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Preface

In their preface to the first edition of Genetics in
Medicine, published nearly 50 years ago, James and
Margaret Thompson wrote:

Genetics is fundamental to the basic sciences of
preclinical medical education and has important
applications to clinical medicine, public health and
medical research. ... This book has been written to
introduce the medical student to the principles of
genetics as they apply to medicine, and to give him
(her) a background for his own reading of the
extensive and rapidly growing literature in the field.
If his (ber) senior colleagues also find it useful, we

shall be doubly satisfied.

What was true then is even more so now as our knowl-
edge of genetics and of the human genome is rapidly
becoming an integral part of public health and the prac-
tice of medicine. This new edition of Genetics in Medi-
cine, the eighth, seeks to fulfill the goals of the previous
seven by providing an accurate exposition of the funda-
mental principles of human and medical genetics and
genomics. Using illustrative examples drawn from medi-
cine, we continue to emphasize the genes and mecha-
nisms operating in human diseases.

Much has changed, however, since the last edition of
this book. The rapid pace of progress stemming from
the Human Genome Project provides us with a refined
catalogue of all human genes, their sequence, and an
extensive, and still growing, database of human varia-
tion around the globe and its relationship to disease.
Genomic information has stimulated the creation of
powerful new tools that are changing human genetics
research and medical genetics practice. Throughout, we
have continued to expand the scope of the book to
incorporate the concepts of personalized health care

and precision medicine into Genetics in Medicine by
providing more examples of how genomics is being used
to identify the contributions made by genetic variation
to disease susceptibility and treatment outcomes.

The book is not intended to be a compendium of
genetic diseases nor is it an encyclopedic treatise on
human genetics and genomics in general. Rather, the
authors hope that the eighth edition of Genetics in
Medicine will provide students with a framework for
understanding the field of medical genetics and genom-
ics while giving them a basis on which to establish a
program of continuing education in this area. The
Clinical Cases—first introduced in the sixth edition to
demonstrate and reinforce general principles of disease
inheritance, pathogenesis, diagnosis, management, and
counseling—continue to be an important feature of
the book. We have expanded the set of cases to add
more common complex disorders to the set of cases.
To enhance further the teaching value of the Clinical
Cases, we continue to provide a case number (high-
lighted in green) throughout the text to direct readers
to the case in the Clinical Case Studies section that is
relevant to the concepts being discussed at that point in
the text.

Any medical or genetic counseling student, advanced
undergraduate, graduate student in genetics or genom-
ics, resident in any field of clinical medicine, practicing
physician, or allied medical professional in nursing or
physical therapy should find this book to be a thorough
but not exhaustive (or exhausting!) presentation of the
fundamentals of human genetics and genomics as
applied to health and disease.

Robert L. Nussbaum, MD
Roderick R. Mclnnes, MD, PhD
Huntington F. Willard, PhD
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CHAPTER ]

THE BIRTH AND DEVELOPMENT OF
GENETICS AND GENOMICS

Few areas of science and medicine are seeing advances
at the pace we are experiencing in the related fields of
genetics and genomics. It may appear surprising to
many students today, then, to learn that an appreciation
of the role of genetics in medicine dates back well over
a century, to the recognition by the British physician
Archibald Garrod and others that Mendel’s laws of
inheritance could explain the recurrence of certain clini-
cal disorders in families. During the ensuing years, with
developments in cellular and molecular biology, the field
of medical genetics grew from a small clinical subspe-
cialty concerned with a few rare hereditary disorders to
a recognized medical specialty whose concepts and
approaches are important components of the diagnosis
and management of many disorders, both common and
rare.

At the beginning of the 21st century, the Human
Genome Project provided a virtually complete sequence
of human DNA—our genome (the suffix -ome coming
from the Greek for “all” or “complete”)—which now
serves as the foundation of efforts to catalogue all
human genes, understand their structure and regulation,
determine the extent of variation in these genes in dif-
ferent populations, and uncover how genetic variation
contributes to disease. The human genome of any indi-
vidual can now be studied in its entirety, rather than one
gene at a time. These developments are making possible
the field of genomic medicine, which seeks to apply a
large-scale analysis of the human genome and its prod-
ucts, including the control of gene expression, human
gene variation, and interactions between genes and the
environment, to medical care.

GENETICS AND GENOMICS IN MEDICINE
The Practice of Genetics

The medical geneticist is usually a physician who works
as part of a team of health care providers, including
many other physicians, nurses, and genetic counselors,
to evaluate patients for possible hereditary diseases.
They characterize the patient’s illness through careful
history taking and physical examination, assess possible
modes of inheritance, arrange for diagnostic testing,

Introduction

develop treatment and surveillance plans, and partici-

pate in outreach to other family members at risk for the

disorder.

However, genetic principles and approaches are not
restricted to any one medical specialty or subspecialty;
they permeate many, and perhaps all, areas of medicine.
Here are just a few examples of how genetics and
genomics are applied to medicine today:

* A pediatrician evaluates a child with multiple con-
genital malformations and orders a high-resolution
genomic test for submicroscopic chromosomal dele-
tions or duplications that are below the level of reso-
lution of routine chromosome analysis (Case 32).

® A genetic counselor specializing in hereditary breast
cancer offers education, testing, interpretation, and
support to a young woman with a family history of
hereditary breast and ovarian cancer (Case 7).

® An obstetrician sends a chorionic villus sample taken
from a 38-year-old pregnant woman to a cytogenet-
ics laboratory for confirmation of abnormalities in
the number or structure of the fetal chromosomes,
following a positive screening result from a non-
invasive prenatal blood test (see Chapter 17).

* A hematologist combines family and medical history
with gene testing of a young adult with deep venous
thrombosis to assess the benefits and risks of initiat-
ing and maintaining anticoagulant therapy (Case 46).

® A surgeon uses gene expression array analysis of a
lung tumor sample to determine prognosis and to
guide therapeutic decision making (see Chapter 13).

e A pediatric oncologist tests her patients for genetic varia-
tions that can predict a good response or an adverse
reaction to a chemotherapeutic agent (Case 45).

* A neurologist and genetic counselor provide APOE
gene testing for Alzheimer disease susceptibility for a
woman with a strong family history of the disease
so she can make appropriate long-term financial
plans (Case 4).

e A forensic pathologist uses databases of genetic poly-
morphisms in his analysis of DNA samples obtained
from victims® personal items and surviving relatives
to identify remains from an airline crash.

* A gastroenterologist orders genome sequence analysis
for a child with a multiyear history of life-threatening
and intractable inflammatory bowel disease. Sequenc-
ing reveals a mutation in a previously unsuspected

1



2 THOMPSON & THOMPSON GENETICS IN MEDICINE

gene, clarifying the clinical diagnosis and altering
treatment for the patient (see Chapter 16).

e Scientists in the pharmaceutical industry sequence
cancer cell DNA to identify specific changes in onco-
genic signaling pathways inappropriately activated
by a somatic mutation, leading to the development
of specific inhibitors that reliably induce remissions
of the cancers in patients (Case 10).

