streak tissue. (AbOHEI0% 101206 0f patients with Tufiiee
involving a deletion of some o all 6f Xp) This variation in

chromosome abnormality helps to explain the considerable
phenotypic variation seen in this syndrome.
(during meiosis in the father (i.e., the offspring receives an X

chromosome only from the mother). The 45,X karyotype is
estimated to occur in 1% to 2% of conceptions, but Turner
syndrome is seen in only about 1/2000 to 1/3000 live-born
girls. Thus, the great majority (more than 99%) of 45,X con-
ceptions are lost prenatally. Among those that do survive to
term, many have mosaicism, and mosaicism of the placenta
alone (confined placental mosaicism) is especially common.
It is likely that the presence of some normal cells in mosaic
fetuses enhances fetal survival.

Molecular analysis has begun to pinpoint specific genes

involved in the Turner syndrome phenotype. (For example,
‘mutations in the SHOX gene, which encodes a transcription

This gene is located on the distal tip of the X and Y short
arms (in a region of the X chromosome that escapes inactiva-
tion; see Clinical Commentary 6-2).(Thus, it is normally tran-
scribed in two copies in both males and females. In females

with Turner syndrome, this gene is present in only one active

copy, and (the resulting haploinsufficiency) contributes to

short stature.

Most females with Turner syndrome have a
45,X karyotype. Although this disorder is
common at conception, it is relatively rare
among live births, reflecting a very high rate
of spontaneous abortion. Mosaicism, includ-
ing confined placental mosaicism, appears to
increase the probability of survival to term.

>
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CLINICAL COMMENTARY 6-2

XX Males, XY Females, and the Genetic Basis of Sex Determination
During normal meiosis in the male, crossover occurs between
the tip of the short arm of the Y chromosome and the tip of
the short arm of the X chromosome (Fig. 6-13). These regions
of the X and Y chromosomes contain highly similar DNA
sequences. Because this resembles the behavior of auto-
somes during meiosis, the distal portion of the Y chromosome
is known as the (pseudoautosomal region: It spans approxi-
mately 2.5 Mb.

Just centromeric of the pseudoautosomal region lies a gene

known as SRY (sex-determining region on the Y). This gene,
which is expressed in embryonic development, encodes a tran-
scription factor that interacts with other genes to initiate the
development of the undifferentiated embryo into a male
(including Sertoli cell differentiation and secretion of mllerian-
inhibiting substance). In particular, the protein product of SRY
binds to an enhancer element that regulates expression of the
SOX9 gene, which in turn regulates a series of genes that
promote male development while repressing ovarian develop-
ment.
(mination: When the mouse Sry gene is inserted experimentally
into a female mouse embryo, a male mouse is produced. Loss-
of-function mutations of SRY can produce individuals with an
XY karyotype but a female phenotype. SOX9 acts as the next
switch in this pathway, and SOX9 mutations can produce sex
reversal (XY females) and campomelic dysplasia (malforma-
tions of bone and cartilage).

Approximately 1 of every 20,000 males presents with a phe-
notype similar to Klinefelter syndrome (without increased
height), but chromosome evaluation shows that they have a
normal female karyotype (46,XX). It has been demonstrated
that these XX males have an X chromosome that includes the
(SRY gene. This is a result of a faulty crossover between the X
and Y chromosomes during male meiosis, such that the SRY
gene, instead of remaining on the Y chromosome, is trans-
ferred to the X chromosome. The offspring who inherits this X
chromosome from his father consequently has a male pheno-
type. Conversely, an offspring who inherits a Y chromosome
that lacks the SRY gene is an XY female. These females have
gonadal streaks rather than ovaries and have poorly developed
secondary sexual characteristics.

Xp Yp
)
| sry
Pseudo-
autosomal
region
Normal
Xp Yp crossover
SRY %
Gametes Normal Normal
N Xp Yp
/\/ Crossover a
occurs below il TR
SRY

/);() XY

g @Q

FIG 6-13 The distal short arms of the X and Y chromo-
somes exchange material during meiosis in the male. The
region of the Y chromosome in which this crossover occurs
is called the pseudoautosomal region. The SRY gene, which
triggers the process leading to male gonadal differentiation,
is located just outside the pseudoautosomal region. Occa-
sionally, the crossover occurs on the centromeric side of
the SRY gene, causing it to lie on an X chromosome instead
of on the Y chromosome. An offspring receiving this X

chromosome will be an XX male, and an offspring receiving
the Y chromosome will be an XY female.

Klinefelter Syndrome

Like Down and Turner syndromes, the syndrome associated
with a 47,XXY karyotype was identified before the underlying
chromosomal abnormality was understood. Described in
1942 by Harry Klinefelter, the syndrome that bears his name
is seen in approximately 1/500 to 1/1000 male births. Although
Klinefelter syndrome is a common cause of primary hypogo-
nadism in males,(the phenotype is less striking than those of
the syndromes described thus far. Patients with Klinefelter
syndrome tend to be taller than average, with disproportion-
ately long arms and legs (Fig. 6-14). Clinical examination of
postpubertal patients reveals small testes (less than 10 mL in
volume), and most males with Klinefelter syndrome are
sterile as a result of atrophy of the seminiferous tubules. Tes-
tosterone levels in adolescents and adults are low. (Gyneco-
mastia (breast development) is seen in approximately one

third of affected persons and leads to an increased risk of
breast cancer, which can be reduced by mastectomy (breast
removal). Body hair is typically sparse after puberty, and
muscle mass tends to be reduced. In addition, there is a pre-
disposition for learning disabilities and a reduction in verbal
IQ. Although intelligence is usually in the normal range, the
IQ s on average 10 to 15 points lower than that of the affected
person’s siblings. Because of the subtlety of this disorder,
Klinefelter syndrome is often not diagnosed until after
puberty, and the condition is(sometimes first ascertained in
fertility clinics.

The extra X chromosome is derived maternally in about
50% of Klinefelter cases, and the syndrome increases in inci-
dence with advanced maternal age! Mosaicism, which is seen
in about 15% of patients, increases the likelihood of viable
sperm production. Individuals with the 48 XXXY and
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CHAPTER 6 Clinical Cytogenetics: The Chromosomal Basis of Human Disease 117

FIG 6-14 A male with Klinefelter syndrome (47,XXY). Stature
is increased, gynecomastia may be present, and body shape
may be somewhat feminine.

49,XXXXY karyotypes have also been reported. Because they
have a Y chromosome, they have a male phenotype, but the
degree of developmental disability and physical abnormality
increases with each additional X chromosome.

(the risk of osteoporosis. There is some evidence that this

treatment also improves psychological well-being.

>

Males with Klinefelter syndrome (47,XXY) are
taller than average, might have reduced IQ,
and are usually sterile. Testosterone therapy
and mastectomy for gynecomastia are some-
times recommended.

Trisomy X

The 47,XXX karyotype occurs in approximately 1/1000
females and usually has benign consequences. Overt physical
abnormalities are rarely seen, but these females sometimes
have sterility, menstrual irregularity, or mild cognitive dis-
ability. As in Klinefelter syndrome, the 47,XXX karyotype is

often first ascertained in fertility clinics.Approximately 90%
of cases are the result of nondisjunction in the mother, and,

as with other trisomies, the incidence increases among the
offspring of older mothers.

Females have also been seen with four, five, or even more
X chromosomes. Each additional X chromosome is accom-
panied by increased intellectual disability and physical
abnormality.

47, XYY Syndrome

The final sex chromosome aneuploidy to be discussed is the

47,XYY karyotype.Males with this karyotype tend to be taller)

(than average, and they have a 10- to 15-point reduction in
average IQ. This condition, which causes few physical prob-

lems, achieved great notoriety when its incidence in the male
prison population was discovered to be as high as 1/30, com-
pared with 1/1000 in the general male population. This led
to the suggestion that this karyotype might confer a predis-
position to violent, criminal behavior. A number of studies
have addressed this issue and have shown that XYY males are
not inclined to commit violent crimes. There is, however,
evidence of an increased incidence of minor behavioral dis-
orders, such as hyperactivity, attention deficit disorder, and
learning disabilities.

> The 47, XXX and 47,XYY karyotypes are seen

in about 1/1000 females and males, respec-
tively. Each involves a slight degree of reduc-
tion in 1Q but few physical problems.

CHROMOSOME ABNORMALITIES AND
PREGNANCY LOSS

For a long time it was difficult to detect the early stages of
pregnancy with certainty. It was thus possible for a woman
to become pregnant but to lose the embryo before knowing

of the pregnancy.Sensitive urinary assays of chorionic gonad-
otropin levels, which increase when the embryo implants

Follow-up of women in whom implantation was verified in
this way has shown that about (6fié third of pregnancies are
(ost after implantation (the number lost before implantation

is unknown). Therefore, spontaneous pregnancy loss is
common in humans.

As mentioned earlier, chromosome abnormalities are the
leading known cause of pregnancy loss. It is estimated that a
minimum of 10% to 20% of conceptions have a chromosome
abnormality, and at least 95% of these chromosomally abnor-
mal conceptions are lost before term. Karyotype studies of

miscarriages indicate that about 50% of the chromosome
(abnormalities are trisomies, 20% are monosomies, and 15%

are triploids. The remainder consists of tetraploids and struc-
tural abnormalities. Some chromosome abnormalities that
are common at conception seldom or never survive to term.
For example, trisomy 16 is thought to be the most common
trisomy at conception, but it is never seen in live births.

It is possible to study chromosome abnormalities directly
in sperm and egg cells. Oocytes are typically obtained from
unused material in in vitro fertilization studies. Karyotypes
obtained from these cells indicate that at least 20% to 25% of
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CHAPTER 6 Clinical Cytogenetics: The Chromosomal Basis of Human Disease

oocytes have missing or extra chromosomes. Human sperm
cells can be studied by FISH analysis or after fusing them with
hamster oocytes so that their DNA begins mitosis and con-
denses, allowing easier visualization. The frequency of aneu-
ploidy in these sperm cells is about 3% to 4%. Structural
abnormalities (see later discussion) are seen in about 1% of
oocytes and 5% of sperm cells, and the (incidence increases
with advanced paternal age. Undoubtedly, this high rate of
chromosome abnormality contributes importantly to later
pregnancy loss.

These approaches, while informative, can involve some
biases. For example, mothers in whom in vitro fertilization is
performed are not a representative sample of the population.
In addition, their oocytes have been stimulated artificially,
and only those oocytes that could not be fertilized by sperm
cells are studied. Thus, the oocytes themselves might not be
a representative sample. The sperm cells studied in human—
hamster hybrids represent only those that are capable of pen-
etrating the hamster oocyte and again might not be a
representative sample.

FISH analysis of aneuploidy can evaluate many cells quite
rapidly, giving it an important advantage over the human—
hamster technique. In general, the FISH studies have yielded
results similar to those of the human-hamster studies,
showing that on average, the frequency of disomy is approxi-
mately 0.15% for each autosome and 0.26% for the sex chro-
mosomes. These studies have also confirmed a tendency for
elevated frequencies of nondisjunction of the sex chromo-
somes and some of the acrocentric chromosomes, including
chromosome 21, in sperm cells.

> Pregnancy loss is common in humans, with

approximately one third of pregnancies lost
spontaneously after implantation. Chromo-
some abnormalities, which have been studied
in sperm and egg cells and in miscarriages and
stillbirths, are an important cause of preg-
nancy loss.

ABNORMALITIES OF
CHROMOSOME STRUCTURE

In addition to the loss or gain of whole chromosomes, parts
of chromosomes can be lost or duplicated as gametes are
formed, and the arrangement of portions of chromosomes
can be altered. Structural chromosome abnormalities may be
unbalanced (the rearrangement causes a gain or loss of chro-
mosomal material) or balanced (the rearrangement does not
produce a loss or gain of chromosome material). Unlike
aneuploidy and polyploidy, (balanced structural abnormali-
ties often do not produce serious health consequences. Nev-
ertheless, abnormalities of chromosome structure, especially
those that are unbalanced, can produce serious disease in
individuals or their offspring.

Alterations of chromosome structure can occur when
homologous chromosomes line up improperly during meiosis

(e.g., unequal crossover, as described in Chapter 5). In addi-
tion, chromosome breakage can occur during meiosis or
mitosis. Mechanisms exist to repair these breaks, and usually
the break is repaired perfectly with no damage to the daugh-
ter cell. Sometimes, however, the breaks remain, or they heal
in a fashion that alters the structure of the chromosome. The
likelihood of chromosome breakage may be increased in the
presence of certain harmful agents, called clastogens. Clasto-
gens identified in experimental systems include ionizing
radiation, some viral infections, and some chemicals, but
none have been convincingly demonstrated to cause chromo-
some abnormalities in humans.

Translocations

A translocation is the interchange of genetic material between
nonhomologous chromosomes. Balanced translocations rep-
resent one of the most common chromosomal aberrations in
humans, occurring in 1 of every 500 to 1000 individuals
(Table 6-2). There are two basic types of translocations,
reciprocal and Robertsonian.

Reciprocal Translocations

Reciprocal translocations happen when breaks occur in
two different chromosomes and the material is mutually
exchanged. The resulting chromosomes are called derivative
chromosomes. The carrier of a reciprocal translocation is
usually unaffected because he or she has a normal comple-
ment of genetic material. However, the carrier’s offspring can
be normal, can carry the translocation, or can have duplica-
tions and deletions of genetic material.

TABLE 6-2 Prevalence of Chromosomal
Abnormalities among Newborns

ABNORMALITY PREVALENCE AT BIRTH
Autosomal Syndromes
Trisomy 21 1/700
Trisomy 18 1/6000
Trisomy 13 1/10,000
Unbalanced rearrangements 1/17,000
Balanced rearrangements
Robertsonian translocations 1/1000
Reciprocal translocations 1/11,000

Sex Chromosome Abnormalities

47 XXY 1/1000 male births
47 XYY 1/1000 male births
45 X* 1/5000 female births
47 XXX 1/1000 female births

All Chromosome Abnormalities
Autosomal disorders and 1/230
unbalanced rearrangements

Balanced rearrangements 1/500*

*The 45,X karyotype accounts for about half of the cases of Turner
syndrome.
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CHAPTER 6 Clinical Cytogenetics: The Chromosomal Basis of Human Disease

An example of a reciprocal translocation between chro-
mosomes 3 and 6 is shown in Figure 6-15. The distal half of
the short arm of chromosome 6 is translocated to the short
arm of chromosome 3, and a small piece of chromosome 3
is translocated to the short arm of chromosome 6. If the
translocations occur at 3p13 and 6p14, the karyotype is des-
ignated 46,XX, t(3;6)(p13;p14). The offspring of this woman
received the derivative chromosome 3, termed der(3), and the

normal 6; thus, the child had a(partial trisomy of the distal

Normal 3 der(3)
—>

Normal 6 der(6)

A Parent

Normal 3 l ? der(3)

Normal 6 Normal 6

B Offspring

FIG 6-15 A, The parent has a reciprocal balanced transloca-
tion involving the short arms of chromosomes 6 and 3. The
distal short arm of the 6 has been translocated to the very
distal tip of the 3. A small piece of chromosome 3 is attached
to the derivative 6. This person had a child whose chromo-
somes are depicted in B. The child received the derivative
chromosome 3 (with part of the 6 short arm attached) and
the normal 6; from the other parent, the child received a
normal 3 and a normal 6. Therefore, the child had a partial
trisomy of the 6 short arm and, presumably, a small deletion
of the 3 short arm.

(i.e., 6p trisomy). This is a well-
established but rather uncommon chromosomal syndrome.

> Reciprocal translocations are caused by two

breaks on different chromosomes, with a sub-
sequent exchange of material. Although carri-
ers of balanced reciprocal translocations
usually have normal phenotypes, their off-
spring might have a partial trisomy or a partial
monosomy and an abnormal phenotype.

Robertsonian Translocations

In Robertsonian translocations, the short arms of two non-
homologous chromosomes are lost and the long arms fuse at
the centromere to form a single chromosome (Fig. 6-16).(This

‘ad contain 10 essential genetic material) Although Robert-

sonian translocation carriers have only 45 chromosomes in
each cell, they are phenotypically unaffected. Their offspring,
however, may inherit an extra or missing long arm of an
acrocentric chromosome.

Robertsonian translocation

g
—

AN ENDAINITED
L]

Chromosome 13 t(13;14) Chromosome 14

- -

FIG 6-16 In a Robertsonian translocation, shown here, the
long arms of two acrocentric chromosomes (13 and 14) fuse,
forming a single chromosome.
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CHAPTER 6 Clinical Cytogenetics: The Chromosomal Basis of Human Disease

A common Robertsonian translocation involves fusion of
the long arms of chromosomes 14 and 21. The karyotype of
a male carrier of this translocation is 45,XY,der(14;21)(q10;
q10). This person lacks one normal 14 and one normal 21
and instead has a chromosome derived from a translocation
of the entire long arms of chromosomes 14 and 21.During
meiosis in this person, the translocation chromosome must
still pair with its homologs. Figure 6-17 illustrates the ways
these chromosomes can segregate in the gametes formed by
the translocation carrier. (If alternate segregation occurs,
then the offspring are either chromosomally normal or have
a balanced translocation with a normal phenotype. If one of
the adjacent segregation patterns occurs, then the gametes
are unbalanced and the offspring may have trisomy 14,
monosomy 14, monosomy 21, or trisomy 21. (Note that these
trisomies and monosomies are genetically the same as triso-
mies and monosomies produced by nondisjunction, because
only the long arms of these chromosomes contain genetically
significant material.) Fetuses with the first three adjacent seg-
regation patterns do not survive to term, and the last pattern
results in an infant with three copies of the long arm of chro-
mosome 21 and a Down syndrome phenotype.Robertsonian
translocations are responsible for approximately 5% of Down
syndrome cases.

It is expected that the three types of conceptions compat-
ible with survival would occur in equal frequencies:(One third
would be completely normal, one third would carry the
translocation but be phenotypically normal, and one third
would have Down syndrome: In part because of prenatal loss,
the actual fraction of live-born offspring with Down syn-
drome is less than one third (about 10-15% for mothers who
carry the translocation, and only 1-2% for fathers who carry
it). This recurrence risk, however, is greater than the risk for
parents of a child who has the nondisjunction type of Down
syndrome (1% for mothers younger than 30 years of age).
This difference in recurrence risks demonstrates why it is
critical to order a chromosome study whenever a condition
such as Down syndrome is suspected.

> Robertsonian translocations occur when the

long arms of two acrocentric chromosomes
fuse at the centromere. The carrier of a Rob-
ertsonian translocation can produce concep-
tions with monosomy or trisomy of the long
arms of acrocentric chromosomes.

Deletions

A deletion is caused by a chromosome break and subsequent
loss of genetic material. A single break leading to a loss that
includes the chromosome’s tip is called a terminal deletion.
An interstitial deletion results when two breaks occur and the
material between the breaks is lost. For example, a chromo-
some segment with normal DNA can be symbolized
ABCDEFG. An interstitial deletion could produce the sequence
ABEFG, and a terminal deletion could produce ABCDE.
Usually, a gamete containing a chromosome with a dele-
tion unites with a normal gamete to form a zygote. The zygote

then has one normal chromosome and a homolog with the
deletion. Microscopically visible deletions generally involve
multiple genes, and the consequences of losing this much
genetic material from even one member of the chromosome
pair can be severe. After the three autosomal aneuploidies
described earlier, the autosomal deletion syndromes are the
most common group of clinically significant chromosome
abnormalities.

A well-known example of a chromosome deletion syn-
drome is the cri-du-chat syndrome. This term (French, “cry
of the cat”) describes the distinctive cry of the child. This cry
usually becomes less obvious as the child ages, making a clini-
cal diagnosis more difficult after 2 years of age. Cri-du-chat
syndrome is caused by a deletion of the distal short arm of
chromosome 5; the karyotype is 46,XY,del(5p). Seen in
approximately 1 in 50,000 live births, it is also characterized
by intellectual disability (average IQ about 35), microcephaly
(small head), and a characteristic but not distinctive facial
appearance. Although mortality rates are increased if serious
congenital defects are present, most persons with cri-du-chat
syndrome now survive to adulthood.

Wolf-Hirschhorn syndrome (Fig. 6-18), caused by a dele-
tion of the distal short arm of chromosome 4, is another
well-characterized deletion syndrome. Other well-known
deletions include those of 18p, 18q, and 13q. With the excep-
tion of the 18p deletion syndrome, each of these disorders is
relatively distinctive, and the diagnosis can often be made
before the karyotype is obtained. The features of the 18p
deletion syndrome are more subtle, and usually this condi-
tion is recognized when chromosome analysis is performed
for evaluation of developmental disability.

> Microscopically observable chromosome dele-

tions, which may be either terminal or intersti-
tial, usually affect a fairly large number of
genes and produce recognizable syndromes.

Microdeletion Syndromes

The deletions described thus far all involve relatively large
segments of chromosomes, and many of them were described
before chromosome banding techniques were developed.
With the advent of high-resolution banding, it has become
possible to identify microscopically a large number of dele-
tions that were previously too small for detection. In addi-
tion, advances in molecular genetics, particularly the FISH
and aCGH techniques (see Fig. 6-4), have permitted the
detection of deletions that are often too small to be observed
microscopically (i.e., <5 Mb).