Categories of Genetic Disease

Virtually any disease is the result of the combined action
of genes and environment, but the relative role of the
genetic component may be large or small. Among dis-
orders caused wholly or partly by genetic factors, three
main types are recognized: chromosome disorders,
single-gene disorders, and multifactorial disorders.

In chromosome disorders, the defect is due not to a
single mistake in the genetic blueprint but to an excess
or a deficiency of the genes located on entire chromo-
somes or chromosome segments. For example, the pres-
ence of an extra copy of one chromosome, chromosome
21, underlies a specific disorder, Down syndrome, even
though no individual gene on that chromosome is
abnormal. Duplication or deletion of smaller segments
of chromosomes, ranging in size from only a single
gene up to a few percent of a chromosome’s length, can
cause complex birth defects like DiGeorge syndrome or
even isolated autism without any obvious physical
abnormalities. As a group, chromosome disorders are
common, affecting approximately 7 per 1000 liveborn
infants and accounting for approximately half of all
spontaneous abortions occurring in the first trimester of
pregnancy. These types of disorders are discussed in
Chapter 6.

Single-gene defects are caused by pathogenic muta-
tions in individual genes. The mutation may be present
on both chromosomes of a pair (one of paternal origin
and one of maternal origin) or on only one chromosome
of a pair (matched with a normal copy of that gene
on the other copy of that chromosome). Single-gene
defects often cause diseases that follow one of the classic
inheritance patterns in families (autosomal recessive,
autosomal dominant, or X-linked). In a few cases, the
mutation is in the mitochondrial rather than in the
nuclear genome. In any case, the cause is a critical error
in the genetic information carried by a single gene.
Single-gene disorders such as cystic fibrosis (Case 12),
sickle cell anemia (Case 42), and Marfan syn-
drome (Case 30) usually exhibit obvious and charac-
teristic pedigree patterns. Most such defects are rare,
with a frequency that may be as high as 1 in 500 to

1000 individuals but is usually much less. Although
individually rare, single-gene disorders as a group are
responsible for a significant proportion of disease and
death. Overall, the incidence of serious single-gene dis-
orders in the pediatric population has been estimated to
be approximately 1 per 300 liveborn infants; over an
entire lifetime, the prevalence of single-gene disorders is
1 in 50. These disorders are discussed in Chapter 7.

Multifactorial disease with complex inheritance
describes the majority of diseases in which there is a
genetic contribution, as evidenced by increased risk for
disease (compared to the general public) in identical
twins or close relatives of affected individuals, and yet
the family history does not fit the inheritance patterns
seen typically in single-gene defects. Multifactorial dis-
eases include congenital malformations such as
Hirschsprung disease (Case 22), cleft lip and palate, and
congenital heart defects, as well as many common dis-
orders of adult life, such as Alzheimer disease (Case 4),
diabetes, and coronary artery disease. There appears to
be no single error in the genetic information in many of
these conditions. Rather, the disease is the result of the
combined impact of variant forms of many different
genes; each variant may cause, protect from, or predis-
pose to a serious defect, often in concert with or trig-
gered by environmental factors. Estimates of the impact
of multifactorial disease range from 5% in the pediatric
population to more than 60% in the entire population.
These disorders are the subject of Chapter 8.

ONWARD

During the 50-year professional life of today’s profes-
sional and graduate students, extensive changes are
likely to take place in the discovery, development, and
use of genetic and genomic knowledge and tools in
medicine. Judging from the quickening pace of discov-
ery within only the past decade, it is virtually certain
that we are just at the beginning of a revolution in inte-
grating knowledge of genetics and the genome into
public health and the practice of medicine. An introduc-
tion to the language and concepts of human and medical
genetics and an appreciation of the genetic and genomic
perspective on health and disease will form a framework
for lifelong learning that is part of every health profes-
sional’s career.

GENERAL REFERENCES

Feero WG, Guttmacher AE, Collins FS: Genomic medicine—an
updated primer, N Engl ] Med 362:2001-2011, 2010.

Ginsburg G, Willard HE, editors: Genomic and personalized medicine
(vols 1 & 2), ed 2, New York, 2012, Elsevier.



CHAPTER )

Understanding the organization, variation, and trans-
mission of the human genome is central to appreciating
the role of genetics in medicine, as well as the emerging
principles of genomic and personalized medicine. With
the availability of the sequence of the human genome
and a growing awareness of the role of genome varia-
tion in disease, it is now possible to begin to exploit the
impact of that variation on human health on a broad
scale. The comparison of individual genomes under-
scores the first major take-home lesson of this book—
every individual has his or ber own unique constitution
of gene products, produced in response to the combined
inputs of the genome sequence and one’s particular set
of environmental exposures and experiences. As pointed
out in the previous chapter, this realization reflects what
Garrod termed chemical individuality over a century
ago and provides a conceptual foundation for the prac-
tice of genomic and personalized medicine.

Advances in genome technology and the resulting
explosion in knowledge and information stemming
from the Human Genome Project are thus playing an
increasingly transformational role in integrating and
applying concepts and discoveries in genetics to the
practice of medicine.

THE HUMAN GENOME AND THE
CHROMOSOMAL BASIS OF HEREDITY

Appreciation of the importance of genetics to medicine
requires an understanding of the nature of the heredi-
tary material, how it is packaged into the human
genome, and how it is transmitted from cell to cell
during cell division and from generation to generation
during reproduction. The human genome consists of large
amounts of the chemical deoxyribonucleic acid (DNA)
that contains within its structure the genetic informa-
tion needed to specify all aspects of embryogenesis,
development, growth, metabolism, and reproduction—
essentially all aspects of what makes a human being a
functional organism. Every nucleated cell in the body
carries its own copy of the human genome, which con-
tains, depending on how one defines the term, approxi-
mately 20,000 to 50,000 genes (see Box later). Genes,

Introduction to the
Human Genome

CHROMOSOME AND GENOME ANALYSIS IN
CLINICAL MEDICINE

Chromosome and genome analysis has become an impor-
tant diagnostic procedure in clinical medicine. As described
more fully in subsequent chapters, these applications
include the following:

e Clinical diagnosis. Numerous medical conditions,
including some that are common, are associated with
changes in chromosome number or structure and
require chromosome or genome analysis for diagnosis
and genetic counseling (see Chapters 5 and 6).

e Gene identification. A major goal of medical genetics
and genomics today is the identification of specific
genes and elucidating their roles in health and disease.
This topic is referred to repeatedly but is discussed in
detail in Chapter 10.

e Cancer genomics. Genomic and chromosomal changes
in somatic cells are involved in the initiation and pro-
gression of many types of cancer (see Chapter 15).

e Disease treatment. Evaluation of the integrity, compo-
sition, and differentiation state of the genome is criti-
cal for the development of patient-specific pluripotent
stem cells for therapeutic use (see Chapter 13).

e Prenatal diagnosis. Chromosome and genome analy-
sis is an essential procedure in prenatal diagnosis (see
Chapter 17).

which at this point we consider simply and most broadly
as functional units of genetic information, are encoded
in the DNA of the genome, organized into a number of
rod-shaped organelles called chromosomes in the
nucleus of each cell. The influence of genes and genetics
on states of health and disease is profound, and its roots
are found in the information encoded in the DNA that
makes up the human genome.

Each species has a characteristic chromosome com-
plement (karyotype) in terms of the number, morphol-
ogy, and content of the chromosomes that make up its
genome. The genes are in linear order along the chro-
mosomes, each gene having a precise position or locus.
A gene map is the map of the genomic location of the
genes and is characteristic of each species and the indi-
viduals within a species.
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The study of chromosomes, their structure, and their
inheritance is called cytogenetics. The science of human
cytogenetics dates from 1956, when it was first estab-
lished that the normal human chromosome number is
46. Since that time, much has been learned about human
chromosomes, their normal structure and composition,
and the identity of the genes that they contain, as well
as their numerous and varied abnormalities.

With the exception of cells that develop into gametes
(the germline), all cells that contribute to one’s body are
called somatic cells (soma, body). The genome con-
tained in the nucleus of human somatic cells consists of
46 chromosomes, made up of 24 different types and
arranged in 23 pairs (Fig. 2-1). Of those 23 pairs, 22 are
alike in males and females and are called autosomes,
originally numbered in order of their apparent size from
the largest to the smallest. The remaining pair comprises
the two different types of sex chromosomes: an X and
a Y chromosome in males and two X chromosomes in
females. Central to the concept of the human genome,
each chromosome carries a different subset of genes
that are arranged linearly along its DNA. Members
of a pair of chromosomes (referred to as homologous
chromosomes or homologues) carry matching genetic

™

e/

Mitochondrial
chromosomes

o
Ooo

information; that is, they typically have the same genes
in the same order. At any specific locus, however, the
homologues either may be identical or may vary slightly
in sequence; these different forms of a gene are called
alleles. One member of each pair of chromosomes is
inherited from the father, the other from the mother.
Normally, the members of a pair of autosomes are
microscopically indistinguishable from each other. In
females, the sex chromosomes, the two X chromosomes,
are likewise largely indistinguishable. In males, however,
the sex chromosomes differ. One is an X, identical to the
Xs of the female, inherited by a male from his mother
and transmitted to his daughters; the other, the Y chro-
mosome, is inherited from his father and transmitted to
his sons. In Chapter 6, as we explore the chromosomal
and genomic basis of disease, we will look at some
exceptions to the simple and almost universal rule that
human females are XX and human males are XY.

In addition to the nuclear genome, a small but impor-
tant part of the human genome resides in mitochondria
in the cytoplasm (see Fig. 2-1). The mitochondrial chro-
mosome, to be described later in this chapter, has a
number of unusual features that distinguish it from the
rest of the human genome.

Somatic cell

..CTAGCAATTCTTATAATCGTACGCTAG
TCTTATGGAAACTGTGAATAGGCTTATAACAGGAG
GTCTTAGCCATTCGAATCGTACGCTAGC...

Human Genome Sequence

Figure 2-1 The human genome, encoded on both nuclear and mitochondrial chromosomes.

See Sources & Acknowledgments.
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Figure 2-2 The four bases of DNA and the general structure of a nucleotide in DNA. Fach of the
four bases bonds with deoxyribose (through the nitrogen shown in magenta) and a phosphate

group to form the corresponding nucleotides.

GENES IN THE HUMAN GENOME

What is a gene? And how many genes do we have? These
questions are more difficult to answer than it might seem.

The word gene, first introduced in 1908, has been used
in many different contexts since the essential features of
heritable “unit characters” were first outlined by Mendel
over 150 years ago. To physicians (and indeed to Mendel
and other early geneticists), a gene can be defined by its
observable impact on an organism and on its statistically
determined transmission from generation to generation. To
medical geneticists, a gene is recognized clinically in the
context of an observable variant that leads to a character-
istic clinical disorder, and today we recognize approximately
5000 such conditions (see Chapter 7).

The Human Genome Project provided a more systematic
basis for delineating human genes, relying on DNA sequence
analysis rather than clinical acumen and family studies
alone; indeed, this was one of the most compelling ratio-
nales for initiating the project in the late 1980s. However,
even with the finished sequence product in 2003, it was
apparent that our ability to recognize features of the
sequence that point to the existence or identity of a gene
was sorely lacking. Interpreting the human genome sequence
and relating its variation to human biology in both health
and disease is thus an ongoing challenge for biomedical
research.

DNA Structure: A Brief Review

Before the organization of the human genome and its
chromosomes is considered in detail, it is necessary to
review the nature of the DNA that makes up the genome.
DNA is a polymeric nucleic acid macromolecule

Although the ultimate catalogue of human genes remains
an elusive target, we recognize two general types of gene,
those whose product is a protein and those whose product
is a functional RNA.

e The number of protein-coding genes—recognized by
features in the genome that will be discussed in Chapter
3—is estimated to be somewhere between 20,000 and
25,000. In this book, we typically use approximately
20,000 as the number, and the reader should rec-
ognize that this is both imprecise and perhaps an
underestimate.

e In addition, however, it has been clear for several decades
that the ultimate product of some genes is not a protein
at all but rather an RNA transcribed from the DNA
sequence. There are many different types of such RNA
genes (typically called noncoding genes to distinguish
them from protein-coding genes), and it is currently esti-
mated that there are at least another 20,000 to 25,000
noncoding RNA genes around the human genome.
Thus overall—and depending on what one means by the

term—the total number of genes in the human genome is of
the order of approximately 20,000 to 50,000. However, the
reader will appreciate that this remains a moving target,
subject to evolving definitions, increases in technological
capabilities and analytical precision, advances in informat-
ics and digital medicine, and more complete genome
annotation.

composed of three types of units: a five-carbon sugar,
deoxyribose; a nitrogen-containing base; and a phos-
phate group (Fig. 2-2). The bases are of two types,
purines and pyrimidines. In DNA, there are two purine
bases, adenine (A) and guanine (G), and two pyrimidine
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Hydrogen
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Figure 2-3 The structure of DNA. A, A portion of a DNA polynucleotide chain, showing the 3’-5’
phosphodiester bonds that link adjacent nucleotides. B, The double-helix model of DNA, as pro-
posed by Watson and Crick. The horizontal “rungs” represent the paired bases. The helix is said
to be right-handed because the strand going from lower left to upper right crosses over the opposite
strand. The detailed portion of the figure illustrates the two complementary strands of DNA,
showing the AT and GC base pairs. Note that the orientation of the two strands is antiparallel.