Prader—Willi syndrome, a disorder discussed in Chapter 5,
is a good example of a microdeletion syndrome. Although
this condition was described in the 1950s, it was not until

*Although Prader is commonly credited with the first complete
description of Prader—Willi syndrome in 1956, John Langdon Down
(of Down syndrome fame) published a fairly complete description
of the disorder in 1887.
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Chromosomes in parent who carries
a 14/21 Robertsonian translocation
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FIG 6-17 The possible segregation patterns for the gametes formed by a carrier of a Robertso-
nian translocation. Alternate segregation (quadrant a alone, or quadrant b with quadrant ¢) pro-
duces either a normal chromosome constitution or a translocation carrier with a normal phenotype.
Adjacent segregation (quadrant a with b, quadrant c alone, quadrant a with ¢, or quadrant b alone)
produces unbalanced gametes and results in conceptions with translocation Down syndrome,
monosomy 21, trisomy 14, or monosomy 14, respectively. For example, monosomy 14 is pro-
duced when the parent who carries the translocation transmits a copy of chromosome 21 but
does not transmit a copy of chromosome 14 (as in the lower right cornen.
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1981 that advanced banding techniques detected a small dele-
tion of chromosome bands 15q11-q13 in about 50% of these
patients. With the use of molecular techniques, deletions that
were too small to be detected cytogenetically were also dis-
covered. In total, about 70% of Prader—Willi cases are caused
by microdeletions of 15q.

FIG 6-18 Child with Wolf-Hirschhorn syndrome (46,XX,
del[4p]). Note the wide-spaced eyes and repaired cleft lip.

FIG 6-19 A, Girl with Williams syndrome, illustrating typical facial features: broad forehead, short

(Angelman syndrome) (sce Chapter 5).

Williams syndrome, which is characterized by mild intel-
lectual disability, supravalvular aortic stenosis (SVAS), mul-
tiple peripheral pulmonary arterial stenoses, characteristic
facial features, dental anomalies, and hypercalcemia, is
another example of a microdeletion syndrome (Fig. 6-19). A
series of molecular analyses have identified some of the indi-
vidual genes responsible for the Williams syndrome pheno-
type. The gene that encodes elastin, ELN, for example, is
located in the Williams syndrome critical region and is
expressed in blood vessels. Elastin is an important compo-
nent of the aortic wall (microfibrils, which were discussed in
Chapter 4 in the context of Marfan syndrome, are another
component). Mutations or deletions of elastin alone result
in isolated SVAS without the other features of Williams
syndrome. Larger deletions, encompassing additional genes,
produce the complete Williams syndrome phenotype. A

(drome. This is supported by observation of patients with
partial deletions of the critical region affecting only the ELN
and LIMK1 genes. These persons have SVAS and visual-
spatial cognitive deficiency but none of the other features of
Williams syndrome.

High-resolution banding and molecular genetic tech-
niques have often led to a more precise specification of the
critical chromosome region that must be deleted to cause a
given syndrome. Wolf-Hirschhorn syndrome, for instance,

palpebral fissures, low nasal bridge, anteverted nostrils, long philtrum, full cheeks, and relatively
large mouth with full lips. B, Angiogram illustrating supravalvular aortic stenosis (narrowing of
the ascending aorta) (arrow). (Courtesy Dr. Mark Keating, Harvard University.)
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TABLE 6-3 Microdeletion Syndromes

SYNDROME CLINICAL FEATURES CHROMOSOMAL DELETION

Prader—Willi Intellectual disability, short stature, obesity, hypotonia, 15911-13
characteristic facies, small feet

Angelman Intellectual disability, ataxia, uncontrolled laughter, seizures 15011-13

Langer—Giedion Characteristic facies, sparse hair, exostosis, variable intellectual 8024
disability

Miller-Dieker Lissencephaly, characteristic facies, significant cognitive and 17p13.3
psychomotor disability

Velocardiofacial/DiGeorge  Characteristic facies, cleft palate, heart defects, poorly developed 22q11
thymus

Smith—-Magenis Intellectual disability, hyperactivity, dysmorphic features, self- 17p11.2
destructive behavior

Williams Developmental disability, characteristic facies, supravalvular aortic 791
stenosis

Aniridia, Wilms tumor Intellectual disability, predisposition to Wilms tumor, genital 11p13
defects

Deletion 1p36 Intellectual disability, seizures, hearing loss, heart defects, growth 1p36
failure, distinctive facial features

Rubinstein-Taybi Intellectual disability, broad thumbs and great toes, characteristic 16p13.3
facial features, vertebral and sternal abnormalities, heart defects

Alagille Neonatal jaundice, “butterfly” vertebrae, pulmonic valvular 20p12
stenosis, characteristic facial features

*For most of these conditions, only some cases are caused by the listed microdeletion; other cases may be caused by single-gene

mutations within the same region.

can be produced by the(deletion of only a very small intersti-
tial segment of 4p, just 2 megabases from the telomere. In
some instances, specific genes responsible for chromosome
abnormality syndromes can be pinpointed. For example,
persons with a deletion of 11p can present with a series of
features including Wilms tumor (a kidney tumor), aniridia
(absence of the iris), genitourinary abnormalities,’ and
“mental retardation” (sometimes termed the WAGR syn-
drome). The genes responsible for the kidney tumor and for
aniridia have now each been identified and cloned. Because
the WAGR syndrome involves the deletion of a series of adja-
cent genes, it is sometimes referred to as an example of a
contiguous gene syndrome (Williams syndrome, discussed
previously, is another example of a contiguous gene syn-
drome). In addition to microdeletions, microduplications
can also produce contiguous gene syndromes.

Some of the microdeletion syndromes, such as the Prader—
Willi and Williams syndromes, manifest deletions of a critical
region of consistent size (e.g., 4 Mb for Prader—Willi syn-
drome). Recent studies show that this is caused by the pres-
ence of multiple repeated sequences, termed low-copy repeats
(see Chapter 2), at the deletion boundaries. These repeated
sequences promote unequal crossing over (see Chapter 5),

SBecause individuals with the WAGR syndrome also have gonado-
blastomas (gonadal tumors), some authorities believe that the
“G” should stand for gonadoblastoma rather than genitourinary
abnormality.

which then produces duplications and deletions of the region
bounded by the repeat elements.

Several additional examples of microdeletions are given in
Table 6-3. Many of these conditions, including the Prader—
Willi, Miller—Dieker, Williams, and velocardiofacial syn-
dromes (Clinical Commentary 6-3),lare now diagnosed using
the FISH or aCGH techniques.

> Microdeletions are a subtype of chromosome

deletion that can be observed only in banded
chromosomes or, in some cases, using molec-
ular genetic approaches. Syndromes caused
by the deletion of a series of adjacent
genes are sometimes called contiguous gene
syndromes.

Subtelomeric Rearrangements

The regions near telomeres of chromosomes tend to have a
high density of genes: Consequently, rearrangements of
genetic material (e.g., deletions, duplications) in these regions
often result in genetic disease. It is estimated that at least 5%
of unexplained cases of intellectual disability are caused by
subtelomeric rearrangements. The most common of these
rearrangements is a deletion of several thousand bases of
chromosome 1p36, which is seen in approximately one in
5000 live births. This condition, termed monosomy 1p36
syndrome, is associated with significant intellectual disability,
developmental delay, seizures, hearing impairment, heart


martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv

martinwiinberg
Fremhæv


CHAPTER 6 Clinical Cytogenetics: The Chromosomal Basis of Human Disease

CLINICAL COMMENTARY 6-3

The DiGeorge sequence® is characterized by structural or func-
tional defects of the thymus, conotruncal heart defects, hypo-
parathyroidism (reduced parathyroid function), and secondary
hypocalcemia (decreased serum calcium). This pattern of mal-
formations is caused by an alteration of the embryonic migra-
tion of neural crest cells to the developing structures of the
neck. In the 1980s some children with DiGeorge sequence
were found to have a deletion of part of the long arm of chro-
mosome 22, often related to an unbalanced translocation
between this and another chromosome. This led to the hypoth-
esis that genes on chromosome 22 were responsible for this
condition.

Independent of this work, a condition called the velocardiofa-
cial (VCF) syndrome, or Shprintzen syndrome, was described
in the late 1970s. This syndrome includes palatal (velum) abnor-
malities (including cleft palate), a characteristic facial appear-
ance (Fig. 6-20), and, in some cases, heart malformations. In
addition, these patients have learning disabilities and develop-
mental delay. Later it was discovered that some persons with
VCF have dysfunctional T cells (these cells mature in the
thymus), and some have all features of DiGeorge sequence.
This suggested that DiGeorge sequence was somehow related
to VCF syndrome.

The resemblance between the DiGeorge sequence and VCF
syndrome led to the hypothesis that both conditions were
caused by abnormalities on chromosome 22. High-resolution
chromosome studies, including FISH, of patients with DiGeorge
sequence and patients with VCF syndrome revealed small sub-
microscopic deletions of chromosome 22 in both groups.
These analyses also helped to narrow the critical region that
causes both conditions. Approximately 80% to 90% of infants
with DiGeorge sequence have a 3-Mb microdeletion of the
226112 region, and most VCF patients have the same micro®
(deletion: In addition, 15% to 20% of persons with isolated
conotruncal defects exhibit this deletion. Thus, most persons
with either DiGeorge sequence or VCF syndrome have a micro-
deletion of 22g11.2 and are collectively described as having
22q11.2 deletion syndrome. With a prevalence of 1 in 3000 to
4000 live births, this is the most common human microdeletion
syndrome.

About 90% of persons with 22g11.2 microdeletions lack the
same 3-Mb region, containing about 35 genes. Another 8%
have a smaller, 1.5-Mb deletion located within the 3-Mb region.
No consistent phenotypic differences are seen between these
two groups of patients. Both the 1.5- and 3-Mb regions are

DiGeorge Sequence, Velocardiofacial Syndrome, and Microdeletions of Chromosome 22

flanked by low-copy repeats that are thought to promote
unequal crossing over, and thus deletion, in this region. One
of the genes located in the deleted region, TBX7, encodes a
transcription factor that helps to regulate the migration of
neural crest cells and the development of facial structures, the
thymus, the parathyroid, and the heart. In mouse models, Tbx1
haploinsufficiency produces many of the features of DiGeorge
sequence and VCF syndromes.

This example illustrates how cytogenetic studies can demon-
strate potential biological relationships between genetic syn-
dromes. Further studies are under way to characterize the
individual genes in this region and how they contribute to the
phenotypic variation seen in DiGeorge sequence and VCF
syndromes.

i ‘
FIG 6-20 Face of a boy with 22g11 deletion syndrome.
Note the narrow, tall nasal root and nasal bridge and the
somewhat smooth philtrum. (Courtesy Dr. Lynne M. Bird,
Children’s Hospital, San Diego.)

*A sequence is defined as a series of alterations that are all due to a single, primary defect (see Chapter 15 for further discussion). In
DiGeorge sequence, the primary defect is an abnormality in the migration of neural crest cells, and its secondary alterations are the

anomalies of the thymus, parathyroids, and heart.

defects, hypotonia, and characteristic facial features (Fig.
6-21).

Collections of probes have been designed so that FISH
analysis of metaphase chromosomes can be undertaken to
determine whether a subtelomeric deletion or duplication
has occurred in a patient. In most clinical applications aCGH

is carried out, hybridizing differentially labeled patient and
control DNA samples to microarrays that contain probes cor-
responding to all human subtelomeric regions. If a subtelo-
meric region is duplicated or deleted, the patient’s DNA will
show either excessive or deficient hybridization to the probe
corresponding to that region.
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>

Subtelomeric rearrangements involve dele-
tions or duplications of DNA in the gene-rich
regions near telomeres. They can be detected
by hybridizing specifically designed FISH
probes to metaphase chromosomes or by
comparative genomic hybridization of patient
and control DNA to microarrays containing
subtelomeric probes.

Uniparental Disomy
As discussed earlier, about 70% of cases of Prader-Willi syn-

drome are caused by microdeletions. Most of the remaining
cases involve uniparental disomy (di = “two”), a condition

(chromosome and the other parent has contributed no copies
(Fig. 6-22).

If the parent
has contributed one copy of each homolog, it is termed het-
erodisomy. Isodisomy or heterodisomy of an imprinted
chromosome can cause diseases such as Prader-Willi

FIG 6-21 Face of young boy with 1936 deletion syndrome.
Note the horizontal eyebrows, deep-set eyes, broad nasal
root, and pointed chin.

Father Mother Father Mother

I il b

~

Sperm QOvum Sperm H H Ovum
Zygote with Trisomic
uniparental zygote

A disomy

produces cells with

H H Chromosome loss
uniparental disomy

B

FIG 6-22 Two mechanisms that can produce uniparental disomy. A, Parental nondisjunction
produces a sperm cell with two copies of a specific chromosome, and maternal nondisjunction
produces an ovum with no copies of the same chromosome. The resulting zygote has two copies
of the father's chromosome and no copies of the mother’s chromosome (in this example the
father contributes both chromosomes, but it is also possible that the mother could contribute
both chromosomes). B,
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syndrome (i.e., the inheritance of two copies from the mother
and none from the father means that the offspring receives
no active paternal genes in the imprinted region; see Chapter
5).
offspring of a heterozygous parent if the parent contributes
‘two copies of the chromosome homolog that contains the
(disease-causing mutation (see Fig. 6-22). The first docu-
mented case of uniparental disomy in a human was seen in
a patient with cystic fibrosis whose heterozygous carrier
parent had transmitted two copies of chromosome 7 contain-
ing a mutated CFTR gene, while the other parent transmitted
neither copy of chromosome 7.

Uniparental disomy can arise in a number of ways. A tri-
somic conception can lose one of the extra chromosomes,
resulting in an embryo that has two copies of the chromo-

some contributed by one parent.[Disomy can also result from

(chromosome  (see Fig. 6-22). In the early embryo, cells with
uniparental disomy can be produced by mitotic errors, such

as chromosome loss with subsequent duplication of the
homologous chromosome. In addition to the Prader—Willi
and Angelman syndromes and cystic fibrosis, uniparental
disomy has been seen in cases of Russell-Silver syndrome,
hemophilia A (see Chapter 5), and Beckwith-Wiedemann
syndrome (see Chapters 5 and 15).

Duplications

A partial trisomy, or duplication, of genetic material may be
seen in the offspring of persons who carry a reciprocal trans-
location. Duplications can also be caused by unequal cross-

over during meiosis, as described for the X-linked color
@D (sc: Chapter 5) and for (NN
(disease (see Chapter 3). [Duplications tend to produce less=
serious consequences  than deletions, again illustrating the

principle that a loss of genetic material is more serious than
an excess of genetic material.

> Duplications can arise from unequal cross-

over, or they can occur among the offspring of
reciprocal translocation carriers. Duplications
generally produce less-serious consequences
than do deletions of the same region.

Ring Chromosomes

Deletions sometimes occur at both tips of a chromosome.
The remaining chromosome ends can then fuse, forming a
ring chromosome (Fig. 6-23). The karyotype of a female
with a ring X chromosome is 46,X,r(X). If the ring chromo-
some includes a centromere, it can often proceed through cell
division, but its structure can create difficulties. Ring chro-
mosomes are often lost, resulting in monosomy for the chro-
mosome in at least some cells (i.e., mosaicism for the ring
chromosome may be seen). Ring chromosomes have been
described in at least one case for each of the human auto-

somes; rings 14 and 22 represent two of the most common

— -
-
A Centromere
A
B
= —
Centromere
e
B o
— s
Normal

FIG 6-23 Both tips of a chromosome can be lost, leaving
sticky ends that attach to each other, forming a ring chromo-
some. A chromosome 12 ring is shown here.

Inversions

An inversion is the result of two breaks on a chromosome
followed by the reinsertion of the intervening fragment at its
original site but in inverted order. Thus, a chromosome sym-
bolized as ABCDEFG might become ABEDCEFG after an
inversion. If the inversion includes the centromere{itis called

Like reciprocal translocations, inversions are a balanced
structural rearrangement. Consequently, they seldom produce
disease in the inversion carrier (recall from Chapter 5, though,
that an inversion that interrupts the factor VIII gene produces
severe hemophilia A). Inversions can interfere with meiosis,
however, producing chromosome abnormalities in the off-

spring of inversion carriers.

(homolog) (Fig. 6-24). Crossing over within this loop can result
in duplications or deletions in the chromosomes of daughter
cells. Thus, the offspring of persons who carry inversions
often have chromosome deletions or duplications. It is esti-
mated that about 1 in 1000 people carries an inversion and
is therefore at risk for producing gametes with duplications
or deletions.

Figure 6-24 gives an example of a pericentric inversion on
chromosome 8 (46,XX, inv[8]). About 5% of the offspring of
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FIG 6-24 A pericentric inversion in chromosome 8 causes the formation of a loop during the
alignment of homologous chromosomes in meiosis. Crossing over in this loop can produce
duplications or deletions of chromosome material in the resulting gamete. The offspring in the
lower right received one of the recombinant 8 chromosomes from this parent.

persons who carry this inversion receive a deletion or dupli-
cation of the distal portion of 8q. This combination results
in the recombinant 8 syndrome, which is characterized by
cognitive disability, heart defects, seizures, and a characteris-
tic facial appearance.

> Chromosomeinversionsarerelativelycommon

structural abnormalities and may be either
pericentric (including the centromere) or para-
centric (not including the centromere). Parents
with inversions are usually normal in pheno-
type but can produce offspring with deletions
or duplications.

Isochromosomes

Sometimes a chromosome divides along the axis perpendicu-
lar to its usual axis of division (Fig. 6-25). The result is an
isochromosome, a chromosome that has two copies of one
arm and no copies of the other. Because the genetic material
is substantially altered, isochromosomes of most autosomes

are lethal. Most isochromosomes observed in live births
involve the X chromosome, and babies with isochromosome
Xq (46,X,i[Xq]) usually have features of Turner syndrome.
Isochromosome 18q, which produces an extra copy of the
long arm of chromosome 18, has been observed in infants
with Edwards syndrome phenotype. Although most isochro-
mosomes appear to be formed by faulty division, they can
also be created by Robertsonian translocations of homolo-
gous acrocentric chromosomes (e.g., a Robertsonian translo-
cation of the two long arms of chromosome 21).

CHROMOSOME ABNORMALITIES AND
CLINICAL PHENOTYPES

As we have seen, most autosomal aberrations induce consis-
tent recognizable patterns of multiple malformations,
minor anomalies, and phenotypes with variable degrees of
developmental disability. Although the individual features are
usually nonspecific (e.g., palmar creases can be seen in both
Down syndrome and trisomy 18), the general pattern
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FIG 6-25 Top, Normal chromosome division. Center, An iso-
chromosome is formed when a chromosome divides along
an axis perpendicular to its usual axis of division. This pro-
duces one chromosome with only the short arms and another
with only the long arms. Bottom, A normal X chromosome is
compared with an isochromosome of Xg.

of features is usually distinctive enough to permit a clinical
diagnosis. This is especially true of the well-known chromo-
some syndromes: Down syndrome, Edwards syndrome, Patau
syndrome, and Turner syndrome. However, there is consider-
able phenotypic variability even within these syndromes. No
one patient has every feature; most congenital malformations
(e.g., heart defects) are seen in only some affected individuals.
This phenotypic variability, and the attendant potential for

misdiagnosis, underscores the need to order a chromosome

analysis (karyotype or aCGH) whenever clinical features

suggest a chromosome abnormality.

Usually the biological basis for phenotypic variability is
unknown, although mechanisms such as mosaicism, which
often leads to milder expression, are being uncovered. The
basis of variable expression of chromosome syndromes will
be better understood as the individual genes involved in these
abnormalities are identified and characterized.

In spite of the variability of chromosome syndromes, it is
possible to make several generalizations:

*  Most chromosome abnormalities (especially those involv-
ing autosomes) are associated with developmental delay in
children and intellectual disability in older persons. (This
reflects the fact that a large number of human genes,
perhaps one third or more of the total, participate in the
development of the central nervous system. Therefore, a
chromosome abnormality, which typically can affect hun-
dreds of genes, is very likely to involve genes that affect
nervous system development.

+ Most chromosome syndromes involve alterations of facial
morphogenesis that produce characteristic facial features.
For this reason, the patient often resembles other persons
with the same disorder more than members of his or her
own family. Usually the facial features and minor anoma-
lies of the head and limbs are the best aids to diagnosis
(see Chapter 15).

+ (Growth delay (short stature and/or poor weight gain in
infancy) is commonly seen in(autosomal syndromes.

+ Congenital malformations, especially congenital heart
defects, occur with increased frequency in most autosomal
chromosome disorders. These defects occur in specific
patterns. For example, AV canals and VSDs are common
in children with Down syndrome. Other congenital heart
defects, such as aortic coarctation or hypoplastic (under-
developed) left ventricle, are seldom seen in these children
but may be seen in those with Turner syndrome.

The most common clinical indications for a chromosome
analysis are a newborn with multiple congenital malforma-
tions or a child with developmental delay. A summary of
clinical situations in which a chromosome evaluation should
be considered is given in Box 6-1.

> Chromosome abnormalities typically result in

developmental delay, intellectual disability,
characteristic facial features, and various types
of congenital malformations. Despite some
overlap of phenotypic features, many chromo-
some abnormalities can be recognized by clini-
cal examination.

CANCER CYTOGENETICS

Most of the chromosome abnormality syndromes discussed
thus far are caused by errors that occur in the meiotic process
leading to gamete formation. Chromosome rearrangements
can also take place in somatic cells; these are responsible for
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BOX 6-1 Indications for Performing

Chromosome Analysis

e Persons with a suspected recognizable chromosome syn-
drome (e.g., Down syndrome)

e Persons with an unrecognizable pattern of two or more
malformations

e Persons with ambiguous genitalia

e |ntellectual disability or developmental delay in children
who have physical abnormalities

e Parents and children of persons with chromosomal trans-
locations, deletions, or duplications

e Stillborn infants with malformation or with no recognizable
reason for fetal death

e Females with proportionate short stature and primary
amenorrhea (consider Turner syndrome)

e Males with small testes or significant gynecomastia (con-
sider Klinefelter syndrome)

a number of important cancers in humans. The first of these
to be recognized was a chromosome alteration seen consis-
tently in patients with chronic myelogenous leukemia (CML).
Initially, it was suggested that the chromosome alteration was
a deletion of the long arm of either chromosome 21 or chro-
mosome 22. With the subsequent development of chromo-
some banding techniques, (the abnormality was identified as
a reciprocal translocation between chromosomes 9 and 22.
The Philadelphia chromosome, as this translocation is com-
monly known, consists of a translocation of most of chromo-
some 22 onto the long arm of chromosome 9. A'small distal
portion of 9q in turn is translocated to chromosome 22. The
net effect is a smaller chromosome 22, which explains why
the Philadelphia chromosome was initially thought to be a
deletion. This translocation (Fig. 6-26) is seen in most cases
of CML.

Much has been learned about the effects of this transloca-
tion by isolating the genes that are located near the transloca-
tion breakpoints (i.e., the locations on the chromosomes at
which the breaks occur preceding translocation). (A proto-
oncogene (see Chapter 11) called ABL is moved from its
normal position on 9q to 22q. This alters the ABL gene
product, causing increased tyrosine kinase activity, which
leads to malignancy in hematopoietic cells (i.e., cells that
form blood cells such as lymphocytes). Drugs have now been
developed to inhibit the tyrosine kinase encoded by this gene,
offering much more effective treatment for CML.

A second example of a translocation that produces cancer
is given by Burkitt lymphoma, a childhood jaw tumor. In this
case, a reciprocal translocation involving chromosomes 8 and
14 moves the MYC proto-oncogene from 8q24 to 14q32, near
the immunoglobulin heavy chain loci (see Chapter 9). Tran-
scription regulation sequences near the immunoglobulin
genes then activate MYC, causing malignancies to form.

More than 100 different rearrangements, involving nearly
every chromosome, have been observed in more than 40 dif-
ferent types of cancer. Some of these are summarized in Table
6-4. Sometimes these translocations are identified using spec-

Normal der(9)
9

Normal
22
FIG 6-26 Reciprocal translocation between chromosome 22
and the long arm of chromosome 9 (the Philadelphia chromo-
some). The occurrence of this translocation in hematopoietic
cells can produce chronic myelogenous leukemia.

der(22)

TABLE 6-4 Specific Cytogenetic

Changes Observed in Selected
Leukemias and Solid Tumors

MOST COMMON

CHROMOSOME
TYPE ABERRATION

Leukemias

Chronic myelogenous leukemia
Acute myeloblastic leukemia
Acute promyelocytic leukemia
Acute lymphocytic leukemia

1(9;22)(q34:911)
1(8;21)(g22,922)
t(15;17)(g22;911-12)
t(12;21)(p13;022)

Solid Tumors
Burkitt lymphoma
Ewing sarcoma
Meningioma
Retinoblastoma
Wilms tumor
Neuroblastoma
Breast cancer

t(8;14)(q24,932)
t(11;22)(924,912)
Monosomy 22
del(13)(q14)

del(11)(p13)

N-MYC amplification
HER2/NEU amplification

tral karyotypes. In many cases, identification of the chromo-
some rearrangement leads to a more accurate prognosis and
better therapy. Hence, the cytogenetic evaluation of bone
marrow cells from leukemia patients is a routine part of diag-
nosis. Furthermore, identification and characterization of the
genes that are altered in translocation syndromes are leading
to a better understanding of carcinogenesis in general.
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> Balanced translocations in somatic cells can
sometimes cause malignancies by interrupting
or altering genes or their regulatory sequences.

CHROMOSOME INSTABILITY SYNDROMES

Several autosomal recessive disease conditions exhibit an
increased incidence of chromosome breaks under specific
laboratory conditions. These conditions, which are
termed chromosome instability syndromes, include ataxia—
telangiectasia, Bloom syndrome, Fanconi anemia, and xero-
derma pigmentosum (see Chapter 2). Among patients with
Fanconi anemia, the (frequency of breaks can be increased

B STUDY QUESTIONS

further if the chromosomes are exposed to certain alkylating
agents. Patients with Bloom syndrome also have a high inci-
dence of somatic cell sister chromatid exchange (exchange of
chromosome material between sister chromatids; see Chapter
2). Each of these syndromes is associated with a significant
increase in cancer risk. All are thought to be the result of
faulty DNA replication or repair, as discussed in Chapter 2.

> The chromosome instability syndromes all

involve increased frequencies of chromosome
breakage and an increased risk of malignancy.
All are associated with defects in DNA replica-
tion or repair.

1. Distinguish among haploidy, diploidy, polyploidy,
euploidy, and aneuploidy.

2. Explain the uses and relative advantages of FISH, spectral
karyotyping, and comparative genomic hybridization
(CGH).

. Describe three ways in which triploidy could arise.

4. Studies of karyotypes obtained by prenatal diagnosis at
10 weeks’ gestation (chorionic villus sampling; see
Chapter 13) reveal prevalence rates of chromosome
abnormalities that differ from those obtained in karyo-
types at 16 weeks’ gestation (amniocentesis; see Chapter
13). Explain this.

5. Even though conditions such as Down syndrome and
Edwards syndrome can usually be diagnosed accurately
by clinical examination alone, a karyotype is always rec-
ommended. Why?

6. Rank the following, from lowest to highest, in terms of
the risk of producing a child with Down syndrome:

45-year-old woman with no previous family history
of Down syndrome

W

25-year-old woman who has had one previous child
with Down syndrome

25-year-old male carrier of a 21/14 Robertsonian
translocation

25-year-old female carrier of a 21/14 Robertsonian
translocation

7. Females with the 49,XXXXX karyotype have been
reported. Explain how this karyotype could occur.

8. A man with hemophilia A and a normal woman produce
a child with Turner syndrome (45,X). The child has
normal factor VIII activity. In which parent did the
meiotic error occur?

9. A cytogenetics laboratory reports a karyotype of
46,XY,del(8)(p11) for one patient and a karyotype of
46,XY,dup(8)(p11) for another patient. Based on this
information alone, which patient is expected to be more
severely affected?

10. Why do translocations in somatic cells sometimes lead to
cancer?
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7 CHAPTER

Biochemical Genetics:
Disorders of Metabolism

Each of us is composed of a large number of complex mol-
ecules that are hierarchically arranged in space to form cells,
tissues, organs, and ultimately a complete human being.
These molecules are constructed from individual elements
that may be synthesized endogenously or obtained from the
environment. Once created, these molecules are not static.
In fact, they are perpetually being synthesized, degraded,
excreted, and sometimes recycled in a tightly choreographed
metabolic dance.

Each metabolic process consists of a sequence of catalytic
steps mediated by enzymes encoded by genes. Usually, these
genes are replicated with high fidelity, and enzymatic systems
continue to work effectively from generation to generation.
Occasionally, mutations reduce the efficiency of encoded
enzymes to a level at which normal metabolism cannot occur.
Such variants of metabolism were recognized by Sir Archibald
Garrod at the beginning of the 20th century, based partly
on his studies of alkaptonuria (AKU). Garrod recognized
that these variants illustrated “chemical individualities,”
and he called these disorders “inborn errors of metabolism,”
thus setting the cornerstone for contemporary biochemical
genetics.

AKU is a rare disorder in which homogentisic acid (HGA),
an intermediate metabolite in phenylalanine and tyrosine
metabolism (Fig. 7-1), is excreted in large quantities in urine,
causing it to darken on standing. Hence, AKU was classically
referred to as “black urine disease.” Additionally, an oxida-
tion product of HGA is directly deposited in connective
tissues, resulting in abnormal pigmentation and debilitating
arthritis.

Garrod proposed in 1902 that AKU was caused by a defi-
ciency of the enzyme that normally splits the aromatic ring
of HGA. Fifty years later, it was established that AKU is pro-
ducedbya failure to synthesize homogentisate 1,2-dioxygenase
(HGO). However, it was not until 1996 that scientists identi-
fied the gene that is altered in AKU, based on homology to a
gene encoding an HGO enzyme that was isolated from a
fungus species. The coding region of HGO comprises 14
exons distributed over 54 kb of DNA. Many of the mutations
identified in HGO encode proteins that show no HGO activ-
ity when expressed in vitro. This indicates that AKU is caused
by a loss-of-function mutation, confirming the hypothesis
put forth by Garrod more than a century ago.

132

> Almost all biochemical processes of human

metabolism are catalyzed by enzymes. Varia-
tions of enzymatic activity among humans are
common, and a minority of these variants
causes disease. These concepts were intro-
duced by Archibald Garrod and exemplified by
his studies of alkaptonuria.

VARIANTS OF METABOLISM

Prevalence of Metabolic Disease

Hundreds of different inborn errors of metabolism have been
described to date, and most of these are rare. Taken together,
however, metabolic disorders account for a substantial per-
centage of the morbidity and mortality directly attributable
to genetic disease (Table 7-1). One survey conservatively esti-
mated that the incidence of metabolic disorders is approxi-
mately 1 in every 2500 births, or 10% of all monogenic

conditions in children. MOFE0VeR We ate beginiig o under

The diagnosis of a metabolic disorder can be challenging
(Clinical Commentary 7-1); thus, the morbidity associated
with metabolic defects is probably underestimated. In the
1970s, an often fatal acute metabolic encephalopathy called
Reye syndrome was diagnosed in many children. In the fol-
lowing decades, we learned that some children with an
encephalopathy indistinguishable from Reye syndrome had a
urea cycle defect that produced hyperammonemia (increased
levels of circulating ammonia) and death. Recognition of
Reye syndrome as a phenocopy of a urea cycle defect is
important because, in addition to supportive care,* the chil-
dren can now receive direct treatment for the urea cycle
defects. Similarly, on postmortem examination, some chil-
dren who have died from sudden infant death syndrome
(SIDS) have been found to have a defect of fatty acid metabo-
lism. These are also treatable disorders, and life-threatening
episodes can be avoided with appropriate care.

*Supportive care is care that supports the elementary functions of the
body, such as maintenance of fluid balance, oxygenation, and blood
pressure, but is not aimed at treating the disease process directly.
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FIG 7-1 Major pathway of phenylalanine metabolism. Differ-
ent enzymatic defects in this pathway cause classic phenyl-
ketonuria (7), tyrosinase-negative oculocutaneous albinism
(2), alkaptonuria (3), and tyrosinemia type 1 (4).

> Although individual metabolic disorders are
rare, their overall direct and indirect contribu-
tion to morbidity and mortality is substantial.

Inheritance of Metaholic Defects

Most metabolic disorders are inherited in an autosomal
recessive pattern: Only individuals having two mutant alleles
are affected. Although a mutant allele produces reduced or
no enzyme activity (loss of function), it usually does not alter
the health of a heterozygous carrier. Because many of the
genes encoding disease-related enzymes have been identified
and their mutations characterized, carrier testing and prena-
tal diagnosis are available for many metabolic disorders.
However, testing samples of dried blood for elevated levels of
metabolites in the newborn period (e.g., for phenylketonuria
and galactosemia; see Chapter 13) remains the most com-
monly used population-based screening test for metabolic
disorders. Expanded newborn screening that tests for dozens
of different disorders by checking for the presence of abnor-
mal metabolites in blood is common. As the technology for
rapid and efficient DNA testing of mutant alleles progresses,
population-based screening for additional disorders is likely
to be incorporated.

Most inborn errors of metabolism are inher-

> ited in an autosomal recessive pattern.
The carrier state usually is not associated
with morbidity. Carrier and diagnostic testing
are becoming widely available for many
disorders.

Types of Metabolic Processes

Metabolic disorders have been classified in many different
ways, based on the pathological effects of the pathway blocked
(e.g., absence of end product, accumulation of substrate);
different functional classes of proteins (e.g., receptors, hor-
mones); associated cofactors (e.g., metals, vitamins); and
pathways affected (e.g., glycolysis, citric acid cycle). Each of
these has advantages and disadvantages, and none of them
encompasses all metabolic disorders. However, the classifica-
tion that most completely integrates our knowledge of cell
biology, physiology, and pathology with metabolic disorders
categorizes defects of metabolism by the types of processes
that are disturbed.

DEFECTS OF METABOLIC PROCESSES

Almost all biochemical reactions in the human body are con-
trolled by enzymes, which act as catalysts. The catalytic prop-
erties of enzymes typically increase reaction rates by more
than a million-fold. These reactions mediate the synthesis,
transfer, use, and degradation of biomolecules to build and
maintain the internal structures of cells, tissues, and organs.
Biomolecules can be categorized into four primary groups:
nucleic acids, proteins, carbohydrates, and lipids. The major
metabolic pathways that metabolize these molecules include
glycolysis, citric acid cycle, pentose phosphate shunt, gluco-
neogenesis, glycogen and fatty acid synthesis and storage,
degradative pathways, energy production, and transport
systems. We now discuss how defects in each of these meta-
bolic pathways can cause human disease.

Carbohydrate Metabolism

Because of the many different applications that they serve in
all organisms, carbohydrates are the most abundant organic
substance on Earth. Carbohydrates function as substrates for
energy production and storage, as intermediates of metabolic
pathways, and as the structural framework of DNA and RNA.
Consequently, carbohydrates account for a major portion of
the human diet and are metabolized into three principal
monosaccharides: glucose, galactose, and fructose. Galactose
and fructose are converted to glucose before glycolysis. The
failure to effectively use these sugars accounts for the majority
of the inborn errors of human carbohydrate metabolism.

Galactose

The most common monogenic disorder of carbohydrate
metabolism, transferase deficiency galactosemia (classic
galactosemia), affects 1 in every 50,000 newborns. It is
most commonly caused by mutations in the gene encoding
galactose-1-phosphate uridyl transferase (GAL-1-P uridyl
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TABLE 7-1 Disorders of Metabolism
CHROMOSOMAL
NAME PREVALENCE MUTANT GENE PRODUCT LOCATION
Carbohydrate Disorders
Classic galactosemia 1/35,000 to 1/60,000 Galactose-1-phosphate uridyl 9p13
transferase
Hereditary fructose intolerance 1/20,000 Fructose 1,6-bisphosphate aldolase 9913-g32
Fructosuria =1/100,000 Fructokinase 2p23
Hypolactasia (adult) Common Lactase 20921
Diabetes mellitus type 1 1/400 (Europeans) Multiple Polygenic
Diabetes mellitus type 2 1/20 Multiple Polygenic
Maturity-onset diabetes of the =1/400 Multiple Multiple loci
young (MODY)
Amino Acid Disorders
Phenylketonuria 1/10,000 Phenylalanine hydroxylase 12924
Tyrosinemia (type 1) 1/100,000 Fumarylacetoacetate hydrolase 15023-25
Maple syrup urine disease 1/180,000 Branched-chain a-ketoacid Multiple loci
dehydrogenase (multiple subunits)
Alkaptonuria 1/250,000 Homogentisic acid oxidase 3092
Homocystinuria 1/340,000 Cystathionine B-synthase 2192
Oculocutaneous albinism 1/35,000 Tyrosinase 11q
Cystinosis 1/100,000 CTNS 17p13
Cystinuria 1/7000 SLC3AT (type 1) 2p
SLC7A9 (types Il & III) 19913
Lipid Disorders
MCAD 1/1,000 to 1/15,000 Medium-chain acyl-CoA 1p31
dehydrogenase
VLCAD 1/30,000 Very Long-chain acyl-CoA 17p13.1
dehydrogenase
SLO 1/10,000 A7-sterol reductase 11912-913
Organic Acid Disorders
Methylmalonic acidemia 1/20,000 Methylmalonyl-CoA mutase 6p
Propionic acidemia Rare Propionyl-CoA carboxylase 13032; 3q
Urea Cycle Defects
Ornithine transcarbamylase 1/60,000 Ornithine carbamyl transferase Xp21
deficiency
Carbamyl phosphate synthetase 1/300,000 Carbamyl phosphate synthetase | 2p
deficiency
Argininosuccinic acid synthetase 1/250,000 Argininosuccinic acid synthetase 9934
deficiency
Energy Production Defects
Cytochrome c oxidase deficiency Rare Cytochrome oxidase peptides Multiple loci
Pyruvate carboxylase deficiency Rare Pyruvate carboxylase 119
Pyruvate dehydrogenase complex Rare Pyruvate decarboxylase, E o Xp22
(E,) deficiency
NADH-CoQ reductase deficiency Rare Multiple nuclear genes Multiple loci
Heavy Metal Transport Defects
Wilson disease 1/50,000 ATP7B 13q14
Menkes disease 1/250,000 ATP7A Xqg13
Hemochromatosis 1/200 to 1/400 (Europeans) HFE 6p21
Acrodermatitis enteropathica Rare SLC39A4 80924

MCAD, Medium-chain acyl-CoA dehydrogenase; SLO, Smith-Lemli-Opitz syndrome; VLCAD, very long-chain acyl-CoA dehydrogenase.
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CLINICAL COMMENTARY 7-1

Diagnosis of a Metabolic Disorder

The presentations of persons with inborn errors of metabolism
are highly variable. During gestation, the maternal-placental
unit usually provides essential nutrients and prevents the accu-
mulation of toxic substrates. Thus, a fetus is infrequently symp-
tomatic. However, after birth, persons with metabolic disorders
can present at ages ranging from the first day of life to adult-
hood. The presentation may be precipitous and characterized
by dramatic alterations in homeostasis and even death. In
contrast, the disorder may be insidious, with only subtle
changes in function over long periods. For most metabolic
disorders, the presymptomatic period and onset of symptoms
lie somewhere between these two extremes. The following
case illustrates this point.

Anthony is a 9-month-old Latin American boy who comes to
the emergency department accompanied by his parents. His
parents complain that he has been irritable and vomiting for
the last 36 hours, and over the past 12 hours he has become
increasingly sleepy. They sought medical attention because it
was difficult to awaken Anthony to breast-feed him. Anthony's
medical history is unremarkable. He has a healthy 8-year-old
sister and had a brother who died in his crib at 7 months of
age. An investigation of the brother's death and an autopsy
were performed. The findings were consistent with sudden
infant death syndrome (SIDS).

Anthony is hospitalized and is noted to be hypoglycemic (low
serum glucose level), slightly acidemic (serum pH < 7.4), and
hyperammonemic (elevated plasma ammonia). Intravenous
infusion of glucose transiently improves his level of alertness,
but he becomes comatose and dies 5 days later. An autopsy
reveals marked cerebral edema (swelling of the brain) and fatty
infiltration of the liver consistent with a diagnosis of Reye
syndrome. Anthony’s mother is concerned that the boys’
deaths are related to each other, especially since she is preg-
nant again. She is counseled that the causes of death are
unrelated and neither disorder is likely to recur in her family.

One year later her 6-month-old daughter, Maria, is hospital-
ized for the third time because of lethargy and weakness.
Laboratory studies reveal moderate hypoglycemia, hyperam-
monemia, and ketonuria (ketones in the urine). Additional
studies, including measurement of urine organic acids,* serum
amino acids, and free and esterified plasma carnitines, suggest
that Maria has a defect of fatty acid oxidation. Therapy is
initiated with intravenous glucose, oral carnitine, and the
restriction of fats to no more than 20% of her caloric
requirements. More specific biochemical and molecular
studies confirm that Maria has medium-chain acyl-CoA dehy-
drogenase (MCAD) deficiency. Molecular studies from pre-
served tissues that had been collected at autopsy from
Maria's deceased brothers indicate that they also had MCAD
deficiency. Maria’'s asymptomatic older sister is similarly
affected. Both girls are healthy 2 years later, eating a low-fat
diet and using a carnitine supplement. They have a new baby
brother who underwent prenatal testing for MCAD and was
found to be unaffected.

The disparate presentations of MCAD deficiency in this
family (sudden death, acute illness, chronic illness, and
asymptomatic) illustrate the phenotypic variability often
observed in persons with inborn errors of metabolism, even
those sharing an identical mutation. Thus, there might not be
a disease-specific pattern of symptoms and findings. Often
it is the heightened index of suspicion of care providers that
leads to the testing necessary to identify a metabolic disorder.
Supportive therapy can be lifesaving and should be initiated
before making a diagnosis. Nevertheless, it is imperative that
prudent attempts be made to make a specific diagnosis,
because it can have important implications for the family (e.g.,
prenatal testing, presymptomatic therapy). The treatment of
MCAD deficiency is completely effective in preventing early
death from the toxic effects of accumulated fatty acid
intermediates.

*Qrganic acids are carbon-based acids that are products of intermediate metabolism and normally do not accumulate in plasma or urine

beyond the buffering capacities of these fluids.

transferase) (Fig. 7-2). This gene is composed of 11 exons
distributed across 4 kb of DNA, and approximately 70% of
galactosemia-causing alleles in people of Western European
origin have a single missense mutation in exon 6, p.Q188R. As
a result of diminished GAL-1-P uridyl transferase activity,
affected persons cannot effectively convert galactose to
glucose; consequently, galactose is alternatively metabolized
to galactitol and galactonate (see Fig. 7-2). Although galactose
and its metabolites accumulate in many tissues, the patho-
physiology of classic galactosemia is not well understood.
Classic galactosemia typically manifests in the newborn
period with poor sucking, failure to thrive, and jaundice. If
galactosemia is left untreated, sepsis, hyperammonemia, and
shock leading to death usually follow. Cataracts (opacifica-
tion of the lens of the eye) are found in about 10% of infants.
Newborn screening for galactosemia is widespread, and
most affected persons are identified as they begin to develop
symptoms. Early identification affords prompt treatment,
which consists largely of eliminating dietary galactose. This

substantially reduces the morbidity associated with the acute
effects of elevated levels of galactose metabolites. Long-term
disabilities may include poor growth, developmental delay,’
speech problems, and ovarian failure in females. These
sequelae are thought to be caused by endogenous production
of galactose. The effects of prospective dietary therapy on the
prevalence of these long-term sequelae are less clear. Early
studies suggested that there was no effect, but as more longi-
tudinal data become available, it appears that patients treated
early in life with dietary therapy may have a normal cognitive
outcome.