See Sources & Acknowledgments.

bases, thymine (T) and cytosine (C). Nucleotides, each
composed of a base, a phosphate, and a sugar moiety,
polymerize into long polynucleotide chains held together
by 5’-3’ phosphodiester bonds formed between adjacent
deoxyribose units (Fig. 2-3A). In the human genome,
these polynucleotide chains exist in the form of a double
helix (Fig. 2-3B) that can be hundreds of millions of
nucleotides long in the case of the largest human
chromosomes.

The anatomical structure of DNA carries the chemi-
cal information that allows the exact transmission of
genetic information from one cell to its daughter cells
and from one generation to the next. At the same time,
the primary structure of DNA specifies the amino acid
sequences of the polypeptide chains of proteins, as
described in the next chapter. DNA has elegant features
that give it these properties. The native state of DNA,
as elucidated by James Watson and Francis Crick in
1953, is a double helix (see Fig. 2-3B). The helical struc-
ture resembles a right-handed spiral staircase in which
its two polynucleotide chains run in opposite directions,
held together by hydrogen bonds between pairs of bases:
T of one chain paired with A of the other, and G with

C. The specific nature of the genetic information encoded
in the human genome lies in the sequence of C’s, A,
G’s, and T’s on the two strands of the double helix along
each of the chromosomes, both in the nucleus and in
mitochondria (see Fig. 2-1). Because of the complemen-
tary nature of the two strands of DNA, knowledge of
the sequence of nucleotide bases on one strand auto-
matically allows one to determine the sequence of bases
on the other strand. The double-stranded structure of
DNA molecules allows them to replicate precisely by
separation of the two strands, followed by synthesis of
two new complementary strands, in accordance with
the sequence of the original template strands (Fig. 2-4).
Similarly, when necessary, the base complementarity
allows efficient and correct repair of damaged DNA
molecules.

Structure of Human Chromosomes

The composition of genes in the human genome, as well
as the determinants of their expression, is specified in
the DNA of the 46 human chromosomes in the nucleus
plus the mitochondrial chromosome. Each human
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chromosome consists of a single, continuous DNA
double helix; that is, each chromosome is one long,
double-stranded DNA molecule, and the nuclear genome
consists, therefore, of 46 linear DNA molecules, totaling
more than 6 billion nucleotide pairs (see Fig. 2-1).
Chromosomes are not naked DNA double helices,
however. Within each cell, the genome is packaged as
chromatin, in which genomic DNA is complexed with

Figure 2-4 Replication of a DNA double helix, resulting in two
identical daughter molecules, each composed of one parental
strand and one newly synthesized strand.

Each loop
contains
~100-200 kb
of DNA

Cellin early
interphase

Portion of an
interphase
chromosome

Interphase
nucleus

Solenoid

several classes of specialized proteins. Except during cell
division, chromatin is distributed throughout the nucleus
and is relatively homogeneous in appearance under the
microscope. When a cell divides, however, its genome
condenses to appear as microscopically visible chromo-
somes. Chromosomes are thus visible as discrete struc-
tures only in dividing cells, although they retain their
integrity between cell divisions.

The DNA molecule of a chromosome exists in chro-
matin as a complex with a family of basic chromosomal
proteins called histones. This fundamental unit interacts
with a heterogeneous group of nonhistone proteins,
which are involved in establishing a proper spatial and
functional environment to ensure normal chromosome
behavior and appropriate gene expression.

Five major types of histones play a critical role in the
proper packaging of chromatin. Two copies each of the
four core histones H2A, H2B, H3, and H4 constitute an
octamer, around which a segment of DNA double helix
winds, like thread around a spool (Fig. 2-5). Approxi-
mately 140 base pairs (bp) of DNA are associated with
each histone core, making just under two turns around
the octamer. After a short (20- to 60-bp) “spacer”
segment of DNA, the next core DNA complex forms,
and so on, giving chromatin the appearance of beads on
a string. Each complex of DNA with core histones is
called a nucleosome (see Fig. 2-5), which is the basic
structural unit of chromatin, and each of the 46 human
chromosomes contains several hundred thousand to
well over a million nucleosomes. A fifth histone, H1,
appears to bind to DNA at the edge of each nucleosome,
in the internucleosomal spacer region. The amount of

Histone
octamer

Double helix

Nucleosome fiber
("beads on a string")

Figure 2-5 Hierarchical levels of chromatin packaging in a human chromosome.
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DNA associated with a core nucleosome, together with
the spacer region, is approximately 200 bp.

In addition to the major histone types, a number of
specialized histones can substitute for H3 or H2A and
confer specific characteristics on the genomic DNA at
that location. Histones can also be modified by chemical
changes, and these modifications can change the proper-
ties of nucleosomes that contain them. As discussed
further in Chapter 3, the pattern of major and special-
ized histone types and their modifications can vary from
cell type to cell type and is thought to specify how DNA
is packaged and how accessible it is to regulatory mol-
ecules that determine gene expression or other genome
functions.

During the cell cycle, as we will see later in this
chapter, chromosomes pass through orderly stages of
condensation and decondensation. However, even when
chromosomes are in their most decondensed state, in a
stage of the cell cycle called interphase, DNA packaged
in chromatin is substantially more condensed than it
would be as a native, protein-free, double helix. Further,
the long strings of nucleosomes are themselves com-
pacted into a secondary helical structure, a cylindrical
“solenoid” fiber (from the Greek solenocides, pipe-
shaped) that appears to be the fundamental unit of
chromatin organization (see Fig. 2-5). The solenoids are
themselves packed into loops or domains attached at
intervals of approximately 100,000 bp (equivalent to
100 kilobase pairs [kb], because 1 kb = 1000 bp) to a
protein scaffold within the nucleus. It has been specu-
lated that these loops are the functional units of the
genome and that the attachment points of each loop are
specified along the chromosomal DNA. As we shall see,
one level of control of gene expression depends on how
DNA and genes are packaged into chromosomes and
on their association with chromatin proteins in the
packaging process.

The enormous amount of genomic DNA packaged
into a chromosome can be appreciated when chromo-
somes are treated to release the DNA from the underly-
ing protein scaffold (see Fig. 2-1). When DNA is released
in this manner, long loops of DNA can be visualized,
and the residual scaffolding can be seen to reproduce
the outline of a typical chromosome.

The Mitochondrial Chromosome

As mentioned earlier, a small but important subset of
genes encoded in the human genome resides in the cyto-
plasm in the mitochondria (see Fig. 2-1). Mitochondrial
genes exhibit exclusively maternal inheritance (see
Chapter 7). Human cells can have hundreds to thou-
sands of mitochondria, each containing a number of
copies of a small circular molecule, the mitochondrial
chromosome. The mitochondrial DNA molecule is only
16 kb in length (just a tiny fraction of the length of
even the smallest nuclear chromosome) and encodes
only 37 genes. The products of these genes function in

mitochondria, although the vast majority of proteins
within the mitochondria are, in fact, the products of
nuclear genes. Mutations in mitochondrial genes have
been demonstrated in several maternally inherited as
well as sporadic disorders (Case 33) (see Chapters 7
and 12).

The Human Genome Sequence

With a general understanding of the structure and clini-
cal importance of chromosomes and the genes they
carry, scientists turned attention to the identification of
specific genes and their location in the human genome.
From this broad effort emerged the Human Genome
Project, an international consortium of hundreds of
laboratories around the world, formed to determine
and assemble the sequence of the 3.3 billion base pairs
of DNA located among the 24 types of human
chromosome.

Over the course of a decade and a half, powered by
major developments in DNA-sequencing technology,
large sequencing centers collaborated to assemble
sequences of each chromosome. The genomes actually
being sequenced came from several different individu-
als, and the consensus sequence that resulted at the
conclusion of the Human Genome Project was reported
in 2003 as a “reference” sequence assembly, to be used
as a basis for later comparison with sequences of indi-
vidual genomes. This reference sequence is maintained
in publicly accessible databases to facilitate scientific
discovery and its translation into useful advances for
medicine. Genome sequences are typically presented in
a 5’ to 3’ direction on just one of the two strands of the
double helix, because—owing to the complementary
nature of DNA structure described earlier—if one
knows the sequence of one strand, one can infer the
sequence of the other strand (Fig. 2-6).

Organization of the Human Genome

Chromosomes are not just a random collection of dif-
ferent types of genes and other DNA sequences. Regions
of the genome with similar characteristics tend to be
clustered together, and the functional organization of
the genome reflects its structural organization and
sequence. Some chromosome regions, or even whole
chromosomes, are high in gene content (“gene rich”),
whereas others are low (“gene poor”) (Fig. 2-7). The
clinical consequences of abnormalities of genome struc-
ture reflect the specific nature of the genes and sequences
involved. Thus abnormalities of gene-rich chromosomes
or chromosomal regions tend to be much more severe
clinically than similar-sized defects involving gene-poor
parts of the genome.

As a result of knowledge gained from the Human
Genome Project, it is apparent that the organization of
DNA in the human genome is both more varied and
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5..GGATTTCTAGGTAACTCAGTCGA... &

Double Helix ;
3 ..CCTAAAGATCCATTGAGTCAGCT... 5
Reference

Sequence ...GGATTTCTAGGTAACTCAGTCGA...
Individual 1 ...GGATTTCTAGGTAACTCAGTCGA...
Individual 2 ...GGATTTCEAGGTAACTCAGTCGA...
Individual 3 ...GGATTTCEBAGGTAACTCAGTCGA...
Individual 4 ..GGATTTCTAGGTAACTCAGTRAGA...
Individual 5 ...GGATHBCTAGGTAACTCAGTCGA...

Figure 2-6 A portion of the reference human genome sequence. By convention, sequences are
presented from one strand of DNA only, because the sequence of the complementary strand can
be inferred from the double-stranded nature of DNA (shown above the reference sequence). The
sequence of DNA from a group of individuals is similar but not identical to the reference, with
single nucleotide changes in some individuals and a small deletion of two bases in another.
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Figure 2-7 Size and gene content of the 24 human chromosomes. Dotted diagonal line corre-
sponds to the average density of genes in the genome, approximately 6.7 protein-coding genes per
megabase (Mb). Chromosomes that are relatively gene rich are above the diagonal and trend to
the upper left. Chromosomes that are relatively gene poor are below the diagonal and trend to the
lower right. See Sources & Acknowledgments.
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more complex than was once appreciated. Of the bil-
lions of base pairs of DNA in any genome, less than
1.5% actually encodes proteins. Regulatory elements
that influence or determine patterns of gene expression
during development or in tissues were believed to
account for only approximately 5% of additional
sequence, although more recent analyses of chromatin
characteristics suggest that a much higher proportion of
the genome may provide signals that are relevant to
genome functions. Only approximately half of the total
linear length of the genome consists of so-called single-
copy or unique DNA, that is, DNA whose linear order
of specific nucleotides is represented only once (or at
most a few times) around the entire genome. This
concept may appear surprising to some, given that there
are only four different nucleotides in DNA. But, con-
sider even a tiny stretch of the genome that is only 10
bases long; with four types of bases, there are over a
million possible sequences. And, although the order of
bases in the genome is not entirely random, any particu-
lar 16-base sequence would be predicted by chance
alone to appear only once in any given genome.

The rest of the genome consists of several classes of
repetitive DNA and includes DNA whose nucleotide
sequence is repeated, either perfectly or with some varia-
tion, hundreds to millions of times in the genome.
Whereas most (but not all) of the estimated 20,000
protein-coding genes in the genome (see Box earlier in
this chapter) are represented in single-copy DNA,
sequences in the repetitive DNA fraction contribute to
maintaining chromosome structure and are an impor-
tant source of variation between different individuals;
some of this variation can predispose to pathological
events in the genome, as we will see in Chapters §
and 6.

Single-Copy DNA Sequences

Although single-copy DNA makes up at least half of the
DNA in the genome, much of its function remains a
mystery because, as mentioned, sequences actually
encoding proteins (i.e., the coding portion of genes)
constitute only a small proportion of all the single-copy
DNA. Most single-copy DNA is found in short stretches
(several kilobase pairs or less), interspersed with
members of various repetitive DNA families. The orga-
nization of genes in single-copy DNA is addressed in
depth in Chapter 3.

Repetitive DNA Sequences

Several different categories of repetitive DNA are rec-
ognized. A useful distinguishing feature is whether the
repeated sequences (“repeats”) are clustered in one or a
few locations or whether they are interspersed with
single-copy sequences along the chromosome. Clustered
repeated sequences constitute an estimated 10% to 15%
of the genome and consist of arrays of various short
repeats organized in tandem in a head-to-tail fashion.

The different types of such tandem repeats are collec-
tively called satellite DNAs, so named because many of
the original tandem repeat families could be separated
by biochemical methods from the bulk of the genome
as distinct (“satellite”) fractions of DNA.