Galactosemia can also be caused by mutations in the genes
encoding galactokinase or uridine diphosphate galactose-
4-epimerase (UDP-galactose-4-epimerase) (see Fig. 7-2).

"Developmental delay is the delayed attainment of age-appropriate
motor, speech, and/or cognitive milestones; the outcomes of
developmental delay range from normal to profound intellectual
disability.
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Deficiency of galactokinase is associated with the formation
of cataracts but does not cause growth failure, intellectual
disability, or hepatic disease. Dietary restriction of galactose
is also the treatment for galactokinase deficiency. Deficiency
of UDP-galactose-4-epimerase can be limited to red blood
cells and leukocytes, causing no ill effects, or it can be sys-
temic and produce symptoms similar to those of classic
galactosemia. Treatment is aimed at reducing the dietary

Aldolase
Oxidase reductase
Galactonate Galactose Galactitol
Galactokinase
v GAL-1-P uridyl

transferase [ Glucose 1-

Galactose
emdicengl] + 1-phosphate | phosphate

a8
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\ 4
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Glycolipids
Glycoproteins
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FIG 7-2 Major pathways of galactose metabolism. The most
common enzymatic abnormality producing galactosemia is
a defect of GAL-1-P uridyl transferase. Defects of galacto-
kinase or of UDP-galactose 4-epimerase are much less
common causes of galactosemia. GAL, Galactose; UDP,
uridine diphosphate.

intake of galactose, but not as severely as in patients with
classic galactosemia, because some galactose must be pro-
vided to produce UDP-galactose for the synthesis of some
complex carbohydrates.

> Galactosemia is one of the most common

inherited disorders of carbohydrate metabo-
lism. Newborn screening for galactosemia is
widespread. Early identification allows prompt
treatment, which consists largely of eliminat-
ing dietary galactose. Mutations in the gene
that encodes GAL-1-P uridyl transferase are
the most common cause of galactosemia.

Fructose

Three autosomal recessive defects of fructose metabolism
have been described. The most common is caused by muta-
tions in the gene encoding hepatic fructokinase. This enzyme
catalyzes the first step in the metabolism of dietary fructose,
the conversion to fructose-1-phosphate (Fig. 7-3). Inactiva-
tion of hepatic fructokinase results in asymptomatic fructos-
uria (presence of fructose in the urine).

In contrast, hereditary fructose intolerance (HFI) results
in poor feeding, failure to thrive, hepatic and renal insuffi-
ciency, and death. HFI is caused by a deficiency of fructose
1,6-bisphosphate aldolase in the liver, kidney cortex, and
small intestine. Infants and adults with HFI are asymptomatic
unless they ingest fructose or sucrose (a sugar composed of
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FIG 7-3 Summary of glucose, fructose, and glycogen metabolism. Enzymatic defects in
this pathway cause hyperglycemia (7), Von Gierke disease (2), fructosuria (3), hereditary
fructose intolerance (4), Cori disease (5), Anderson disease (6), Tarui disease (7), and fructose
1,6-bisphosphatase (FBPase) deficiency (8). UDP, Uridine diphosphate.
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fructose and glucose). Infants who are breast-fed become
symptomatic after weaning, when fruits and vegetables are
added to their diet. Affected infants may survive into child-
hood because they avoid foods they consider noxious, thereby
self-limiting their intake of fructose. The prevalence of HFI
may be as high as 1 in 20,000 births, and, since the cloning
of the gene encoding fructose-1-phosphate aldolase, differ-
ences in the geographic distribution of mutant alleles have
been found.

Deficiency of hepatic fructose 1,6-bisphosphatase (FBPase)
causes impaired gluconeogenesis, hypoglycemia (reduced
level of circulating glucose), and severe metabolic acidemia
(serum pH <7.4). Affected infants commonly present for
treatment shortly after birth, although cases diagnosed later
in childhood have been reported. If patients are adequately
supported beyond childhood, growth and development
appear to be normal. A handful of mutations have been found
in the gene encoding FBPase, some of which encode mutant
proteins that are inactive in vitro.

> Asymptomatic deficiency of fructokinase is the

most common defect of fructose metabolism.
Hereditary fructose intolerance is less preva-
lent but is associated with much more severe
problems.

Glucose

Abnormalities of glucose metabolism are the most common
errors of carbohydrate metabolism. However, the causes of
these disorders are heterogeneous and include both environ-
mental and genetic factors. Historically, disorders associated
with elevated levels of plasma glucose (hyperglycemia) have
been classified into three categories: type 1 diabetes mellitus
(T1DM), type 2 diabetes mellitus (T2DM), and maturity-
onset diabetes of the young (MODY), of which there are
many subtypes. TIDM is associated with reduced or absent
levels of plasma insulin and usually manifests in childhood.
DM type 2 is characterized by insulin resistance and, most
commonly, adult onset. A more detailed discussion of TIDM
and T2DM can be found in Chapter 12.

Substantial advances in understanding of the pathophysi-
ology of common diabetes have been achieved by identifying
mutations that cause rare monogenic forms of hyperglyce-
mia. Mutations in the insulin receptor gene have been associ-
ated with a disorder characterized by insulin resistance and
acanthosis nigricans (hypertrophic skin with a corrugated
appearance). These mutations can decrease the number of
insulin receptors on a cell’s surface, or they can decrease the
insulin-binding activity level or the insulin-stimulated tyro-
sine kinase activity level. Mutations in mitochondrial DNA
and in the genes encoding insulin and glucokinase have also
been associated with hyperglycemic disorders.

> Studies of rare, monogenic forms of diabetes

define the pathways that may be disturbed
in the more common forms of diabetes
mellitus.

Lactose

The ability to metabolize lactose (a sugar composed of glucose
and galactose) depends, in part, on the activity of an intesti-
nal brush-border enzyme called lactase-phlorizin hydrolase
(LPH). In most mammals, LPH activity diminishes after
infants are weaned from maternal milk. However, the persis-
tence of intestinal LPH activity is a common autosomal reces-
sive trait in human populations, with an incidence ranging
from 5% to 90%. The geographic distribution of lactase per-
sistence is concordant with areas of high milk intake, such as
northwestern Europe and certain parts of Africa. The persis-
tent ability for adults to use dairy products as a source of
vitamin D had a selective advantage in these populations.

Lactase nonpersistence (i.e., adult-type hypolactasia or
lactose intolerance) is common in most tropical and sub-
tropical countries. Persons with lactase nonpersistence can
experience nausea, bloating, and diarrhea after ingesting
lactose. Thus, in many regions where reduced lactase activity
is prevalent, the lactose in dairy products is often partially
metabolized (e.g., by lactobacilli in the preparation of yogurt)
before consumption. The role of lactase nonpersistence as a
cause of abdominal pain and symptoms of irritable bowel
syndrome is controversial.

LPH is encoded by the lactase gene (LCT) on chromosome
2. In European populations, adult LPH expression is regu-
lated by a polymorphism located in an upstream gene named
minichromosome maintenance 6 (MCMG6). However, in sub-
Saharan African, Central Asian, and Arabian peninsular
populations in which lactase persistence is common, this
polymorphism is found at low frequency or is absent. Lactase
persistence in these populations is caused by different poly-
morphisms that appear to increase transcription of LCT.
These polymorphisms appear to have arisen relatively recently
in human evolution and have increased in incidence as a
result of natural selection independently in populations in
Europe and Africa. In each case, the selective force appears to
have been a local adaptive response to the higher fitness
afforded by the ability to consume dairy products.

Mutations that abolish lactase activity altogether cause
congenital lactase deficiency and produce severe diarrhea and
malnutrition in infancy. Such mutations are very rare.

Glycogen

Carbohydrates are most commonly stored as glycogen in
humans. Consequently, enzyme deficiencies that lead to
impaired synthesis or degradation of glycogen are also con-
sidered disorders of carbohydrate metabolism. Defects of
each of the proteins involved in glycogen metabolism have
been identified (Table 7-2). These cause different forms of
glycogen storage disorders and are classified numerically
according to the chronological order in which their enzy-
matic basis was described. The two organs most severely
affected by glycogen storage disorders are the liver and
skeletal muscle. Glycogen storage disorders that affect the
liver typically cause hepatomegaly (enlarged liver) and hypo-
glycemia (low plasma glucose level). Glycogen storage disor-
ders that affect skeletal muscle cause exercise intolerance,
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TABLE 7-2 Glycogen Storage Disorders

TYPE DEFECT MAJOR AFFECTED TISSUES

la (Von Gierke) Glucose-6-phosphatase Liver, kidney, intestine

Ib Microsomal glucose-6-phosphate transport Liver, kidney, intestine, neutrophils
[l (Pompe) Lysosomal acid B-glucosidase Muscle, heart

[lla (Cori) Glycogen debranching enzyme Liver, muscle

[l Glycogen debranching enzyme Liver

IV (Anderson) Branching enzyme Liver, muscle

V (McArdle) Muscle phosphorylase Muscle

VI (Hers) Liver phosphorylase Liver

VII (Tarui) Muscle phosphofructokinase Muscle

progressive weakness, and cramping. Some glycogen storage
disorders, such as Pompe disease, can also affect cardiac
muscle, causing cardiomyopathy and early death. Treatment
of some glycogen storage disorders by enzyme replacement
(e.g., giving active forms of the enzyme intravenously) can
improve, and in some cases prevent, symptoms and therefore
preserve function and prevent early death.

> Each disorder of glycogen metabolism is

uncommon, yet taken together these defects
account for substantial morbidity. Early inter-
vention can prevent severe disabilities and
early death.

Amino Acid Metabolism

Proteins play the most diverse roles of the major biomole-
cules (e.g., providing mechanical support, coordinating
immune responses, generating motion). Indeed, nearly all
known enzymes are proteins. The fundamental structural
units of proteins are amino acids. Some amino acids can be
synthesized endogenously (nonessential), and others must be
obtained from the environment (essential). Many defects of
the metabolism of amino acids have been described.

Phenylalanine

Defects in the metabolism of phenylalanine (an essential
amino acid) cause the hyperphenylalaninemias, some of the
most widely studied of all inborn errors of metabolism. These
disorders are caused by mutations in genes that encode com-
ponents of the phenylalanine hydroxylation pathway (see Fig.
7-1). Elevated levels of plasma phenylalanine disrupt essential
cellular processes in the brain such as myelination and protein
synthesis, eventually producing severe intellectual disability.
Most cases of hyperphenylalaninemia are caused by muta-
tions of the gene that encodes phenylalanine hydroxylase
(PAH), resulting in classic phenylketonuria (PKU). Hundreds
of different mutations have been identified in PAH, including
substitutions, insertions, and deletions. The prevalence of
hyperphenylalaninemia varies widely among groups from
different geographic regions; PKU ranges from 1 in every
10,000 people of European origin to 1 in every 90,000 in those
of African ancestry. Less commonly, hyperphenylalaninemia
is caused by defects in the synthesis of tetrahydrobiopterin, a

cofactor necessary for the hydroxylation of phenylalanine, or
by a deficiency of dihydropteridine reductase.

Treatment of most hyperphenylalaninemias is aimed at
restoring normal blood phenylalanine levels by restricting
dietary intake of phenylalanine-containing foods (Box 7-1).
However, phenylalanine is an essential amino acid, and ade-
quate supplies are necessary for normal growth and develop-
ment. A complete lack of phenylalanine is fatal. Thus, a fine
balance must be maintained between providing enough
protein and phenylalanine for normal growth and preventing
the serum phenylalanine level from rising too high. Persons
with PKU clearly benefit from lifelong treatment. Thus, once
PKU is diagnosed, the person must follow a phenylalanine-
restricted diet for life. Sapropterin dihydrochloride, a form of
tetrahydrobiopterin (BH4) can help BH-4 responsive PKU
patients.

Hyperphenylalaninemia in a pregnant woman results in
elevated phenylalanine levels in the fetus. This can cause poor
growth, birth defects, microcephaly, and intellectual disability
in the fetus (regardless of the fetus’s genotype). Thus, it is
important that women with PKU receive appropriate preg-
nancy counseling. Optimally, they should maintain a low-
phenylalanine diet at conception and throughout pregnancy.

> Hyperphenylalaninemiasarethe mostcommon

defects of amino acid metabolism. Classic
PKU is caused by mutations in the gene that
encodes phenylalanine hydroxylase. Hyper-
phenylalaninemias are treated by restricting
dietary intake of phenylalanine-containing
foods.

Tyrosine

The amino acid tyrosine is the starting point of the synthetic
pathways leading to catecholamines, thyroid hormones, and
melanin pigments, and it is incorporated into many proteins.
Elevated levels of serum tyrosine can be acquired (e.g., severe
hepatocellular dysfunction), or they can result from an inborn
error of catabolism, of which there are several. Hereditary
tyrosinemia type 1 (HT1) is the most common metabolic
defect of tyrosine and is caused by a deficiency of fumaryl-
acetoacetate hydrolase (FAH), which catalyzes the last step in
tyrosine catabolism (see Fig. 7-1). Accumulation of FAH’s
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BOX 7-1

The most important component of therapy for many inborn
errors of metabolism is manipulation of the diet. This com-
monly includes restriction of substrates that are toxic, such as
carbohydrates (e.g., in galactosemia, diabetes mellitus), fats
(e.g., in MCAD deficiency), and amino acids (e.g., in PKU,
MSUD, urea cycle defects); avoidance of fasting; replacement
of deficient cofactors (e.g., B vitamins, carnitine); or using
alternative pathways of catabolism to eliminate toxic sub-
stances. Because many metabolic disorders are diagnosed in
infants whose nutritional requirements change quickly (some-
times weekly), it is imperative to provide infants with diets that
provide adequate calories and nutrients for normal growth
and development. Thus, the responsibility for maintaining a
special diet begins with the parents of an affected child and
shifts to the child when he or she is capable of managing
independently. For most persons with metabolic diseases,
a special diet must be maintained for life. This results in
many unique challenges that are often unforeseen by families
and care providers alike. Consequently, it is important that
support and guidance be provided by clinical dietitians, gastro-
enterologists, psychologists, genetic counselors, and biochem-
ical geneticists.

For example, newborns with PKU are fed a low-phenylalanine
diet to prevent the effects of hyperphenylalaninemia on the
brain. Breast milk contains too much phenylalanine to be used
as the only source of nutrients. Therefore, many infants are
fed an expensive low-phenylalanine formula that is available
only by prescription, a medical food.* Small quantities of breast
milk can be mixed with the formula, although the breast
milk must be pumped and carefully titrated to avoid giving
the infant too much phenylalanine. Serum phenylalanine levels
are measured frequently, and adjustments must be made to
the diet to compensate for an infant’'s growth and varying
individual tolerances for phenylalanine. These interventions can
disrupt mother—infant bonding and distort a family’s social
dynamics.

As a child with PKU grows older, low-protein food substitutes
are introduced to supplement the formula (e.g., low-protein
breads and pasta). To put this in perspective, consider that a
10-year-old child with PKU might ingest 300 to 500 mg of
phenylalanine per day. Thus, three or four slices of regular
bread would meet a child’'s nutritional needs and dietary phe-
nylalanine limit because of the relatively high protein content
of grains. Low-protein foods make the diet more substantive
and varied. Indeed, seven slices of low-protein bread contain
the phenylalanine equivalent of one piece of regular bread. Yet,
many of these foods have an odor, taste, texture, or appear-
ance that differs distinctively from foods containing normal
amounts of protein.

The intake of many fruits, fats, and carbohydrates is less
restricted (see table at the right). However, phenylalanine is
found unexpectedly in many food items (e.g., gelatin, beer). In
fact, the FDA requires manufacturers to label products contain-
ing aspartame (a common artificial sweetener that contains
phenylalanine) with a warning for persons with PKU.

Teenagers with PKU sometimes have difficulty socializing
with their peers because their dietary restrictions limit food
choices at restaurants, sporting events, and parties. Adults

Dietary Management of Inborn Errors of Metabolism

with PKU must consume more medical food than they did
during childhood due to their size and protein requirements.
Women with PKU must be on a severely restricted low-
phenylalanine diet during pregnancy because hyperphenylal-
aninemia is a known teratogen (see text).

Inborn errors of metabolism are chronic diseases that are
often treated by substantially modifying the diet. This can
require considerable changes in lifestyle, precipitating financial
and emotional hardships of which health-care providers need
to be aware.

PKU CALORIE SOURCES
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[ Natural foods

Sources of calories of persons with phenylketonuria (PKU)
at different ages. The amount of no-protein medical foods
and low-protein medical foods eaten increases with age as
the need for energy and protein increases. (Courtesy Kath-
leen Huntington and Diane Waggoner, Oregon Health and
Science University.)

Phenylalanine Content of Some
Common Foods
PHENYLALANINE

FOOD MEASURE (mg)

Turkey, light meat 1 cup 1662
Tuna, water-packed 1 cup 165634
Baked beans 1 cup 726
Lowfat milk (2% fat) 1 cup 393
Soy milk 1 ounce 46
Breast milk 1 ounce 14
Broccoli (raw) 3 tablespoons 28
Potato (baked) 2 tablespoons 14
Watermelon 1/2 cup 12
Grapefruit (fresh) 1/4 fruit 13
Beer 6 ounces 11
Gelatin dessert 1/2 cup 36

*U.S. Public Law 100-290 defines a medical food as a food that is formulated to be consumed or administered enterally under the
supervision of a physician and that is intended for the specific dietary management of a disease or condition for which distinctive nutritional
requirements, based on recognized scientific principles, are established by medical evaluation.
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substrate, fumarylacetoacetate, and its precursor, maleylace-
toacetate, is thought to be mutagenic and toxic to the liver.
Consequently, HT1 is characterized by dysfunction of the
renal tubules, acute episodes of peripheral neuropathy, pro-
gressive liver disease leading to cirrhosis, and a high risk for
developing liver cancer (hepatocellular carcinoma).

Management of HT1 includes supportive care, dietary
restriction of phenylalanine and tyrosine, and admin-
istration of 2-(nitro-4-trifluoro-methylbenzoyl)-1,3-cyclo-
hexanedione (NTBC) or nitisinone, an inhibitor of an enzyme
upstream of FAH (4-hydroxyphenylpyruvate dioxygenase).
Use of NTBC, combined with a low-tyrosine diet, has pro-
duced marked improvement in children with HT1. The long-
term effects of NTBC are still unclear, but children who have
been treated for more than 20 years appear to be doing well.
Liver transplantation can be curative but is typically reserved
for persons who fail to respond to NTBC or who develop a
malignancy. In a mouse model of HT1, gene therapy (see
Chapter 13) has been used to repopulate the liver with cells
that exhibit stable long-term expression of FAH (FAH'
hepatocytes). Because some FAH-hepatocytes remain in
these livers, it is unclear whether the risk of hepatocellular
carcinoma is reduced. Gene therapy for HT1 in humans
might someday replace life-long dietary and pharmacologic
treatment.

Mutations in FAH have been identified in many families.
A splice-site mutation is quite common in French-Canadians,
and its high frequency is probably the result of founder effect
(see Chapter 3). This mutation results in an in-frame deletion
of an exon, which removes a series of critically important
amino acids from FAH. Missense and nonsense mutations of
FAH have also been found in persons with HT1.

Tyrosinemia type 2 (oculocutaneous tyrosinemia) is
caused by a deficiency of tyrosine aminotransferase. It is
mainly characterized by corneal erosions and thickening of
the skin on the palms and the soles. Tyrosinemia type 3 is
associated with reduced activity of 4-hydroxyphenylpyruvate
dioxygenase. Only a few affected persons have been reported.

> Deficiency of FAH causes HT1. Accumulation

of the substrates of FAH leads to neurological,
kidney, and liver dysfunction. Although liver
transplantation has been the cornerstone of
treatment for HT1, the use of drugs that block
the production of FAH has proved effective.

Branched-Chain Amino Acids

Approximately 40% of the preformed amino acids required
by mammals are branched-chain amino acids (BCAAs) such
as valine, leucine, and isoleucine. BCAAs can be used as a
source of energy through an oxidative pathway that uses an
o-ketoacid as an intermediate. Decarboxylation of c.-keto-
acids is mediated by a multimeric enzyme complex called
branched-chain o-ketoacid dehydrogenase (BCKAD). The
BCKAD complex is composed of at least four catalytic com-
ponents and two regulatory enzymes, which are encoded by
six genes. A deficiency of any one of these six components

produces a disorder known as maple syrup urine disease
(MSUD), so named because the urine of affected persons has
an odor reminiscent of maple syrup.

The prevalence of MSUD in the general population is low,
but MSUD is relatively common in the Mennonite commu-
nity of Lancaster County, Pennsylvania, where approximately
1 in every 7 persons is a heterozygous carrier. All of these
carriers have the same disease-causing mutation of E;q, one
of the loci encoding a catalytic component of BCKAD, and
all are descendants of a couple who emigrated from Europe
in the 18th century. This is another example of founder effect
in a small, relatively isolated population (see Chapter 3).

Untreated patients with MSUD accumulate BCAAs and
their associated ketoacids, leading to progressive neurodegen-
eration and death in the first few months of life. Treatment
of MSUD consists of dietary restriction of BCAAs to the
minimum required for normal growth. Despite treatment,
episodic deterioration is common, and supportive care is
required during these crises. Because increasing BCKAD
activity by only a few percentage points can alter the course
of disease substantially, therapy with thiamine, a cofactor of
BCKAD, is used to treat these patients. Gene therapy for
MSUD is also being investigated.

> Maple syrup urine disease is caused by defects

in branched-chain o-ketoacid dehydrogenase.
Accumulation of BCAAs causes progressive
neurodegeneration and death. Treatment con-
sists of restricting dietary intake of BCAAs to a
minimal level.