Tandem repeat families vary with regard to their
location in the genome and the nature of sequences that
make up the array. In general, such arrays can stretch
several million base pairs or more in length and consti-
tute up to several percent of the DNA content of an
individual human chromosome. Some tandem repeat
sequences are important as tools that are useful in clini-
cal cytogenetic analysis (see Chapter 5). Long arrays of
repeats based on repetitions (with some variation) of a
short sequence such as a pentanucleotide are found in
large genetically inert regions on chromosomes 1, 9, and
16 and make up more than half of the Y chromosome
(see Chapter 6). Other tandem repeat families are based
on somewhat longer basic repeats. For example, the
o-satellite family of DNA is composed of tandem arrays
of an approximately 171-bp unit, found at the centro-
mere of each human chromosome, which is critical for
attachment of chromosomes to microtubules of the
spindle apparatus during cell division.

In addition to tandem repeat DNAs, another major
class of repetitive DNA in the genome consists of related
sequences that are dispersed throughout the genome
rather than clustered in one or a few locations. Although
many DNA families meet this general description, two
in particular warrant discussion because together they
make up a significant proportion of the genome and
because they have been implicated in genetic diseases.
Among the best-studied dispersed repetitive elements
are those belonging to the so-called Alu family. The
members of this family are approximately 300 bp in
length and are related to each other although not identi-
cal in DNA sequence. In total, there are more than a
million Alu family members in the genome, making up
at least 10% of human DNA. A second major dispersed
repetitive DNA family is called the long interspersed
nuclear element (LINE, sometimes called L1) family.
LINEs are up to 6 kb in length and are found in approx-
imately 850,000 copies per genome, accounting for
nearly 20% of the genome. Both of these families are
plentiful in some regions of the genome but relatively
sparse in others—regions rich in GC content tend to be
enriched in Alu elements but depleted of LINE sequences,
whereas the opposite is true of more AT-rich regions of
the genome.

Repetitive DNA and Disease. Both Alu and LINE
sequences have been implicated as the cause of muta-
tions in hereditary disease. At least a few copies of the
LINE and Alu families generate copies of themselves
that can integrate elsewhere in the genome, occasionally
causing insertional inactivation of a medically impor-
tant gene. The frequency of such events causing genetic
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disease in humans is unknown, but they may account
for as many as 1 in 500 mutations. In addition, aberrant
recombination events between different LINE repeats or
Alu repeats can also be a cause of mutation in some
genetic diseases (see Chapter 12).

An important additional type of repetitive DNA
found in many different locations around the genome
includes sequences that are duplicated, often with
extraordinarily high sequence conservation. Duplica-
tions involving substantial segments of a chromosome,
called segmental duplications, can span hundreds of
kilobase pairs and account for at least 5% of the genome.
When the duplicated regions contain genes, genomic
rearrangements involving the duplicated sequences can
result in the deletion of the region (and the genes)
between the copies and thus give rise to disease (see
Chapters 5 and 6).

VARIATION IN THE HUMAN GENOME

With completion of the reference human genome
sequence, much attention has turned to the discovery
and cataloguing of variation in sequence among differ-
ent individuals (including both healthy individuals and
those with various diseases) and among different popu-
lations around the globe. As we will explore in much
more detail in Chapter 4, there are many tens of millions
of common sequence variants that are seen at significant
frequency in one or more populations; any given indi-
vidual carries at least 5 million of these sequence vari-
ants. In addition, there are countless very rare variants,
many of which probably exist in only a single or a few
individuals. In fact, given the number of individuals in
our species, essentially each and every base pair in the
human genome is expected to vary in someone some-
where around the globe. Tt is for this reason that the
original human genome sequence is considered a “refer-
ence” sequence for our species, but one that is actually
identical to no individual’s genome.

Early estimates were that any two randomly selected
individuals would have sequences that are 99.9% iden-
tical or, put another way, that an individual genome
would carry two different versions (alleles) of the human
genome sequence at some 3 to 5 million positions, with
different bases (e.g., a T or a G) at the maternally and
paternally inherited copies of that particular sequence
position (see Fig. 2-6). Although many of these allelic
differences involve simply one nucleotide, much of the
variation consists of insertions or deletions of (usually)
short sequence stretches, variation in the number of
copies of repeated elements (including genes), or inver-
sions in the order of sequences at a particular position
(locus) in the genome (see Chapter 4).

The total amount of the genome involved in such
variation is now known to be substantially more than
originally estimated and approaches 0.5% between any
two randomly selected individuals. As will be addressed

in future chapters, any and all of these types of variation
can influence biological function and thus must be
accounted for in any attempt to understand the contri-
bution of genetics to human health.

TRANSMISSION OF THE GENOME

The chromosomal basis of heredity lies in the copying
of the genome and its transmission from a cell to its
progeny during typical cell division and from one gen-
eration to the next during reproduction, when single
copies of the genome from each parent come together
in a new embryo.

To achieve these related but distinct forms of genome
inheritance, there are two kinds of cell division, mitosis
and meiosis. Mitosis is ordinary somatic cell division
by which the body grows, differentiates, and effects
tissue regeneration. Mitotic division normally results in
two daughter cells, each with chromosomes and genes
identical to those of the parent cell. There may be dozens
or even hundreds of successive mitoses in a lineage of
somatic cells. In contrast, meiosis occurs only in cells of
the germline. Meiosis results in the formation of repro-
ductive cells (gametes), each of which has only 23
chromosomes—one of each kind of autosome and either
an X or a Y. Thus, whereas somatic cells have the
diploid (diploos, double) or the 2n chromosome com-
plement (i.e., 46 chromosomes), gametes have the
haploid (haploos, single) or the n complement (i.e., 23
chromosomes). Abnormalities of chromosome number
or structure, which are usually clinically significant, can
arise either in somatic cells or in cells of the germline
by errors in cell division.

The Cell Cycle

A human being begins life as a fertilized ovum (zygote),
a diploid cell from which all the cells of the body (esti-
mated to be approximately 100 trillion in number) are
derived by a series of dozens or even hundreds of
mitoses. Mitosis is obviously crucial for growth and
differentiation, but it takes up only a small part of the
life cycle of a cell. The period between two successive
mitoses is called interphase, the state in which most of
the life of a cell is spent.

Immediately after mitosis, the cell enters a phase,
called Gy, in which there is no DNA synthesis (Fig. 2-8).
Some cells pass through this stage in hours; others spend
a long time, days or years, in G;. In fact, some cell types,
such as neurons and red blood cells, do not divide at all
once they are fully differentiated; rather, they are per-
manently arrested in a distinct phase known as G, (“G
zero”). Other cells, such as liver cells, may enter G, but,
after organ damage, return to G; and continue through
the cell cycle.