Early detection of amino acid defects, coupled with
prompt intervention, can prevent severe physical impairment
and death. Moderate increases of enzyme activity can dra-
matically alter the course of some aminoacidopathies, making
them good candidates for somatic cell gene therapy.

Lipid Metabolism

Lipids (Greek, lipos, “fat”) are a heterogeneous group of bio-
molecules that are insoluble in water and highly soluble in
organic solvents (e.g., chloroform). They provide the back-
bone for phospholipids and sphingolipids, which are compo-
nents of all biological membranes. Lipids such as cholesterol
are also constituents of steroid hormones; they act as intracel-
lular messengers and serve as an energy substrate. Elevated
serum lipid levels (hyperlipidemia) are common and result
from defective lipid transport mechanisms. Errors in the
metabolism of fatty acids (hydrocarbon chains with a termi-
nal carboxylate group) are much less common. However,
characterizing hyperlipidemias (see Chapter 12), errors of
fatty acid metabolism, and defects of cholesterol production
and use has been a powerful approach for understanding the
biochemical basis of lipid catabolism.

During fasting and prolonged aerobic exercise, fatty acids
are mobilized from adipose tissue and become a major sub-
strate for energy production in the liver, skeletal muscle, and
cardiac muscle. Major steps in this pathway include the
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FIG 7-4 Summary of fatty acid metabolism: (7) fatty acid
entry into a cell, (2) activation and transesterification, (3) mito-
chondrial uptake, (4) oxidation via B-oxidation, (5) formation
of ketone bodies. Note that medium-chain fatty acids can
traverse the mitochondrial membrane without carnitine-
mediated transport. CoA, Coenzyme A.

uptake and activation of fatty acids by cells, transport across
the outer and inner mitochondrial membranes, and entry
into the B-oxidation spiral in the mitochondrial matrix (Fig.
7-4). Defects in each of these steps have been described in
humans, although defects of fatty acid oxidation (FAO) are
the most common.

Fatty Acids

The most common inborn error of fatty acid metabolism
results from a deficiency of medium-chain acyl-coenzyme A
dehydrogenase (MCAD). MCAD deficiency is characterized
by episodic hypoglycemia, which is often provoked by fasting
(see Clinical Commentary 7-1). Commonly, a child with
MCAD deficiency presents with vomiting and lethargy after
a period of diminished oral intake due to a minor illness (e.g.,
upper respiratory illness, gastroenteritis). Fasting results in
the accumulation of fatty acid intermediates, a failure to
produce ketones in sufficient quantities to meet tissue
demands, and the exhaustion of glucose supplies. Cerebral
edema and encephalopathy result from the indirect and direct
effects of fatty acid intermediates in the central nervous
system. Death often follows unless a usable energy source
such as glucose is provided promptly. Between these episodes,
children with MCAD deficiency often have normal examina-
tions. Treatment consists of the avoidance of fasting, ensuring
an adequate source of calories, and providing supportive care
during periods of nutritional stress.

To date, most of the reported MCAD patients are of north-
western European origin, and the majority have an A-to-G
missense mutation, c.985A>G, that results in the substitution
of glutamate for lysine. Additional substitution, insertion,
and deletion mutations have been identified but are much
less common. The molecular characterization of MCAD has
made it possible to offer direct DNA testing as a reliable and
inexpensive diagnostic tool. Furthermore, because MCAD
deficiency meets the criteria established for newborn screen-
ing (see Chapter 13), testing for it has been added to newborn
screening programs in all fifty states of the United States and
elsewhere.

Long-chain acyl-CoA fatty acids are metabolized in a
sequence of steps catalyzed by a handful of different enzymes.
The first step is controlled by long-chain acyl-CoA dehydro-
genase (LCAD). The second step is catalyzed by enzymes that
are part of an enzyme complex called the mitochondrial tri-
functional protein (TFP). One of the enzymes of the TFP is
long-chain L-3-hydroxyacyl-CoA dehydrogenase (LCHAD).

LCHAD deficiency is one of the most severe of the FAO
disorders. The first cases reported manifested with severe liver
disease ranging from fulminant neonatal liver failure to a
chronic, progressive destruction of the liver. Over the last 10
years, the phenotype has expanded to include cardiomyopa-
thy, skeletal myopathy, retinal disease, peripheral neuropathy,
and sudden death. Its clinical and biochemical characteristics
clearly differentiate it from other FAO disorders. Treatment
consists of avoidance of fasting, a low-fat diet, supplementa-
tion with medium-chain triglycerides, and carnitine supple-
mentation in some cases.

In the last decade, a number of women pregnant with a
fetus affected with LCHAD deficiency have developed a severe
liver disease called acute fatty liver of pregnancy (AFLP) and
HELLP syndrome (hemolysis, elevated liver function tests,
low platelets). It is hypothesized that failure of the fetus to
metabolize free fatty acids results in the accumulation of
abnormal fatty acid metabolites in the maternal liver and
placenta. Accumulation in the liver might cause the abnor-
malities observed in women with AFLP and HELLP. Accumu-
lation in the placenta might cause intrauterine growth
retardation and increase the probability of preterm delivery,
both of which are common in children with LCHAD
deficiency.

Cholesterol

Elevated levels of plasma cholesterol have been associated
with various conditions, most notably atherosclerotic heart
disease. It has been demonstrated that substantially reduced
levels of cholesterol can adversely affect growth and develop-
ment. The final step of cholesterol biosynthesis is catalyzed
by the enzyme A7-sterol reductase (DHCR?7). For years it
has been noted that persons with an autosomal recessive
disorder called Smith-Lemli-Opitz (SLO) syndrome have
reduced levels of cholesterol and increased levels of
7-dehydrocholesterol (a precursor of DHCR7). SLO is char-
acterized by various congenital anomalies of the brain, heart,
genitalia, and hands (Fig. 7-5). It is unusual in this respect
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FIG 7-5 A child with Smith—-Lemli-Opitz syndrome. Note the
broad nasal root, upturned nasal tip, and inner epicanthal
folds that are characteristic of this disorder. (From Jones K.
Smith’s Recognizable Patterns of Human Malformation. 6th
ed. Philadelphia: Saunders; 2006:116.)

because most inborn errors of metabolism do not cause con-
genital malformations.

In 1998, SLO was discovered to be caused by mutations in
the DHCRY gene, and to date more than 100 different muta-
tions in DHCR? have been found. Most of these are missense
mutations that result in substitutions of a highly conserved
residue of the protein. Population screens for mutant DHCR7
alleles suggest that the carrier frequency in populations of
European ancestry is 3% to 4%. This high frequency suggests
the incidence of SLO should be much higher than is com-
monly observed. One explanation is that some pregnancies
with affected fetuses result in miscarriages or that SLO is
undetected in some mildly affected patients. Supplementing
the diet of SLO children with cholesterol can ameliorate their
growth and feeding problems, although its effect on cognitive
development is less clear.

> The clinical presentation of children with

defects of lipid metabolism varies from slow
deterioration to sudden death. MCAD defi-
ciency is the most common of these disorders.
Most affected persons can be diagnosed by
biochemical analysis of a drop of dried blood
at birth.

Steroid Hormones

Cholesterol is the precursor for several major classes of
steroid hormones including glucocorticoids (e.g., cortisol),
mineralocorticoids (e.g., aldosterone), androgens (e.g., tes-
tosterone), and estrogens (Fig. 7-6). The actions of these
steroid hormones are typically mediated by binding to an

intracellular receptor, and these receptor-ligand complexes
have myriad effects on a wide range of physiological pro-
cesses. Defects in the synthesis of steroid hormones or their
receptors can cause a wide variety of clinical abnormalities.

Congenital adrenal hyperplasia (CAH) consists of a group
of genetically heterogeneous autosomal recessive disorders of
cortisol biosynthesis. Approximately 95% of cases of CAH are
caused by mutations in CYP2IA2, the gene that encodes
21-hydroxylase, and are characterized by cortisol deficiency,
variable deficiency of aldosterone, and an excess of andro-
gens. The overall incidence of 21-hydroxylase deficiency is
about 1 in 15,000; therefore, the carrier frequency is about 1
in every 60 persons. However, the incidence of CAH varies
widely among different ethnic groups. For example, among
the Yupik of Alaska the incidence is 1 in 280.

The clinical severity of CAH varies widely and depends on
the extent of residual 21-hydroxylase activity. The severe or
classic form is typified by overproduction of cortisol precur-
sors and thus excess adrenal androgens. In addition, aldoste-
rone deficiency leads to loss of salt. In the milder forms,
sufficient cortisol is produced, but there is still an overpro-
duction of androgens. Female infants with CAH typically
have ambiguous genitalia (Fig. 7-7) at birth due to in utero
exposure to high concentrations of androgens, and CAH is
the most common cause of ambiguous genitalia in 46,XX
infants. Boys with CAH have normal genitalia at birth, so the
age of diagnosis depends on the severity of aldosterone defi-
ciency. Most boys have the salt-losing form of CAH and typi-
cally present between 7 and 14 days of age in adrenal crisis
manifested as weight loss, lethargy, dehydration, hyponatre-
mia (decreased plasma Na* concentration), and hyperkalemia
(increased plasma K* concentration). If CAH is left untreated,
death soon follows. Adrenal crisis is less common in girls
because their ambiguous genitalia typically leads to early
diagnosis and intervention.

Boys who do not have a salt-losing form of CAH present
at 2 to 4 years of age with premature virilization. Persons with
nonclassic or mild CAH do not have cortisol deficiency but
manifest symptoms in late childhood or adulthood caused by
increased androgen levels including premature pubertal
development, hirsutism (increased hair growth in women in
areas where hair is usually thin), amenorrhea or oligomenor-
rhea, polycystic ovaries, or acne.

Treatment of CAH consists of replacing cortisol, suppress-
ing adrenal androgen secretion, and providing mineralocor-
ticoids to return electrolyte concentrations to normal. The
surgical management of children born with ambiguous geni-
talia is complex and somewhat controversial, but most girls
with CAH identify as female, and feminizing surgery during
the first year of life is standard. In pregnancies in which the
fetus is at risk for classic CAH, steroids are administered to
the mother to suppress the fetal overproduction of androgens
and reduce the incidence of ambiguous genitalia in affected
female infants.

CYP21A2 is located on chromosome 6p21 within the
major histocompatibility complex (MHC; see Chapter 9).
More than 75% of mutant CYP21A2 alleles are caused by
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gene conversion® in which deleterious mutations are trans-
ferred to CYP1A2. These mutations result in a protein product
that lacks normal 21-hydroxylase activity.

> Congenital adrenal hyperplasia is a relatively

common defect of cortisol synthesis that
causes masculinization of the genitalia in
females and premature virilization in males. It
is commonly caused by diminished activity of
21-hydroxylase.

Steroid Hormone Receptors

Defects of most steroid hormone receptors are rare. For
example, defects of the estrogen receptor have been found in
a small number of persons in whom failed epiphyseal closure

¥Gene conversion is a process in which two different DNA segments
recombine in such a way that one segment is altered to become
identical to the other.

results in tall stature. Mutations in the gene that encodes the
glucocorticoid receptor can produce hereditary resistance to
the actions of cortisol.

In contrast, mutations in the X-linked gene that encodes
the androgen receptor (AR) are relatively common. These
mutations commonly result in complete or partial androgen
insensitivity syndromes (CAIS or PAIS) in 46,XY persons.
CAIS was formerly called “testicular feminization syndrome”
and is characterized by typical female external genitalia at
birth, absent or rudimentary miillerian structures (i.e., fal-
lopian tubes, uterus, and cervix), a short vaginal vault, ingui-
nal or labial testis, and reduced or absent secondary sexual
characteristics. Persons with PAIS can have ambiguous exter-
nal genitalia, varied positioning of the testes, and absent or
present secondary sexual characteristics. Nearly all affected
persons are infertile.

CAIS and PAIS are transmitted in an X-linked recessive
pattern. More than 95% of persons with CAIS have muta-
tions in the AR gene, and to date, hundreds of different muta-
tions have been found. Most of these mutations are predicted
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FIG 7-7 A 46,XX infant with congenital adrenal hyperplasia.
The external genitalia are virilized, with rugation and partial
fusion of the labial folds. No gonads were palpable, and a
uterus and ovaries were visualized by ultrasonography. (Cour-
tesy Melissa Parisi, University of Washington.)

to impair androgen binding or binding of the androgen
receptor to DNA. Expansion of a polyglutamine tract in the
androgen receptor causes a completely different genetic dis-
order called spinal bulbar muscular atrophy (see Chapter 5).

Peroxisomal Enzymes

Peroxisomes are organelles that contain more than 50
enzymes that catalyze synthetic and degradative metabolic
functions related mainly to lipid metabolism. Disorders of
peroxisomes are typically divided into two groups: peroxi-
some biogenesis disorders (PBDs) and the single peroxisomal
enzyme deficiencies (PEDs).

The PBD group comprises four disorders: Zellweger
syndrome, neonatal adrenoleukodystrophy, infantile Refsum
disease, and rhizomelic chondrodysplasia punctata type 1.
Zellweger syndrome is the most severe of these disorders and
manifests in newborns as severe hypotonia, progressive disease
of the white matter of the brain, a distinctive facial appearance,
and typically death in infancy. Children with neonatal adreno-
leukodystrophy have similar but less-severe symptoms along
with seizures. Infantile Refsum disease is less severe than Zell-
weger syndrome and neonatal adrenoleukodystrophy, yet
affected children still have developmental delay, learning dis-
abilities, hearing loss, and visual impairment.

PBDs are caused by mutations in PEX genes that encode
peroxins. These proteins are necessary both for peroxisome
biogenesis and for importing proteins of the peroxisomal
matrix and membrane. To date, mutations in more than a
dozen different peroxin-encoding genes have been discov-
ered, and for many of these genes, mutations can cause Zell-
weger syndrome, neonatal adrenoleukodystrophy, or infantile
Refsum disease.

Nearly a dozen different PEDs have been described to date,
and persons with these enzyme defects have widely disparate
clinical characteristics depending on which peroxisomal
function is primarily impaired. One of the most common is
X-linked adrenoleukodystrophy (ALD), which involves faulty
B-oxidation of very long chain fatty acids (VLCFA). ALD is
subdivided into several disorders, depending in part on age
of onset. The most common of these are childhood cerebral
ALD or CCALD and adrenomyeloneuropathy (AMN).
CCALD typically manifests between the ages of 3 and 10 years
with progressive cognitive and behavioral deterioration that
leads to profound disability. AMN causes similar but less
severe neurological symptoms but has a much later age of
onset and slower rate of progression. Unlike many X-linked
recessive disorders, 40% to 50% of women who are hetero-
zygous for ALD develop AMN-like symptoms.

>

Degradative Pathways

Most biomolecules are dynamic, perpetually being recycled
as part of the normal metabolic state of a cell. Existing mol-
ecules are degraded into their constituents to produce sub-
strates for building new molecules. The byproducts of energy
production, substrate conversions, and anabolism also need
to be processed and eliminated. Errors in these degradative
pathways result in the accumulation of metabolites that
would otherwise have been recycled or eliminated.

Peroxisomal defects cause a wide variety of
neurological problems in children and adults.
These range from relatively mild and slowly
progressive to severe and life threatening.

Lysosomal Storage Disorders

The lysosomal storage disorders are the prototypical inborn
errors of metabolism: Disease results from the accumulation

of substrate. Enzymes within lysosomes catalyze the stepwise
(degradation of sphingolipids, glycosaminoglycans (muco-
polysaccharides), glycoproteins, and glycolipids. Accumula-
tion (storage) of undegraded molecules results in cell, tissue,

and organ dysfunction. (MOSEOF the lySosomal disorders ae
(caised by enzyime deRciencies, although some are caused by

the inability to activate an enzyme or to transport an enzyme
to a subcellular compartment where it can function properly.
Many of the lysosomal storage disorders are found with
uncommonly high prevalence in various ethnic populations
as a result of founder effect, genetic drift, and possibly natural
selection (see Chapter 3).

Mucopolysaccharidoses

are a heteroge-
neous group of conditions caused by a (reduced ability to

(e.g., dermatan
sulfate, heparan sulfate, keratan sulfate, chondroitin sulfate).
These glycosaminoglycans are degradation products of pro-
teoglycans found in the extracellular matrix. Ten different
enzyme deficiencies cause six different MPS disorders, which
share many clinical features (Table 7-3), but these disorders
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TABLE 7-3 Mucopolysaccharidoses

NAME MUTANT ENZYME
Hurler—Scheie (MPS-I) o-L-lduronidase

CLINICAL FEATURES

Coarse face, hepatosplenomegaly, corneal clouding, dysostosis
multiplex,” intellectual disability

Coarse face, hepatosplenomegaly, dysostosis multiplex,
intellectual disability, behavioral problems

Behavioral problems, dysostosis multiplex, intellectual disability

Behavioral problems, dysostosis multiplex, intellectual disability

Behavioral problems, dysostosis multiplex, intellectual disability

Hunter (MPS-II) |duronate sulfatase
Sanfilippo A MPS-IIIA
Sanfilippo B MPS-I11B
Sanfilippo C MPS-IIIC

Heparan-N-sulfamidase
o-N-Acetylglucosaminidase
Acetyl-CoA:a-glucosaminide
N-acetyltransferase
N-Acetylglucosamine-6-sulfatase
N-Acetylglucosamine-6-sulfatase
B-Galactosidase
Aryl sulfatase B

Sanfilippo D MPS-IIID
Morquio A MPS-IVA
Morquio B MPS-IVB
Maroteaux—Lamy MPS-VI

Behavioral problems, dysostosis multiplex, intellectual disability

Short stature, bony dysplasia, hearing loss

Short stature, bony dysplasia, hearing loss

Short stature, corneal clouding, cardiac valvular disease,
dysostosis multiplex

Coarse face, hepatosplenomegaly, corneal clouding, dysostosis

Sly MPS-VII B-Glucuronidase

multiplex

*Hunter syndrome is an X-linked recessive disorder; the remaining MPS disorders are autosomal recessive.
"Dysostosis multiplex is a distinctive pattern of changes in bone, including a thickened skull, anterior thickening of the ribs, vertebral

abnormalities, and shortened and thickened long bones.

can be distinguished from each other by clinical, biochemical,
and molecular analyses. Assays that measure enzyme activity
in fibroblasts, leukocytes, serum, or dried blood spots are
available for each MPS disorder, and prenatal testing after
amniocentesis or chorionic villus sampling (see Chapter 13)
is possible. Except for the X-linked Hunter syndrome, all of
the MPS disorders are inherited in an autosomal recessive
fashion.

All MPS disorders are characterized by chronic and
progressive multisystem deterioration, which causes hearing,
vision, joint, and cardiovascular dysfunction (Fig. 7-8).
Hurler, severe Hunter, and Sanfilippo syndromes are charac-
terized by intellectual disability, and normal cognition is
observed in other MPS disorders.

Deficiency of iduronidase (MPS I) is the prototypic MPS
disorder. It produces a spectrum of phenotypes that have
been traditionally delimited into three groups—Hurler,
Hurler—Scheie, and Scheie syndromes—which manifest
severe, moderate, and mild disease, respectively. MPS I disor-
ders cannot be distinguished from each other by measuring
enzyme activity; therefore, the MPS I phenotype is usually
assigned on the basis of clinical criteria. The iduronidase gene
has been cloned, and eventually genotype—phenotype corre-
lations may lead to earlier and more accurate classification.

Hunter syndrome (MPS 1II) is caused by a deficiency of
iduronate sulfatase. It is categorized into mild and severe
phenotypes based on clinical assessment. The onset of disease
usually occurs between 2 and 4 years of age. Affected children
develop coarse facial features, short stature, skeletal deformi-
ties, joint stiffness, and intellectual disability. The gene that
encodes iduronate sulfatase is composed of 9 exons spanning
24 kb. Twenty percent of all identified mutations are large
deletions, and most of the remainder are missense and non-
sense mutations.

Symptomatic treatment has been the standard of care
for MPS for many years. More recently, restoration of endog-
enous enzyme activity has been accomplished by either bone
marrow transplantation (BMT) or enzyme replacement with
recombinant enzyme. BMT has become the mainstay of
treatment for persons with Hurler syndrome and has been
shown to improve the coarse facial features, upper airway
obstruction, and cardiac disease. It also appears to mitigate
neurological deterioration, although the long-term outcomes
are still being investigated. BMT has been less successful for
other MPS disorders. BMT is, in general, also associated with
substantial morbidity and mortality. Enzyme replacement for
Hurler syndrome was approved by the U.S. Food and Drug
Administration in 2003 and has been shown to improve hep-
atosplenomegaly and respiratory disease. Early studies of
enzyme replacement in Hunter syndrome (MPS II) and
Maroteaux—Lamy syndrome (MPS VI) are promising. Enzyme
replacement for Morquio A syndrome was recently approved
by the FDA.

> Defects of glycosaminoglycan degradation

cause a heterogeneous group of disorders
called mucopolysaccharidoses (MPS disor-
der). All MPS disorders are characterized by
progressive multisystem deterioration causing
hearing, vision, joint, and cardiovascular dys-
function. These disorders can be distinguished
from each other by clinical, biochemical, and
molecular studies.

Sphingolipidoses (Lipid Storage Diseases)

Defects in the degradation of sphingolipids (sphingolipido-
ses) result in their gradual accumulation, which leads to mul-
tiorgan dysfunction (Table 7-4). Deficiency of the lysosomal
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FIG 7-8 A, A boy with a mutation in o-L-iduronidase, which causes Hurler syndrome. Note his
coarse facial features, crouched stance, thickened digits, and protuberant abdomen. B, Trans-
genic mice with a targeted disruption of o-L-iduronidase. Progressive coarsening of the face is
apparent as 8-week-old mice (left) grow to become 52-week-old mice (right). (Courtesy Dr. Lorne
Clarke, University of British Columbia.)

TABLE 7-4 Lysosomal Storage Disorders

NAME MUTANT ENZYME

CLINICAL FEATURES

Tay-Sachs
Gaucher (type 1; nonneuropathic)

B-Hexosaminidase A
B-Glucosidase

Niemann-Pick, type 1A Sphingomyelinase
Fabry o-Galactosidase

Gw; gangliosidosis (infantile)
Krabbe

B-Galactosidase
galactosylceramidase

Metachromatic leukodystrophy
Sandhoff

Schindler

Multiple sulfatase deficiency

Aryl sulfatase A
B-Hexosaminidase (total)

Aryl sulfatase A, B, C

o-N-Acetylgalactosaminidase

Hypotonia, spasticity, seizures, blindness

Splenomegaly, hepatomegaly, bone marrow infiltration, brain
usually spared

Hepatomegaly, corneal opacities, brain deterioration

Paresthesia of the hands and feet, corneal dystrophy,
hypertension, renal failure, cardiomyopathy

Organomegaly, dysostosis multiplex,’ cardiac failure

Hypertonicity, blindness, deafness, seizures,
(galactosylceramide-specific) atrophy of the brain

Ataxia, weakness, blindness, brain atrophy (late-infantile)

Optic atrophy, spasticity, seizures

Seizures, optic atrophy, retardation

Retardation, coarse facial features, weakness,
hepatosplenomegaly, dysostosis multiplex

*Of the lysosomal storage disorders included in this table, Fabry syndrome is X-linked recessive and the remainder are autosomal recessive.
'Dysostosis multiplex is a distinctive pattern of changes in bone, including a thickened skull, anterior thickening of the ribs, vertebral

abnormalities, and shortened and thickened long bones.

enzyme glucosylceramidase (also known as glucocerebrosi-
dase or B-glucosidase), causes an accumulation of glucosyl-
ceramide that results in Gaucher disease. This condition is
characterized by visceromegaly (enlarged visceral organs),
multiorgan failure, and debilitating skeletal disease. Gaucher

disease has traditionally been divided into three subtypes,
which can be distinguished by their clinical features. Type 1
is most common and does not involve the central nervous
system. Type 2 is the most severe, often leading to death
within the first 2 years of life. Type 3 Gaucher disease is
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intermediate between the other two forms. In practice, the
clinical phenotypes overlap, and the spectrum of Gaucher is
so broad that it ranges from death in utero to persons who
remain asymptomatic even in old age.

The extent to which specific organs are affected by Gaucher
disease determines a person’s clinical course. Splenomegaly,
hepatomegaly, and pulmonary disease are shared among all
three clinical types of Gaucher disease. Splenomegaly is asso-
ciated with anemia, leukopenia, and thrombocytopenia, and
splenic infarction can cause abdominal pain. Hepatomegaly
can cause liver dysfunction, but cirrhosis and hepatic failure
are uncommon.

Gaucher disease is caused by more than 400 different
mutations in GBA, the gene that encodes glucosylceramidase.
The frequency of alleles that cause type 1 Gaucher disease is
particularly high in Ashkenazi Jews, in whom the five most
common alleles account for 97% of all mutations. Persons
with the same genotype can have very different clinical out-
comes. However, persons with at least one p.N370S allele, the
most common allele, do not develop primary neurological
disease and tend to have a milder outcome in general.

Traditionally, treatment of persons with Gaucher disease
was largely supportive (e.g., splenectomy for hypersplenism,
blood transfusions for anemia). However, enzyme replace-
ment can improve symptoms resulting from spleen, liver, and
bone involvement in type 1 Gaucher disease. The effective-
ness of enzyme replacement to treat neurological symptoms
remains limited as the enzyme cannot pass through the
blood-brain barrier. Some persons with severe involvement,
particularly chronic neurological conditions, benefit from
BMT.

Enzymes that function in lysosomes are targeted and
transported into the lysosomal space by specific pathways.
Targeting is mediated by receptors that bind mannose-6-

phosphate recognition markers attached to the enzyme (i.e.,
a posttranslational modification). The synthesis of these rec-
ognition markers is deficient in I-cell disease (mucolipidosis
1), so named because the cytoplasm of fibroblasts from
affected persons was found by light microscopy to contain
inclusions. These inclusions represent partially degraded oli-
gosaccharides, lipids, and glycosaminoglycans. As a conse-
quence of recognition marker deficiency, newly synthesized
lysosomal enzymes are secreted into the extracellular space
instead of being correctly targeted to lysosomes. Persons with
I-cell disease have coarse facial features, skeletal abnormali-
ties, hepatomegaly, corneal opacities, intellectual disability,
and early death. There is no specific treatment for I-cell
disease.

> Many different lysosomal enzymes catalyze
the degradation of sphingolipids, glycosami-
noglycans, glycoproteins, and glycolipids.
Deficiency of a lysosomal enzyme causes
accumulation of substrate, visceromegaly,
organ dysfunction, and early death if untreat-
ed. Genes encoding many of the lysosomal
enzymes have been cloned, and treatment
with bone marrow transplantation and enzyme
replacement is effective for some conditions.

Urea Cycle Disorders

The primary role of the urea cycle is to prevent the accumula-
tion of nitrogenous wastes by incorporating nitrogen into
urea, which is subsequently excreted by the kidney. Addition-
ally, the urea cycle is responsible for the de novo synthesis of
arginine. The urea cycle consists of five major biochemical
reactions (Fig. 7-9); defects in each of these steps have been
described in humans.

Mitochondrial matrix
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FIG 7-9 Schematic diagram of the urea cycle. AS, Argininosuccinase; ASA, argininosuccinic acid
synthetase; CoA, coenzyme A; CPS, carbamyl phosphate synthetase; NAGS, N-acetylglutamate

synthetase; OTC, ornithine transcarbamylase.
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Deficiencies of carbamyl phosphate synthetase (CPS),
ornithine transcarbamylase (OTC), argininosuccinic acid
synthetase (ASA), and argininosuccinase (AS) result in the
accumulation of urea precursors such as ammonium and
glutamine. Consequently, the clinical presentations of persons
with CPS, OTC, ASA, and AS deficiencies are similar, produc-
ing progressive lethargy and coma and closely resembling the
clinical presentation of Reye syndrome. Affected persons
present in the neonatal period or at any time thereafter, and
there is wide interfamilial variability in severity. In contrast,
arginase deficiency causes a progressive spastic quadriplegia
and intellectual disability. Differential diagnosis of these dis-
orders is based on biochemical testing.

Each of these disorders, except OTC deficiency, is inherited
in an autosomal recessive pattern. Although OTC deficiency
is an X-linked disorder, women can be symptomatic carriers
depending, in part, on the fraction of hepatocytes in which
the normal allele is inactivated. The goal of therapy for each
disorder is to prevent hyperammonemia by providing suffi-
cient calories with a low-protein diet to maintain normal
growth and development. Affected persons often require
ammonia scavenging drugs such as glycerol phenylbutyrate,
sodium phenylbutyrate, or sodium benzoate as well as sup-
plementation with citrulline or arginine. Acute hyperammo-
nemia is treated with hemodialysis and intravenous sodium
phenylacetate and sodium benzoate.

OTC deficiency, an X-linked condition, is the most preva-
lent of the urea cycle disorders and thus has been intensively
studied. A variety of exon deletions and missense mutations
have been described, and mutations that affect RNA process-
ing have been observed.

> The urea cycle consists of five major bio-

chemical reactions that convert nitrogenous
waste products to urea, which is subsequently
excreted by the kidney. Enzymatic defects in
this pathway lead to the accumulation of urea
precursors, progressive neurological impair-
ment, and death if untreated. The genes that
cause most of these disorders have been
cloned, including the most common observed
defect, X-linked ornithine transcarbamylase
(OTC) deficiency.

Energy Production

Energy for cellular activities can be produced from many dif-
ferent substrates, including glucose, ketones, amino acids,
and fatty acids. Catabolism of these substrates requires their
stepwise cleavage into smaller molecules (via processes such
as the citric acid cycle or B-oxidation), followed by passage
of hydrogen ions through the oxidative phosphorylation
(OXPHOS) system. Alternatively, some substrates are pro-
cessed anaerobically.

The OXPHOS system consists of five multiprotein com-
plexes that transfer electrons to O,. These complexes are com-
posed of more than 100 polypeptides and are located in the

inner mitochondrial membrane. Thirteen of these polypep-
tides are encoded by the mitochondrial genome (see Fig.
5-14), and the remainder are encoded by nuclear genes. Thus,
assembly and function of the OXPHOS system require
ongoing signaling and transport between the nucleus and the
mitochondrion. OXPHOS regulation is mediated by a wide
variety of factors, including O, supply, hormone levels, and
metabolite-induced transcription control.

More than 20 clinical disorders characterized by OXPHOS
defects are caused by substitutions, insertions, or deletions in
the mitochondrial genome and are maternally inherited (see
Chapter 5). In addition, nuclear genes that can cause mito-
chondrial DNA (mtDNA) deletions or depletion of mtDNA
have been isolated, and these disorders are inherited in an
autosomal recessive pattern. Mutations in genes affecting the
OXPHOS system produce very complex phenotypes as a con-
sequence of the varying metabolic requirements of different
tissues and systems at different developmental stages.

Electron transfer flavoprotein (ETF) and ETF-ubiquinone
oxidoreductase (ETF-QO) are nuclear-encoded proteins
through which electrons can enter the OXPHOS system.
Inherited defects in either of these proteins cause glutaric
acidemia type II, which is characterized by hypotonia, hepa-
tomegaly, hypoketotic or nonketotic hypoglycemia, and
metabolic acidemia. Most affected persons present in the
neonatal period or shortly thereafter, and despite aggressive
therapy, affected children often die within months.

In most tissues, the metabolism of pyruvate proceeds
through pyruvate dehydrogenase, the citric acid cycle, and
the OXPHOS system. However, in tissues with high glycolytic
activity and a reduced or absent OXPHOS capacity, the
end products of metabolism are pyruvate and lactic acid (see
Fig. 7-3). Lactate is produced by the reduction of pyruvate,
and the bulk of circulating lactate is usually absorbed by the
liver and converted to glucose. Defects in the pathways of
pyruvate metabolism produce lactic acidemia. The most
common of such disorders is a deficiency of the pyruvate
dehydrogenase (PDH) complex. It may be caused by muta-
tions in the genes encoding one of five components of the
PDH complex: E,, E,, E;, X-lipoate, or PDH phosphatase.
These disorders are characterized by varying degrees of lactic
acidemia, developmental delay, and abnormalities of the
central nervous system. It has been suggested that the facial
features of some children with PDH deficiency resemble
those of children with fetal alcohol syndrome (see Clinical
Commentary 15-5 in Chapter 15). It has also been proposed
that acetaldehyde from the circulation of mothers with alco-
holism inhibits PDH in the fetus, creating a phenocopy of
PDH deficiency.

> The phenotype produced by defects of energy

metabolism is complex because of the varying
oxidative demands of different tissues and
organs. Once the condition is diagnosed, the
goal of treatment is to use alternative path-
ways of energy production.
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Transport Systems

The efficient movement of molecules between compartments
(e.g., organelles, cells, the environment), and hence across a
barrier, often requires a macromolecule that connects the
compartments and mediates transport through the barrier.
Abnormalities of these transport systems have myriad
effects, depending on whether altered barrier integrity or the
accumulation of substrate has a greater impact on normal

physiology.

Cystine

Cystine is the disulfide derivative of the amino acid cysteine.
Abnormal cystine transport can produce two diseases: cystin-
uria and cystinosis. Both disorders are inherited in an auto-
somal recessive fashion.

Abnormal cystine transport between cells and the extra-
cellular environment causes cystinuria, one of the most
common inherited disorders of metabolism. Although cys-
tinuria produces substantial morbidity, early death is uncom-
mon. Cystinuria is a genetically heterogeneous disorder
caused by a defect of dibasic amino acid transport affecting
the epithelial cells of the gastrointestinal tract and renal
tubules. As a result, cystine, lysine, arginine, and ornithine are
excreted in urine in quantities higher than normal. Cystine is
the most insoluble of the amino acids; therefore, elevated
urinary cystine predisposes to the formation of renal calculi
(kidney stones). Complications of chronic nephrolithiasis
(presence of kidney stones) include infection, hypertension,
and renal failure. Treatment of cystinuria consists largely of
rendering cystine more soluble. This is accomplished by
administering pharmacological amounts of water (4-6 L/
day), alkalinizing the urine, and using chelating agents such
as penicillamine.

Based on amino acid excretion studies, cystinuria has
been divided into three phenotypes. Type I cystinuria has
been associated with missense, nonsense, and deletion
mutations in a gene termed soluble carrier family 3, member
1 amino acid transporter (SLC3A1). Types II and III cystin-
uria are caused by mutations in a gene called SLC7A9.
SLC3A1 and SLC7A9 encode the heavy and light subunits
of the amino acid transporter b®" located on the brush-
border plasma membrane of epithelial cells in the proximal
tubules of the kidney. In vitro studies of mutant SLC3Al
and SLC7A9 protein have demonstrated a marked reduction
in transport activity, providing direct evidence for the role
of these proteins in cystinuria.

Cystinosis is a rare disorder caused by a diminished ability
to transport cystine across the lysosomal membrane. This
produces an accumulation of cystine crystals in the lysosomes
of most tissues. Affected persons are normal at birth but
develop electrolyte disturbances, corneal crystals, rickets, and
poor growth by the age of 1 year. Renal glomerular damage
is severe enough to necessitate dialysis or transplantation
within the first decade of life. Transplanted kidneys function

normally, but chronic complications such as diabetes melli-
tus, pancreatic insufficiency, hypogonadism, myopathy, and
blindness occur. Until recently, treatment was largely sup-
portive, including renal transplantation. However, cysteine-
depleting agents such as cysteamine have proved successful in
slowing renal deterioration and improving growth. Long-
acting slow release cysteamine was recently approved by the
FDA. Cystinosis is caused by mutations in the gene, CTNS,
encoding an integral lysosomal membrane protein.

> The phenotype of transport defects is partly

contingent on the degree of barrier disruption
as well as the compartments through which
normal traffic is compromised. Abnormal
cystine transport between cells and the extra-
cellular environment causes cystinuria, renal
disease, and hypertension. Cystinosis is pro-
duced by a defect of cystine efflux from the
lysosome; it leads to severe chronic disabilities
and, if untreated, death.

Heavy Metals

Many of the enzymes controlling metabolic processes require
additional factors (cofactors) to function properly and effi-
ciently. These cofactors are commonly trace elements such as
ions of heavy metals (metals that are more dense than those
in the first two groups of the periodic table). At least 12 trace
elements are essential to humans. For example, a zinc ion acts
as a cofactor in carbonic anhydrase, placing a hydroxide ion
next to carbon dioxide to facilitate the formation of bicar-
bonate. Although an adequate supply of trace elements is
critical for normal metabolism, excessive amounts of circu-
lating and/or stored heavy metals are highly toxic. Accord-
ingly, a complex series of transport and storage proteins
precisely control heavy metal homeostasis. Abnormalities
of these proteins cause progressive dysfunction of various
organs, often leading to premature death if untreated. Human
disorders that disrupt the normal homeostasis of copper
(Wilson disease, Menkes disease, occipital horn syndrome),
iron (hereditary hemochromatosis; Clinical Commentary
7-2), and zinc (hereditary acrodermatitis enteropathica) have
been described.

Copper

Copper is absorbed by epithelial cells of the small intestine
and is subsequently distributed by various chaperone pro-
teins that shuttle it to different places in the cell (e.g., cyto-
plasmic enzymes that use copper as a cofactor, enzymes in
the mitochondria). Some copper is transported to the liver to
be incorporated into proteins that distribute it to other parts
of the body (e.g., brain). Excess copper in hepatocytes is
secreted into bile and excreted from the body.

Menkes disease (MND) is an X-linked recessive disorder
described in 1962 by John Menkes, who studied five male
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Hereditary Hemochromatosis

The term hemochromatosis refers to all disorders character-
ized by excessive iron storage. A subgroup of these disorders
are hereditary and can be caused by mutations in one of several
different genes. The most common form of hereditary hemo-
chromatosis (HH) is an autosomal recessive disorder of iron
metabolism in which excessive iron is absorbed in the small
intestine and then accumulates in a variety of organs such as
the liver, kidney, heart, joints, and pancreas. It was described
by von Recklinghausen, the same physician who described
neurofibromatosis 1, in 1889. Approximately 1 of every 8 north-
ern Europeans is a carrier for HH, and 1 of every 200 to 400
persons is a homozygote. Although the penetrance of the
disease-causing genotype is incomplete (as discussed later),
HH is one of the most common genetic disorders observed in
people of European ancestry. Its prevalence is much lower in
Asian and African populations.

The most common symptom of HH is fatigue, although the
clinical presentation of patients with HH can vary considerably.
Additional findings include joint pain, diminished libido, diabe-
tes, increased skin pigmentation, cardiomyopathy, liver enlarge-
ment, and cirrhosis. Abnormal serum iron parameters can
identify most men at risk for iron overload, but HH is not
detected in many premenopausal women. The most sensitive
diagnostic test for HH is a liver biopsy accompanied by histo-
chemical staining for hemosiderin (a form of stored iron).

As early as the 1970s, an increased frequency of the human
leukocyte antigen HLA-AS3 allele in HH patients indicated that
an HH gene might be located near the major histocompatibility
region (MHC) on chromosome 6p. Subsequent linkage studies
confirmed this hypothesis in the late 1970s, but it was not until
1996 that the HH gene was cloned. The HH gene is a widely
expressed HLA class I-like gene, HFE. The gene product is a
cell-surface protein that binds to the transferrin receptor (trans-
ferrin carries iron molecules), overlapping the binding site for
transferrin and inhibiting transferrin-mediated iron uptake.
However, this does not directly affect iron transport from the

»

small intestine. Instead, this interaction is thought to be
involved in a cell’s ability to sense iron levels. This function is
disrupted in persons with mutations in HFE, resulting in exces-
sive iron absorption from the small intestine and iron overload.
Thus, hemochromatosis is not caused by a defect of an iron
transport protein but rather by a defect in the regulation of
transport.

A single missense mutation that results in the substitution of
a tyrosine for cysteine in a B2-microglobulin—binding domain
accounts for 856% of all HH-causing mutations. A single ances-
tral haplotype predominates in Europeans, suggesting that
there was a selective advantage conferred by having at least
one copy of the HH gene. Because iron deficiency affects one
third of the world’s population and is significantly less common
in HH heterozygotes, it is likely that this explains the higher
incidence of HH in many populations.

Treatment of HH consists of reducing the accumulated iron
in the body. This is accomplished by serial phlebotomy or by
the use of an iron-chelating agent such as deferoxamine.
Depending on the quantity of iron stored, return to a normal
level of iron can take a few years. However, iron reduction
prevents further liver damage, cures the cardiomyopathy,
returns skin pigmentation to normal, and might improve the
diabetes. Persons who have not developed irreversible liver
damage have a nearly normal life expectancy.

The estimated penetrance of HH depends on a person’s age,
sex, and whether the presence of disease is measured by
histological findings such as hepatic fibrosis or clinical symp-
toms. Most men who are homozygous for an HH-causing
mutation do not develop clinical symptoms, and those who do
are seldom symptomatic before the age of 40 years. An even
smaller fraction of homozygous women develop clinical symp-
toms. If symptoms are seen, they typically occur 20 years or
so later than in men because iron accumulation in women is
tempered by iron losses during menstruation, gestation, and
lactation (Fig. 7-10).

FIG 7-10 Comparisovn of hemosiderin stain of normal liver (A) with hemosiderin stain of livers
from persons affected with hemochromatosis (B, C, and D). Note the varying degree of increased
deposition of hemosiderin in livers of HH homozygotes. This damages the liver, impairs its func-

tion, and can lead to cirrhosis and liver cancer.
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siblings, all of whom died before 3 years of age. MND
is characterized by intellectual disability, seizures, hypother-
mia, twisted and hypopigmented hair (pili torti), loose skin,
arterial rupture, and death in early childhood. In MND
patients, copper can be absorbed by the gastrointestinal epi-
thelium but cannot be exported effectively from these cells
into the blood stream. Consequently, when the intestinal cells
slough, the trapped copper is excreted from the body. The
lack of available copper leads to an overall deficiency of
copper.

Copper is a required cofactor in tyrosinase, lysyl oxidase,
superoxide dismutase, cytochrome c oxidase, and dopamine
B-hydroxylase. Reduced availability of copper leads to
impaired enzyme function, explaining the major clinical fea-
tures of MND. For example, lysyl oxidase is required for
cross-linking collagen and elastin; therefore, ineffectual cross-
linking leads to weakened vascular walls and laxity of the skin.
Treatment of MND consists of restoring copper levels in the
body to normal. Because copper cannot be absorbed via the
gastrointestinal tract in MND patients, it must be adminis-
tered by an alternative route such as subcutaneous injections.
Patients treated this way have demonstrated some clinical
improvement. However, none of the abnormalities is com-
pletely corrected or prevented. Based on studies in an animal
model of MND, the brindled mouse, it has been proposed
that treatment for MND would be most effective if it were
started in mid-gestation. Consequently, prenatal therapy is
being investigated.

In contrast to MND, in which a deficiency of copper causes
disease, Wilson disease (WND) results from an excess of
copper caused by defective excretion of copper into the biliary
tract. This causes progressive liver disease and neurological
abnormalities. WND, an autosomal recessive disorder, was
first described by Kinnear Wilson in 1912 and was called
hepatolenticular degeneration because of end-stage destruc-
tion of the liver and brain. Only in the 1940s did it become
clear that these findings were due to the accumulation of
copper. Further progress in understanding the defect under-
lying WND was not made until the 1990s.