The cell cycle is governed by a series of checkpoints
that determine the timing of each step in mitosis. In
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Figure 2-8 A typical mitotic cell cycle, described in the text. The
telomeres, the centromere, and sister chromatids are indicated.

addition, checkpoints monitor and control the accuracy
of DNA synthesis as well as the assembly and attach-
ment of an elaborate network of microtubules that
facilitate chromosome movement. If damage to the
genome is detected, these mitotic checkpoints halt cell
cycle progression until repairs are made or, if the damage
is excessive, until the cell is instructed to die by pro-
grammed cell death (a process called apoptosis).

During G, each cell contains one diploid copy of the
genome. As the process of cell division begins, the cell
enters S phase, the stage of programmed DNA synthesis,
ultimately leading to the precise replication of each
chromosome’s DNA. During this stage, each chromo-
some, which in G; has been a single DNA molecule, is
duplicated and consists of two sister chromatids (see
Fig. 2-8), each of which contains an identical copy of
the original linear DNA double helix. The two sister
chromatids are held together physically at the centro-
mere, a region of DNA that associates with a number
of specific proteins to form the kinetochore. This com-
plex structure serves to attach each chromosome to
the microtubules of the mitotic spindle and to govern
chromosome movement during mitosis. DNA synthesis
during S phase is not synchronous throughout all chro-
mosomes or even within a single chromosome; rather,
along each chromosome, it begins at hundreds to
thousands of sites, called origins of DNA replication.
Individual chromosome segments have their own char-
acteristic time of replication during the 6- to 8-hour S
phase. The ends of each chromosome (or chromatid) are
marked by telomeres, which consist of specialized repet-
itive DNA sequences that ensure the integrity of the
chromosome during cell division. Correct maintenance
of the ends of chromosomes requires a special enzyme
called telomerase, which ensures that the very ends of
each chromosome are replicated.

The essential nature of these structural elements of
chromosomes and their role in ensuring genome

integrity is illustrated by a range of clinical conditions
that result from defects in elements of the telomere or
kinetochore or cell cycle machinery or from inaccurate
replication of even small portions of the genome (see
Box). Some of these conditions will be presented in
greater detail in subsequent chapters.

CLINICAL CONSEQUENCES OF ABNORMALITIES
AND VARIATION IN CHROMOSOME STRUCTURE
AND MECHANICS

Medically relevant conditions arising from abnormal
structure or function of chromosomal elements during
cell division include the following:

e A broad spectrum of congenital abnormalities in chil-
dren with inherited defects in genes encoding key
components of the mitotic spindle checkpoint at the
kinetochore

e A range of birth defects and developmental disorders
due to anomalous segregation of chromosomes with
multiple or missing centromeres (see Chapter 6)

e A variety of cancers associated with overreplication
(amplification) or altered timing of replication of spe-
cific regions of the genome in S phase (see Chapter 15)

e Roberts syndrome of growth retardation, limb short-
ening, and microcephaly in children with abnormali-
ties of a gene required for proper sister chromatid
alignment and cohesion in S phase

e Premature ovarian failure as a major cause of female
infertility due to mutation in a meiosis-specific gene
required for correct sister chromatid cohesion

e The so-called telomere syndromes, a number of degen-
erative disorders presenting from childhood to adult-
hood in patients with abnormal telomere shortening
due to defects in components of telomerase

e And, at the other end of the spectrum, common gene
variants that correlate with the number of copies of
the repeats at telomeres and with life expectancy and
longevity

By the end of S phase, the DNA content of the cell
has doubled, and each cell now contains two copies of
the diploid genome. After S phase, the cell enters a brief
stage called G,. Throughout the whole cell cycle, the cell
gradually enlarges, eventually doubling its total mass
before the next mitosis. G, is ended by mitosis, which
begins when individual chromosomes begin to condense
and become visible under the microscope as thin,
extended threads, a process that is considered in greater
detail in the following section.

The Gy, S, and G, phases together constitute inter-
phase. In typical dividing human cells, the three phases
take a total of 16 to 24 hours, whereas mitosis lasts only
1 to 2 hours (see Fig. 2-8). There is great variation,
however, in the length of the cell cycle, which ranges
from a few hours in rapidly dividing cells, such as those
of the dermis of the skin or the intestinal mucosa, to
months in other cell types.
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Mitosis

During the mitotic phase of the cell cycle, an elaborate
apparatus ensures that each of the two daughter cells
receives a complete set of genetic information. This
result is achieved by a mechanism that distributes one
chromatid of each chromosome to each daughter cell
(Fig. 2-9). The process of distributing a copy of each
chromosome to each daughter cell is called chromosome
segregation. The importance of this process for normal
cell growth is illustrated by the observation that many
tumors are invariably characterized by a state of genetic
imbalance resulting from mitotic errors in the distribu-
tion of chromosomes to daughter cells.

The process of mitosis is continuous, but five stages,
illustrated in Figure 2-9, are distinguished: prophase,
prometaphase, metaphase, anaphase, and telophase.
® Prophase. This stage is marked by gradual condensa-

tion of the chromosomes, formation of the mitotic

spindle, and formation of a pair of centrosomes, from
which microtubules radiate and eventually take up
positions at the poles of the cell.

* Prometaphase. Here, the nuclear membrane dis-
solves, allowing the chromosomes to disperse within
the cell and to attach, by their kinetochores, to micro-
tubules of the mitotic spindle.

® Metaphase. At this stage, the chromosomes are maxi-
mally condensed and line up at the equatorial plane
of the cell.

® Anaphase. The chromosomes separate at the centro-
mere, and the sister chromatids of each chromosome

now become independent daughter chromosomes,
which move to opposite poles of the cell.

Telophase. Now, the chromosomes begin to decon-
dense from their highly contracted state, and a
nuclear membrane begins to re-form around each of
the two daughter nuclei, which resume their inter-
phase appearance. To complete the process of cell
division, the cytoplasm cleaves by a process known
as cytokinesis.

There is an important difference between a cell enter-
ing mitosis and one that has just completed the process.
A cell in G, has a fully replicated genome (i.e., a 4n
complement of DNA), and each chromosome consists
of a pair of sister chromatids. In contrast, after mitosis,
the chromosomes of each daughter cell have only one
copy of the genome. This copy will not be duplicated
until a daughter cell in its turn reaches the S phase of
the next cell cycle (see Fig. 2-8). The entire process of
mitosis thus ensures the orderly duplication and distri-
bution of the genome through successive cell divisions.

The Human Karyotype

The condensed chromosomes of a dividing human cell
are most readily analyzed at metaphase or prometa-
phase. At these stages, the chromosomes are visible
under the microscope as a so-called chromosome spread;
each chromosome consists of its sister chromatids,
although in most chromosome preparations, the two
chromatids are held together so tightly that they are
rarely visible as separate entities.