Patients with WND usually present with acute or chronic
liver disease in childhood. If WND is left untreated, the liver
disease is progressive, resulting in liver insufficiency, cirrhosis,
and failure. Adults commonly develop neurological symp-
toms such as dysarthria (the inability to correctly articulate
words) and diminished coordination. Accumulation of
copper can also cause arthropathy (inflammation of the
joints), cardiomyopathy (abnormal function of the heart
muscle), kidney damage, and hypoparathyroidism (dimin-
ished secretion of or response to parathormone). Deposition
of copper in Descemet’s membrane (at the limbus of the
cornea) produces a characteristic finding in the eye (the
Kayser—Fleischer ring), which is observed in 95% of all WND
patients and 100% of WND patients with neurological
symptoms.

Biochemical testing can be used to confirm the diagnosis
of WND. Findings include decreased serum ceruloplasmin,
increased serum nonceruloplasmin copper, increased urinary

copper excretion, and increased deposition of copper in the
liver. The most sensitive indicator of WND is the reduced
incorporation of isotopes of copper into cells cultured in
vitro. Treatment of WND consists of reducing the load of
accumulated copper through the use of chelating agents such
as penicillamine and trientine. Zinc salts are effective chelat-
ing agents for maintenance of copper levels.

In 1993 the gene responsible for MND, ATP7A, was
cloned. It encodes an adenosine triphosphatase with six
tandem copies of a heavy-metal-binding sequence homolo-
gous to previously identified bacterial proteins that confer
resistance to toxic heavy metals. The high sequence conserva-
tion between human and bacterial binding sequences
indicated that ATP7A has an important role in regulating
heavy-metal ion transport. ATP7A is expressed in a variety
of tissues but not the liver, suggesting that a similar gene
that is expressed in the liver might cause WND. Portions
of the ATP7A gene were used as a probe to test for the pres-
ence of a similar gene on chromosome 13 (the known loca-
tion of a WND gene, revealed by linkage analysis). This
strategy led to the cloning in 1993 of ATP7B, the gene that,
when mutated, causes WND. The protein product is highly
homologous (76% amino acid homology) to that of ATP7A.
In contrast to ATP7A, ATP7B is expressed predominantly in
the liver and kidney, which are major sites of involvement
in WND.

The ATP7A protein is usually localized to the Golgi
network within a cell, where it supplies copper to various
enzymes. When copper levels in an epithelial cell of the small
intestine exceed a certain concentration, ATP7A redistributes
to the plasma membrane and pumps copper into the blood
stream. When copper levels drop, ATP7A returns to the Golgi
network. Thus, it mediates the efflux of copper into the blood
stream. ATP7A is also an important transporter of copper
across the blood-brain barrier.

A variety of missense, nonsense, and splice site mutations
in ATP7A have been found in MND patients. Approximately
15% to 20% of the mutations in ATP7A are large deletions.
Several mutations of splice sites in ATP7A have been associ-
ated with another disorder called the occipital horn syndrome
(also known as X-linked cutis laxa or Ehlers—Danlos syn-
drome type IX), which is characterized by mild intellectual
disability, bladder and ureteric diverticula (cul-de-sac—like
herniations through the wall), skin and joint laxity, and ossi-
fied occipital (the most posterior bone of the calvarium)
horns. These mutations permit the production of a small
amount of normal protein and prevent development of
severe neurological symptoms.

ATP7B plays a similar role as an effector of copper trans-
port. However, it moves between the Golgi network and
either endosomes or the cell membrane of hepatocytes, and
it controls the excretion of copper into the biliary tree. ATP7B
also aids in the incorporation of copper into ceruloplasmin.
Several hundred different mutations have been described in
patients with WND. A single missense mutation accounts for
about 40% of disease-causing alleles in persons of northern
European ancestry.
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Wilson disease (WND) is an autosomal reces-
sive disorder characterized by progressive
liver disease and neurological abnormalities.
Menkes disease (MND) is an X-linked reces-
sive disorder characterized by intellectual dis-
ability, seizures, and death in early childhood.
Accumulation of excess copper causes disease
in WND, and MND results from a lack of
copper and impaired enzyme function. WND
and MND are caused by mutations in the
highly homologous genes, ATP7B and ATP7A,
respectively.

Zinc

Acrodermatitis enteropathica (AE) is caused by a defect in the
absorption of zinc from the intestinal tract. Persons with AE
experience growth retardation, diarrhea, dysfunction of the
immune system, and a severe dermatitis (inflammation of the
skin) that typically affects the skin of the genitals and but-
tocks, around the mouth, and on the limbs (Fig. 7-11). Chil-
dren usually present after weaning, and AE can be fatal if it
is not treated with high doses of supplemental zinc, which is
curative. AE is caused by mutations in SLC39A4, which
encodes a putative zinc-transporter protein expressed on the
apical membrane of the epithelial cell of the small intestine.
It is unknown whether persons with AE can still absorb small
amounts of zinc through a mutant form of this transporter
or whether another transporter exists that can also transport
zinc when it is given in high doses.

Bl sTUDY QUESTIONS

FIG 7-11 A child with acrodermatitis enteropathica caused
by mutations in SLC39A4, encoding a protein necessary for
intestinal absorption of zinc. The resulting deficiency of zinc
produces a characteristic scaly, red rash around the mouth,
genitals, buttocks, and limbs. (Courtesy Dr. Virginia Sybert,
University of Washington.)

1. Garrod found alkaptonuria to be more common in
the offspring of consanguineous matings. Explain this
finding. In general, what is the association between the
coefficient of relationship and the prevalence of an
inborn error of metabolism?

2. If many metabolic reactions can proceed in the absence
of an enzyme, explain how diminished or absent enzyme
activity can produce disease.

3. Despite the low prevalence of most metabolic disorders,
why is it important to understand the pathogenesis of
inborn errors of metabolism?

4. Describe three types of metabolic processes and give
examples of disorders disturbing each of them.

5. Galactosemia is diagnosed in a 1-week-old neonate,
yet enzymatic activity of GAL-1-P uridyl transferase is
normal. Interpret these results and explain how mutations
of different genes can produce a similar phenotype.

6. The prevalence of PKU varies from 1 in 10,000 to less
than 1in 100,000. Explain how prevalence rates of inborn

errors of metabolism can vary so widely among different
ethnic groups.

7. An 18-year-old woman comes to your office for prenatal
counseling. She had a younger brother who died from a
defect of mitochondrial fatty acid oxidation when he was
a few months old. What is her risk of having an affected
child? Explain your answer.

8. An 8-year-old girl develops hyperammonemia and is
critically ill. Biochemical testing performed on a liver
biopsy confirms that she has OTC deficiency. Which
genetic test would you order next? Why?

9. Disorders of the OXPHOS system are commonly associ-
ated with elevated blood lactic acid levels. Explain this
finding.

10. Polymorphisms that affect metabolism presumably have
been maintained by selection because they offer hetero-
zygotes a slight advantage. Provide an example of how
these polymorphisms might have been advantageous to
a group of hunter—gatherers 10,000 years ago.
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CHAPTER

Disease-Gene |ldentification

The identification of mutations that cause disease is a central
focus of medical genetics. With the completion of the Human
Genome Project (see Box 8-2 later in this chapter), the loca-
tions of virtually every human gene in the genome are now
known. The availability of these data, along with dramatic
advances in molecular genetic technology and important
developments in the statistical analysis of genetic data,
has greatly expedited the discovery of disease-causing muta-
tions. However, the specific genetic alterations responsible for
many inherited disease phenotypes remain unknown (i.e.,
which gene or genes contribute to which disease). Much
research is now devoted to discovering these genetic muta-
tions and their consequences. As this work progresses, our
understanding of the biological basis of genetic disease will
continue to increase.

(genetic disease. When a disease-causing gene’s location has
been pinpointed, it is often possible to provide a more accu-

rate prognosis for persons at risk for a genetic disease. The
DNA sequence that makes up the gene can be analyzed, and
its RNA and/or protein product can be studied. This can
contribute to our understanding of the cause of the disease.
Furthermore, discovery of a disease-associated gene can open
the way to modification of the abnormal gene product (e.g.,
preventing its expression) or the manufacture of a normal
gene product through recombinant DNA techniques, permit-
ting more effective treatment of a genetic disease. For example,
recombinant clotting factor VIII is used to treat hemophilia
A, as discussed in Chapter 5, and recombinant insulin is used
in the treatment of type 1 diabetes. Gene therapy—modifying
genes of persons with a genetic disease—also becomes a pos-
sibility. Thus, disease-gene discovery contributes directly to
many of the primary goals of medical genetics.

This chapter discusses the approaches commonly used in
gene mapping and identification. Frequently, this process
begins by mapping mutations that occur in affected persons
to specific locations on chromosomes. Two major types of
gene mapping can be distinguished. In gene mapping, the
frequency of meiotic crossovers between loci is used to esti-
mate distances between loci. Physical mapping involves
using cytogenetic, molecular, and computational methods to
determine the physical locations of disease-causing muta-
tions on chromosomes.
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Linkage Analysis

One of Gregor Mendel’s laws, the principle of independent
assortment, states that an individual’s genes will be transmit-
ted to the next generation independently of one another (see
Chapter 4). Mendel was not aware that genes are located on
chromosomes and that genes located near one another on the
same chromosome are transmitted together rather than inde-
pendently. Thus, the principle of independent assortment
holds true for most pairs of loci, but not for those that occupy
the same region of a chromosome. Such loci are said to be
linked.

Figure 8-1 depicts two loci, A and B, that are located close
together on the same chromosome. A third locus, C, is located
on another chromosome. In the individual in our example,
each of these loci has two alleles, designated 1 and 2. A and
B are linked, so A; and B, are inherited together. Because A
and C are on different chromosomes and thus unlinked, their
alleles do follow the principle of independent assortment.
Hence, if the process of meiosis places A; in a gamete, the
probability that C, will be found in the same gamete is 50%.

Recall from Chapter 2 that homologous chromosomes
sometimes exchange portions of their DNA during prophase
I (this is known as crossing over or crossover). The average
chromosome experiences one to three crossover events
during meiosis. As a result of crossover, new combinations of
alleles can be formed on a chromosome. Consider again the
linked loci, A and B, in Figure 8-1. Alleles A, and B, are
located close together on one chromosome, and alleles A, and
B, are located on the homologous chromosome. The combi-
nation of alleles on each chromosome is a haplotype (from
“haploid genotype”). The two haplotypes of this individual
are denoted A,B,/A,B,. As Figure 8-2A shows, in the absence
of crossover A;B; will be found in one gamete and A,B, in
the other. But when there is a crossover, new allele combina-
tions, A;B, and A,B,, will be found in the two gametes (see
Fig. 8-2B). The process of forming such new arrangements of
alleles is called recombination. Crossover does not necessar-
ily lead to recombination, however, because a double cross-
over can occur between two loci, resulting in no recombination
(see Fig. 8-2C).

As Figure 8-3 shows, crossovers are more likely to occur
between loci that are situated far apart on a chromosome
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than between loci that are situated close together. Thus, the
distance between two loci can be inferred by estimating how
frequently recombinations occur in families (this is called the
recombination frequency). If, in a large series of meioses
studied in families, the alleles of A and B undergo recombina-
tion 5% of the time, then the recombination frequency for A
and B is 5%.

The genetic distance between two loci is measured in cen-
timorgans (cM), in honor of T. H. Morgan, who discovered
the process of crossing over in 1910. One cM is approximately

Ay By

Cq

Cz

FIG 8-1 Loci A and B are linked on the same chromosome,
so alleles A; and B; are usually inherited together. Locus C
is on a different chromosome, so it is not linked to A and B,
and its alleles are transmitted independently of the alleles of

equal to a recombination frequency of 1%. The relationship
between recombination frequency and genetic distance is
approximate, because double crossovers produce no recom-
bination. The recombination frequency thus underestimates
map distance, especially as the recombination frequency
increases above about 10%. Mathematical formulae have
been devised to correct for this underestimate.

Loci that are on the same chromosome are said to be
syntenic (meaning “same thread”). If two syntenic loci are 50
cM apart, they are considered to be unlinked. This is because
their recombination frequency, 50%, is equivalent to inde-
pendent transmission, as in the case of alleles of loci that are
on different chromosomes. (To understand this, think of the
chromosomes shown in Figure 8-1: If a person transmits
allele A;, the probability that he or she also transmits allele
C,, which is on another chromosome, is 50%, and the prob-
ability that he or she transmits allele C, is also 50%.)

> Crossovers between loci on the same chromo-
some can produce recombination. Loci on the
same chromosome that experience recombi-
nation less than 50% of the time are said to
be linked. The distance between loci can be
expressed in centimorgans (cM); 1 cM repre-
sents a recombination frequency of approxi-

Aand B. mately 1%.
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FIG 8-2 The genetic results of crossover. A, No crossover: A; and B; remain together after

Double crossover
meiosis. B, A crossover between A and B results in a recombination: A; and B, are inherited
together on one chromosome, and A, and B; are inherited together on another chromosome.
C, A double crossover between A and B results in no recombination of alleles. (Modified from
McCance KL, Huether SE: Pathophysiology. The Biologic Basis for Disease in Adults and Chil-
dren. 5th ed. St Louis: Mosby; 2005.)
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Recombination frequencies can be estimated by observing
the transmission of genes in pedigrees. Figure 8-4 is an
example of a pedigree in which neurofibromatosis type 1
(NF1) is being transmitted. The members of this pedigree
have also been typed for a two-allele single nucleotide poly-
morphism (SNP) which, like the NFI gene, is located on
chromosome 17. The SNP genotypes are shown below each
individual’s number in the pedigree. Examination of

generations I and II allows us to determine that, under the
hypothesis of linkage between NF1 and the SNP, the disease-
causing mutation in the NFI gene must be on the same copy
of chromosome 17 as allele I of the SNP in this family,
because individual I-2, who is homozygous for allele 2, is
unaffected with the disease. Only the affected father (I-1),
who is a heterozygote for the SNP, could have transmitted a
copy of chromosome 17 that contains both the NFI disease
allele and SNP allele 1 to the daughter (II-2).

The arrangement of these alleles on each chromosome is
referred to as linkage phase. With the linkage phase known,
individual II-2’s haplotypes would then be N1/n2, where N
indicates the mutated allele causing NFI, n indicates the
normal allele, and 1 and 2 are the two SNP alleles (in other
words, individual II-2 has one copy of chromosome 17 that
contains both the disease-causing mutation N and SNP allele
I, and her other copy of chromosome 17 contains the normal
allele n and SNP allele 2). This woman’s husband (individual
II-1) is not affected with the disease and is a homozygote for
SNP allele 2. He must have the haplotypes n2/n2. If the NFI
locus and the SNP are linked, the children of this union who
are affected with NF1 should usually have SNP allele 1, and
those who are unaffected should have allele 2. In seven of
eight children in generation III, we find this to be true. In one
case, a recombination occurred (individual III-6). This gives
a recombination frequency of 1/8, or 12.5%, supporting the
hypothesis of linkage between NFI and the SNP. A recombi-
nation frequency of 50% would support the hypothesis that
the two loci are not linked. Note that the pedigree allows us
to determine linkage phase in individual II-2, but we cannot
determine whether a recombination took place in the gamete
transmitted to II-2 by her father. Thus, the recombination
frequency is estimated only in the descendants of II-2. In
actual practice, a much larger sample of families would be
studied to ensure the statistical accuracy of this result.

> Estimates of recombination frequencies are

obtained by observing the transmission of
alleles in families. Determination of the linkage
phase (i.e., the chromosome copy on which
each allele is located) is an important part of
this procedure.

Polymorphisms that are used to follow a disease-causing
allele through a family are termed markers (i.e., they can
mark the chromosome on which a disease-causing allele is
located). Because linked markers can be typed in an indi-
vidual of any age (even in a fetus), they are useful for the early
diagnosis of genetic disease (see Chapter 13). It is important
to emphasize that a marker locus simply helps us to deter-
mine which member of a chromosome pair is being transmit-
ted by a parent; the actual cause of the genetic disease is
usually a nearby mutation which may be identified in subse-
quent DNA sequencing analysis.

In general, 1 cM corresponds to approximately 1 million
base pairs (1 Mb) of DNA. However, this is only an approxi-
mate relationship, because several factors are known to
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influence crossover rates. (First, crossovers are roughly 1.5
times more common during female meiosis (oogenesis) than
during male meiosis (spermatogenesis).(Also, crossovers tend

Finally, some small chromosome regions (one to a few kb in
size) exhibit crossover rates that are at least 10-fold higher

than elsewhere in the genome. The htiman genome contains

Although there is a correlation between centimorgans and
actual physical distances between loci, this relationship is
complicated by sex differences in recombination, higher
recombination frequencies near telomeres, and the existence
of recombination hot spots.

LOD Scores: Determining the Significance

of Linkage Results

As in any statistical study, we must be careful to ensure that
the results obtained in a linkage analysis are not due simply
to chance. For example, consider a two-allele marker locus
that has been typed in a pedigree. It is possible by chance for
all affected offspring to inherit one allele and for all unaf-
fected offspring to inherit the other allele even if the marker
is not linked to the disease-causing gene. This misleading
result becomes less likely as we increase the number of sub-
jects in our linkage study (just as the chance of a strong
deviation from a 50/50 heads-to-tails ratio becomes smaller
when we toss a coin many times).

How do we determine whether a linkage result is likely to
be due to chance alone? We begin by comparing the likeli-
hood (a likelihood is similar in concept to a probability) that
two loci are linked at a given recombination frequency
(denoted 0) versus the likelihood that the two loci are not
linked (recombination frequency = 50%, or 6 = 0.5). Suppose
we wish to test the hypothesis that two loci are linked at a
recombination frequency of 8 =0.1 versus the hypothesis that
they are not linked. We use our pedigree data to form a likeli-
hood ratio:

likelihood of observing pedigree data if 6 = 0.1
likelihood of observing pedigree data if 6 =0.5

FIG 8-4 A neurofibromatosis type 1 pedigree in which each
member has been typed for a two-allele single nucleotide
polymorphism (SNP). Genotypes for this two-allele marker
locus are shown below each individual in the pedigree.
Affected pedigree members are indicated by a shaded
symbol.

If our pedigree data indicate that 0 is more likely to be 0.1
than 0.5, then the likelihood ratio (or odds) will be greater
than 1.0. If, however, the pedigree data argue against linkage
of the two loci, then the denominator will be greater than the
numerator, and the ratio will be less than 1.0. For conve-
nience, the common logarithm* of the ratio is usually taken;
this logarithm of the odds is termed a LOD score. Convention-
ally, a LOD score of 3.0 or more is accepted as evidence of
linkage; a score of 3.0 indicates that the likelihood in favor
of linkage is 1000 times greater than the likelihood against
linkage. Conversely, a LOD score lower than —2.0 (odds of
100 to 1 against linkage) is considered to be evidence that two
loci are not linked. Box 8-1 provides details on the calculation
of LOD scores.

> The statistical odds that two loci are a given

number of centimorgans apart can be calcu-
lated by measuring the ratio of two likelihoods:
the likelihood of linkage at a given recombina-
tion frequency divided by the likelihood of no
linkage. The logarithm of this odds ratio is a
LOD score. LOD scores of 3.0 or higher are
taken as evidence of linkage, and LOD scores
lower than —2.0 are taken as evidence that the
two loci are not linked.

Linkage Analysis and the Human Gene Map

Suppose that we are studying a disease-causing gene in a
series of pedigrees, and we wish to map it to a specific chro-
mosome location. Typically, we would type the members of
our pedigree for marker loci whose locations on each chro-
mosome have been established. Using the techniques just
described, we test for linkage between the disease-causing
gene and each marker. Most of these tests would yield nega-
tive LOD scores, indicating no linkage between the marker

*Recall that the common logarithm (log,,) of a number is the power
to which 10 is raised to obtain the number. The common logarithm
of 100 is 2, the common logarithm of 1000 is 3, and so on.
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BOX 8-1

A simple example will help to illustrate the concepts of likeli-
hood ratios and LOD scores. Consider the pedigree diagram in
the figure below, which illustrates another family in which NF7
is being transmitted. The family has been typed for a two-allele
SNP, as in Figure 8-4. The male in generation Il must have
received SNP allele 7 from his mother, because she can trans-
mit only this marker allele. Thus, his copy of allele 2 had to
come from his father, on the same chromosome copy as the
NF1 disease gene (under the hypothesis of linkage). This
allows us to establish linkage phase in this pedigree: The
affected male in generation Il must have the haplotypes N2/
n1. He marries an unaffected woman who is a homozygote for
allele 2. Thus, the hypothesis of close linkage (6 = 0.0) predicts
that each child in generation Il who receives allele 2 from his
or her father must also receive the NF7 disease allele. Under
the hypothesis of linkage, the father can transmit only two
possible combinations: either the chromosome copy that
carries both the disease-causing gene and allele 2 (N2 haplo-
type) or the other chromosome copy, which has the normal
gene and SNP allele 7 (haplotype n7). The probability of each
of these events is 1/2. Therefore, if 6 = 0.0, the probability of
observing five children with the genotypes shown in the figure
below is (1/2)°, or 1/32 (i.e., the multiplication rule is applied to
obtain the probability that all five of these events will occur
together). This is the numerator of the likelihood ratio.

I O

1,2 2,2
1 I% i L <L 4)
1,2 2,2 2,2 1,2 1,2

An NF1 pedigree in which each member has been typed
for a 2-allele single nucleotide polymorphism (SNP). The
SNP marker genotypes are shown below each individual in
the pedigree.

Now consider the likelihood of observing these genotypes if
the SNP and NF7 are not linked (6 = 0.5). Under this hypothesis,
there is independent assortment of the two SNP alleles and
NF1. The father could transmit any of four combinations (N7,
N2, n1, and n2) with equal probability (1/4). The probability of
observing five children with the observed genotypes would
then be (1/4)° = 1/1024. This likelihood is the denominator of
the likelihood ratio. The likelihood ratio is then 1/32 divided by
1/1024, or 32. Thus, the data in this pedigree tell us that
linkage, at 8 = 0.0, is 32 times more likely than nonlinkage.

If we take the common logarithm of 32, we find that the LOD
score is 1.5, which is still far short of the value of 3.0 usually
accepted as evidence of linkage. To prove linkage, we would
need to examine data from additional families. LOD scores
obtained from individual families can be added together to
obtain an overall score. (Note that, mathematically, adding LOD

Estimating LOD Scores in Linkage Analysis

scores is the same as multiplying the odds of linkage in each
family together and then taking the logarithm of the result. This
is another example of using the multiplication rule to assess
the probability of co-occurrence.)

Suppose that a recombination had occurred in the meiosis
producing llI-5, the fifth child in generation Il (i.e., she would
retain the same marker genotype but would be affected with
the disease rather than unaffected). This event is impossible
under the hypothesis that 6 = 0.0, so the numerator of the
likelihood ratio becomes zero, and the LOD score for 6 = 0.0
is —oo. It is possible, however, that the marker and disease loci
are still linked, but at a recombination frequency greater than
zero. Let us test, for example, the hypothesis that 8 =0.1. This
hypothesis predicts that the disease allele, N, will be transmit-
ted along with marker allele 2 90% of the time and with SNP
allele 7 10% of the time (i.e., when a recombination has
occurred). By the same reasoning, the normal allele, n, will be
transmitted with SNP allele 7 90% of the time and with SNP
allele 210% of the time. As in the previous example, the father
can transmit either the normal allele or the disease allele with
equal probability (0.5) to each child. Thus, the probability of
inheriting the disease allele with SNP allele 2 (haplotype N2) is
0.5 x 0.90 = 0.45, and the probability of inheriting the disease
allele with SNP allele 7 (haplotype N7) is 0.5 x 0.1 = 0.05. The
probability of inheriting the normal allele with marker 7 (n1) is
0.45, and the probability of inheriting the normal allele with
marker 2 (n2) is 0.05. In either case, then, the probability of
receiving a nonrecombination (N2 or n7)is 0.45, and the prob-
ability of receiving a recombination (N7 or n2)is 0.05. We know
that four of the children in generation Ill are nonrecombinants,
and each of these events has a probability of 0.45. We know
that one individual is a recombinant, and the probability of this
event is 0.05. The probability of four nonrecombinations and
one recombination occurring together in generation Il is
obtained by applying the multiplication rule: 0.45% x 0.05. This
becomes the numerator for our LOD score calculation. As
before, the denominator (the likelihood that 8 = 0.5) is (1/4)°.
The LOD score for 8=0.1, then, is given by log;o[(0.45* x 0.05)/
(1/4)°] = 0.32.

To test the hypothesis that 6 = 0.2, the approach just outlined
is used again, with 6 = 0.2 instead of 6 =0.1. This yields a LOD
score of 0.42. It makes sense that the LOD score for 6 = 0.2
is higher than that for 6 = 0.1, because we know that one of
five children (0.2) in generation Il is a recombinant. Applying
this formula to a series of possible 6 values (0, 0.1, 0.2, 0.3,
0.4, and 0.5) shows that 0.2 yields the highest LOD score, as
we would expect:

(S 0 0.1 0.2 0.3 0.4 0.5
LOD —oo 0.32 0.42 0.36 0.22 0.0

Sometimes the linkage phase in a pedigree is not known. For
example, if the grandparents in the figure above had not been
typed, we would not know the linkage phase of the father in
generation Il. It is equally likely that his haplotypes are N2/n1
or N1/n2 (i.e., each combination has a probability of 1/2). Thus,
we need to take both possibilities into account. If he has the
N2/n1 haplotypes, then the first four children are nonrecombi-
nants, each with a probability of (1 — 6)/2, and the fifth child is
a recombinant, with a probability of 6/2 (using the reasoning
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BOX 8-1

outlined previously). Under the hypothesis that 6 = 0.1, the
overall probability that the father has haplotypes N2/n7 and that
the five children have the observed genotypes is 1/2(0.45% x
0.05) = 0.001. We now need to take the alternative phase into
account (i.e., that the father has haplotypes N7/n2). Here, the
first four children would each be recombinants, with probability
6/2, and only the fifth child would be a nonrecombinant, with
probability (1 — 6)/2. The probability that the father has the N1/
n2 haplotypes and that the children have the observed geno-
types is 1/2(0.45 x 0.05%) = 0.000001. This probability is con-
siderably smaller than the probability of the previous phase,
which makes sense when we consider that under the hypoth-
esis of linkage at 6 =0.1, four of five recombinants is an unlikely
outcome. We can now consider the probability of either linkage
phase in the father by adding the two probabilities together:
1/2(0.45* x 0.05) + 1/2(0.45 x 0.05%. This becomes the numera-
tor for the LOD score calculation. As before, the denominator
(i.e., the probability that = 0.5) is simply (1/4)° = 1/1024. Then,
the total LOD score for unknown linkage phase at 6 = 0.1 is
l0g10[(1/2[0.45* x 0.05] + 1/2[0.45 x 0.05%))/(1/1024)] = 0.02. As
before, we can estimate LOD scores for each recombination
frequency:

0 0 0.1 0.2 0.3 0.4 0.5
LOD —oo 0.02 0.12 0.09 0.03 0.0

Notice that each LOD score is lower than the corresponding
score when linkage phase is known. This follows from the fact
that a known linkage phase contributes useful information to
allow more accurate estimation of the actual genotypes of the
offspring.

LOD scores are often graphed against the 0 values, as shown
in the figure below. The highest LOD score on the graph is the
maximum likelihood estimate of 6. That is, it is the most
likely distance between the two loci being analyzed.

Estimating LOD Scores in Linkage Analysis—cont’d

1.5

LOD score

0 I I I I I

0 0.1 0.2 0.3 0.4 0.5
Recombination frequency

The logarithm of the odds (LOD) score (y-axis) is plotted

against the recombination frequency (x-axis) to demon-

strate the most likely recombination frequency for a pair
of loci.

In practice, the analysis of human linkage data is not as
simple as in these examples. Penetrance of the disease-
causing gene may be incomplete, recombination frequencies
differ between the sexes, and the mode of inheritance of the
disease may be unclear. Consequently, linkage data are ana-
lyzed using one of several available computer software pack-
ages. Many of these packages also allow one to carry out
multipoint mapping, an approach in which the map locations
of several markers are estimated simultaneously.

and the disease-causing gene. Eventually this exercise will
reveal linkage between the disease-causing gene and a marker
or group of markers. Because of the large size of the human
genome, thousands of markers are typically evaluated to find
one or several that are linked to the disease-causing gene.
Many important hereditary diseases have been localized
using this approach, including cystic fibrosis, Huntington
disease, Marfan syndrome, and neurofibromatosis type 1
(NF1).

Until the 1980s, linkage analyses had little chance of
success because there were only a few dozen useful polymor-
phic markers in the entire human genome. Thus, it was
unlikely that a disease-causing gene would be located near
enough to a marker to yield a significant linkage result. This
situation changed dramatically after thousands of new poly-
morphic markers were discovered throughout the genome
(see Chapter 3). With efficient genotyping techniques and
large numbers of markers, it is now commonplace to map a
disease-causing gene very quickly.

To be useful for gene mapping, marker loci should be
highly polymorphic (i.e., the locus has many different alleles
in the population). A high degree of polymorphism ensures
that most parents will be heterozygous for the marker locus,
making it easier to establish linkage phase in families. STRs
typically have many alleles and are easy to assay; they are thus
especially well suited to gene mapping. In addition, marker
loci should be numerous, so that close linkage to the disease-
causing gene is likely. Thousands of STRs and millions of
SNPs have now been identified throughout the genome, so
this requirement has been fulfilled.[Each chromosome is now
saturated with markers (Fig. 8-5).

An example illustrates the importance of numerous, poly-
morphic markers. Consider the pedigree in Figure 8-6A. The
affected man is a homozygote for a two-allele marker locus
that is closely linked to the disease locus. The man’s wife is a
heterozygote for the marker locus. Their affected daughter is
homozygous for the marker locus. Based on these genotypes,
it is impossible to determine linkage phase in this generation,
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FIG 8-5 A genetic map of chromosome 9, showing the locations of a large number of
polymorphic markers. Because recombination rates are usually higher in female meiosis, the
distances between markers (in centimorgans) are larger for females than for males.
(From Attwood J, Chiano M, Collins A, et al. CEPH consortium map of chromosome 9. Genomics
1994;19:203-214.)

so we cannot predict which children will be affected with the
disorder and which will not. The mating in generation I is
called an uninformative mating. In contrast, a marker
locus with six alleles has been typed in the same family
(see Fig. 8-6B). Because the mother in generation I has two
alleles that differ from those of the affected father, it is now
possible to determine that the affected daughter in generation
II has inherited the disease-causing allele on the same copy
of the chromosome that contains marker allele I. Because she
married a man who has alleles 4 and 5, we can predict that
each offspring who receives allele 1 from her will be affected,
and each one who receives allele 2 will be unaffected.
Exceptions will be due to recombination. This example

demonstrates the value of highly polymorphic markers for
both linkage analysis and diagnosis of genetic disease (see
Chapter 13).

> To be useful in gene mapping, linked markers

should be numerous and highly polymorphic.
A high degree of polymorphism in the marker
locus increases the probability that matings
will be informative for linkage analysis.

The availability of many highly polymorphic markers
throughout the genome helps researchers to narrow the loca-
tion of a gene by direct observation of recombinations within
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FIG 8-6 An autosomal dominant disease-causing gene is segregating in this family. A, A closely
linked two-allele marker polymorphism has been typed for each member of the family, but
linkage phase cannot be determined (uninformative mating). B, A closely linked six-allele short
tandem repeat polymorphism (STRP) has been typed for each family member, and linkage phase

can now be determined (informative mating).

families. Suppose that a series of marker polymorphisms,
labeled A, B, C, D, and E, are all known to be closely linked
to a disease-causing gene. The family shown in Figure 8-7 has
been typed for each marker, and we observe that individual
I1-2 carries marker alleles A,, B,, C,, D,, and E, on the same
copy of the chromosome that contains the disease-causing
mutation (linkage phase). The other (normal) copy of this
chromosome in individual II-2 carries marker alleles A,, B,
C,, D, and E;. Among the affected offspring in generation III,
we see evidence of two recombinations. Individual III-2
clearly inherited marker allele A; from her affected mother
(I1-2), but she also inherited the disease-causing mutation
from her mother. This tells us that there has been a recombi-
nation (crossover) between marker A and the disease-causing
gene. Thus, we now know that the region of the chromosome
between marker A and the telomere cannot contain the
disease-causing gene.

We observe another recombination in the gamete trans-
mitted to individual III-5. In this case, the individual inher-
ited markers D; and E, but also inherited the disease-causing
mutation from II-2. This indicates that a crossover occurred
between marker locus D and the disease-causing locus. We
now know that the region between marker D and the centro-
mere (including marker E) cannot contain the disease-causing
locus. These two key recombinations have thus allowed us to
substantially narrow the region that contains the disease-
causing locus. Additional analyses in other families could
narrow the location even further, provided that additional
recombinations can be observed. In this way, it is often pos-
sible to narrow the location of a disease-causing locus to a
region that is several centimorgans or so in size.

Sometimes, a linkage analysis produces a total LOD score
close to zero. This could mean simply that the pedigrees are
uninformative (a LOD score of zero indicates that the likeli-
hoods of linkage and nonlinkage are approximately equal,

because 10° = 1). However, a total LOD score of zero can also
result when one subset of families has positive LOD scores
(indicating linkage) and another subset has negative LOD
scores (arguing against linkage). This result would provide
evidence of locus heterogeneity for the disease in question
(see Chapter 4). For example, osteogenesis imperfecta type I
may be caused by mutations on either chromosome 7 or
chromosome 17 (see Chapter 4). A study of families with this
disease could show linkage to markers on chromosome 17 in
some families and linkage to chromosome 7 in others. Linkage
analysis has helped to define locus heterogeneity in a large
number of diseases, including retinitis pigmentosa, a major
cause of blindness (Clinical Commentary 8-1).

> The direct observation of recombinations

between marker loci and the disease-causing
locus can help to narrow the size of the region
that contains the disease-causing locus. In
addition, linkage analysis sometimes shows
that some affected families demonstrate
linkage to markers in a given chromosome
region and others do not. This is an indication
of locus heterogeneity.

Linkage Disequilibrium: Nonrandom Association
of Alleles at Linked Loci

Within families, one allele of a marker locus will usually be
transmitted along with the disease-causing allele if the marker
and disease loci are linked. For example, allele I of a linked
two-allele marker could co-occur with the Huntington disease
(HD) allele, located on chromosome 4, in a family. This asso-
ciation is part of the definition of linkage. However, if one
examines a series of families for linkage between HD and the
marker locus, allele 1 will co-occur with the disease in some
families, and allele 2 of the marker will co-occur with the
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FIG 8-7 A family in which markers A, B, C, D, and E have been typed and assessed for linkage
with an autosomal dominant disease—causing mutation. As explained in the text, recombination

is seen between the disease locus and marker A in individual IlI-2 and between the disease
locus and marker D in individual IlI-5.
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CLINICAL COMMENTARY 8-1

Retinitis pigmentosa (RP) describes a collection of inherited
retinal defects that together are the most common inherited
cause of human blindness, affecting 1 in 3000 to 1 in 4000
persons. The first clinical signs of RP are seen as the rod pho-
toreceptor cells begin to die, causing night blindness. Rod
electroretinogram (ERG) amplitudes are reduced or absent.
With the death of rod cells, other tissue begins to degenerate
as well. Cone cells die, and the vessels that supply blood to
the retinal membranes begin to attenuate. This leads to a
reduction in daytime vision. Patients develop tunnel vision, and
most are legally blind by 40 years of age. The name retinitis
pigmentosa comes from the pigments that are deposited on
the retinal surface as pathological changes accumulate (Fig.
8-8). RP is neither preventable nor curable, but there is evi-
dence that its progress can be slowed somewhat by dietary
supplementation with vitamin A.

RP is known to be inherited in different families in an auto-
somal dominant, autosomal recessive, or X-linked recessive
fashion. These modes of inheritance account for approximately
30% to 40%, 50% to 60%, and 5% to 15% of RP cases,
respectively. In addition, a small number of cases are caused
by mitochondrial mutations, and one form of RP is caused by
the mutual occurrence of mutations at two different loci

FIG 8-8 A fundus photograph illustrating clumps of pigment
deposits and retinal blood vessel attenuation in retinitis
pigmentosa. (Courtesy Dr. Donnell J. Creel, University of
Utah Health Sciences Center.)

Retinitis Pigmentosa: A Genetic Disorder Characterized by Locus Heterogeneity

(peripherin/RDS and ROM1, both of which encode structural
components of photoreceptor outer segment disc mem-
branes). This mode of inheritance is termed digenic. Genetic
studies have demonstrated thatmutations in any of 56 differ-
ent genes can cause non-syndromic RP (i.e., RP that does not
occur as part of an identified syndrome), making this disease
an example of extensive locus heterogeneity.

An early linkage analysis mapped an autosomal dominant
form of RP to the long arm of chromosome 3. This was a
significant finding, because the gene, RHO, that encodes rho-
dopsin had also been mapped to this region. Rhodopsin is the
light-absorbing molecule that initiates the process of signal
transduction in rod photoreceptor cells. Thus, RHO was a rea-
sonable candidate gene (see text) for RP. Linkage analysis was
performed using a polymorphism located within the RHO, and
a LOD score of 20 was obtained for a recombination frequency
of zero in a large Irish pedigree. Subsequently, more than 100
different mutations in RHO have been shown to cause RP,
confirming the role of this locus in causing the disease. RHO
mutations are estimated to account for 25% of autosomal
dominant RP cases and about 10% of all RP cases.

Additional studies have identified mutations in genes involved
in many different aspects of retinal degeneration. Some of
these genes encode proteins involved, for example, in visual
transduction (e.g., rhodopsin, the a subunit of the rod cyclic
guanosine monophosphate [cGMP] cation-gated channel
protein, and the o and B subunits of rod cGMP phosphodies-
terase); photoreceptor structure (e.g., peripherin/RDS and
ROMT); and retinal protein transport (e.g., ABCR). Additional
genes have been implicated in syndromes that include RP as
one feature. For example, RP is seen in Leber congenital amau-
rosis (LCA), the most common hereditary visual disorder of
children. About 10% to 20% of persons with RP have Usher
syndrome, which has a number of subtypes and typically also
involves vestibular dysfunction and sensorineural deafness.
Another 5% of RP cases occur as part of the Bardet-Bied|
syndrome, in which mental retardation and obesity are also
observed.

Collectively, the 56 genes identified thus far in causing RP
account for about 60% of all disease cases. Additional studies
of this genetically heterogeneous disorder will doubtless
uncover additional genes, further enhancing our understanding
of the causation of this disorder.

disease in others (Fig. 8-9). This reflects two things. First,
disease-causing mutations might have occurred numerous
times in the past, sometimes on a copy of chromosome 4
carrying marker allele I and other times on a copy of chro-
mosome 4 carrying marker allele 2. Second, even if the disease
is the result of only one original mutation, crossovers occur-
ring through time will eventually result in recombination of
the marker and disease alleles.(A disease-causing allele and a
linked marker allele will thus be associated within families but
not necessarily between families. In other words, if we examine
a marker locus and a disease-causing locus in a large series of

families in a population, we do not necessarily expect that
one specific marker allele will be associated with the disease-
causing mutation in most or all families.

Sometimes, however, we do observe preferential associa-
tion of a specific marker allele and the disease-causing allele
in a population. The chromosome haplotype consisting of
one marker allele and the disease-causing allele is found more
often than we would expect based on the frequencies of the
two alleles in the population. Suppose, for example, that the
disease-causing allele has a frequency of 0.1 in the population
and the frequencies of the two alleles (labeled 1 and 2) of the
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FIG 8-9 A, In this family, allele 7 of a marker polymorphism is in linkage phase with the disease-
causing allele (i.e., both alleles are on the same copy of chromosome 4). B, In a second family,
allele 2 of the same marker polymorphism is in linkage phase with the disease-causing allele.
This difference in families can reflect an earlier recombination event between the marker locus
and the disease-causing locus, or it can reflect the occurrence of two different mutation events

in the ancestors of the two families.

marker locus are 0.4 and 0.6, respectively. Assuming statistical
independence between the two loci (i.e., linkage equilib-
rium), the multiplication rule predicts that the population
frequency of the haplotype containing both the disease-
causing allele and marker allele I would be 0.1 X 0.4 = 0.04.
By collecting family information, we can directly count the
haplotypes in the population. If we find that the actual fre-
quency of this haplotype is 0.09 instead of the predicted 0.04,
then the assumption of independence has been violated, indi-
cating preferential association of marker allele I with the
disease allele. This association of alleles at linked loci is
termed linkage disequilibrium.

Figure 8-10 illustrates how linkage disequilibrium can
come about. Imagine two marker loci that are both linked to
the myotonic dystrophy locus on chromosome 19. Marker B
is closely linked, at less than 1 ¢cM away. Marker A is less
closely linked, at about 5 cM away. Because each of these
marker loci has two alleles (denoted I and 2), there are four
possible combinations of marker alleles at the two loci, as
shown in Figure 8-10. When a new myotonic dystrophy
mutation first occurs in a population, it can be found on only
one copy of a chromosome, in this case the one with the A;B,
marker combination. As the disease-causing mutation (allele)
is passed through multiple generations, crossovers will occur
between it and the two markers. Because the disease locus is
more closely linked to marker B than marker A, fewer cross-
overs will occur between the disease-causing allele and marker
B. As a result, the disease-causing allele is found on a B,-
containing chromosome 90% of the time, and it is found on
an A,;-containing chromosome 72% of the time. The degree
of linkage disequilibrium is stronger between marker B and
the disease-causing allele than between marker A and the
disease-causing allele. Notice also that both the A, and the B,
alleles are still positively associated with the disease-causing
allele, because each marker allele has a much lower frequency
(50%) in the population of individuals who lack the disease-
causing allele (see Fig. 8-10). If enough generations elapse,
recombination would eventually eliminate the allelic

associations completely, and the loci would be in linkage
equilibrium.

Because linkage disequilibrium is a function of the dis-
tance between loci, it can be used to help infer the order of
genes on chromosomes. Linkage disequilibrium provides an
advantage over linkage analysis in that it reflects the action
of recombinations that have occurred during dozens or hun-
dreds of past generations (i.e., the number of generations that
have elapsed since the disease-causing mutation first occurred
in a population). Linkage analysis, in contrast, is limited to
the recombinations that can be directly observed in only the
past several generations. Consequently, there are seldom
enough recombinants in a series of families to map a gene to
a region smaller than several centimorgans using linkage
analysis, whereas linkage disequilibrium analysis can some-
times map a gene to an interval of 0.1 ¢M or less. However,
linkage disequilibrium can be influenced by evolutionary
forces, such as natural selection or genetic drift, that have
acted during the history of a population. For example, some
loci in the major histocompatibility complex on chromosome
6 (see Chapter 9) are in disequilibrium, possibly because
certain allelic combinations confer a selective advantage for
immunity to some diseases.

> Linkage disequilibrium is the nonrandom

association of alleles at linked loci. Linkage
disequilibrium between loci diminishes
through time as a result of recombination. It
can be used to infer the order of genes on
chromosomes.

Linkage Versus Association in Populations

The phenomena of linkage and association are sometimes
confused. Linkage refers to the positions of loci on chromo-
somes: When two loci are linked, specific combinations of
alleles at these loci will be transmitted together within fami-
lies because they 