Cellin G,
Onset of mitosis
S phase Centrosomes
Interphase ,
Cells in Gy @(ﬂ.
Decondensed
chromatin Prophase
Cytokinesis
Telophase Prometaphase
Anaphase Metaphase

Microtubules Figure 2-9 Mitosis. Only two chromosome

pairs are shown. For details, see text.
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Figure 2-10 A chromosome spread prepared from a lymphocyte
culture that has been stained by the Giemsa-banding (G-banding)
technique. The darkly stained nucleus adjacent to the chromo-
somes is from a different cell in interphase, when chromosomal
material is diffuse throughout the nucleus. See Sources &
Acknowledgments.

As stated earlier, there are 24 different types of human
chromosome, each of which can be distinguished cyto-
logically by a combination of overall length, location of
the centromere, and sequence content, the latter reflected
by various staining methods. The centromere is appar-
ent as a primary constriction, a narrowing or pinching-in
of the sister chromatids due to formation of the kineto-
chore. This is a recognizable cytogenetic landmark,
dividing the chromosome into two arms, a short arm
designated p (for petit) and a long arm designated q.

Figure 2-10 shows a prometaphase cell in which the
chromosomes have been stained by the Giemsa-staining
(G-banding) method (also see Chapter 5). Each chromo-
some pair stains in a characteristic pattern of alternating
light and dark bands (G bands) that correlates roughly
with features of the underlying DNA sequence, such as
base composition (i.e., the percentage of base pairs that
are GC or AT) and the distribution of repetitive DNA
elements. With such banding techniques, all of the chro-
mosomes can be individually distinguished, and the
nature of many structural or numerical abnormalities
can be determined, as we examine in greater detail in
Chapters 5 and 6.

Although experts can often analyze metaphase chro-
mosomes directly under the microscope, a common pro-
cedure is to cut out the chromosomes from a digital
image or photomicrograph and arrange them in pairs in
a standard classification (Fig. 2-11). The completed
picture is called a karyotype. The word karyotype is also
used to refer to the standard chromosome set of an
individual (“a normal male karyotype”) or of a species

(“the human karyotype”) and, as a verb, to the process
of preparing such a standard figure (“to karyotype”).

Unlike the chromosomes seen in stained preparations
under the microscope or in photographs, the chromo-
somes of living cells are fluid and dynamic structures.
During mitosis, the chromatin of each interphase chro-
mosome condenses substantially (Fig. 2-12). When
maximally condensed at metaphase, DNA in chromo-
somes is approximately 1/10,000 of its fully extended
state. When chromosomes are prepared to reveal bands
(as in Figs. 2-10 and 2-11), as many as 1000 or more
bands can be recognized in stained preparations of all
the chromosomes. Each cytogenetic band therefore con-
tains as many as 50 or more genes, although the density
of genes in the genome, as mentioned previously, is
variable.

Meiosis

Meiosis, the process by which diploid cells give rise to
haploid gametes, involves a type of cell division that is
unique to germ cells. In contrast to mitosis, meiosis
consists of one round of DNA replication followed by
two rounds of chromosome segregation and cell divi-
sion (see meiosis I and meiosis II in Fig. 2-13). As out-
lined here and illustrated in Figure 2-14, the overall
sequence of events in male and female meiosis is the
same; however, the timing of gametogenesis is very dif-
ferent in the two sexes, as we will describe more fully
later in this chapter.

Meiosis I is also known as the reduction division
because it is the division in which the chromosome
number is reduced by half through the pairing of homo-
logues in prophase and by their segregation to different
cells at anaphase of meiosis I. Meiosis I is also notable
because it is the stage at which genetic recombination
(also called meiotic crossing over) occurs. In this process,
as shown for one pair of chromosomes in Figure 2-14,
homologous segments of DNA are exchanged between
nonsister chromatids of each pair of homologous chro-
mosomes, thus ensuring that none of the gametes pro-
duced by meiosis will be identical to another. The
conceptual and practical consequences of recombina-
tion for many aspects of human genetics and genomics
are substantial and are outlined in the Box at the end
of this section.

Prophase of meiosis I differs in a number of ways
from mitotic prophase, with important genetic conse-
quences, because homologous chromosomes need to
pair and exchange genetic information. The most criti-
cal early stage is called zygotene, when homologous
chromosomes begin to align along their entire length.
The process of meiotic pairing—called synapsis—is nor-
mally precise, bringing corresponding DNA sequences
into alignment along the length of the entire chromosome
pair. The paired homologues—now called bivalents—
are held together by a ribbon-like proteinaceous structure
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Figure 2-11 A human male karyotype with Giemsa banding (G banding). The chromosomes are
at the prometaphase stage of mitosis and are arranged in a standard classification, numbered 1 to
22 in order of length, with the X and Y chromosomes shown separately. See Sources &
Acknowledgments.
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Figure 2-12 Cycle of condensation and
decondensation as a chromosome proceeds

through the cell cycle.
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Figure 2-13 A simplified representation of the essential steps in Anaphase |
meiosis, consisting of one round of DNA replication followed by
two rounds of chromosome segregation, meiosis I and meiosis II.

Meiosis Il

Meiosis |
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"

called the synaptonemal complex, which is essential to
the process of recombination. After synapsis is com-
plete, meiotic crossing over takes place during pachy-
tene, after which the synaptonemal complex breaks
down.

Metaphase I begins, as in mitosis, when the nuclear
membrane disappears. A spindle forms, and the paired
chromosomes align themselves on the equatorial plane
with their centromeres oriented toward different poles
(see Fig. 2-14).

Anaphase of meiosis I again differs substantially from
the corresponding stage of mitosis. Here, it is the two
members of each bivalent that move apart, not the sister
chromatids (contrast Fig. 2-14 with Fig. 2-9). The
homologous centromeres (with their attached sister

Meiosis Il

Metaphase Il

Figure 2-14 Meiosis and its consequences. A single chromosome
pair and a single crossover are shown, leading to formation of
four distinct gametes. The chromosomes replicate during inter-
phase and begin to condense as the cell enters prophase of meiosis
L. In meiosis I, the chromosomes synapse and recombine. A cross-
over is visible as the homologues align at metaphase I, with
the centromeres oriented toward opposite poles. In anaphase I,

Anaphase
the exchange of DNA between the homologues is apparent as the

chromosomes are pulled to opposite poles. After completion of
meiosis I and cytokinesis, meiosis II proceeds with a mitosis-like
division. The sister kinetochores separate and move to opposite Gametes

poles in anaphase II, yielding four haploid products.
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chromatids) are drawn to opposite poles of the cell, a
process termed disjunction. Thus the chromosome
number is halved, and each cellular product of meiosis
I has the haploid chromosome number. The 23 pairs of
homologous chromosomes assort independently of one
another, and as a result, the original paternal and mater-
nal chromosome sets are sorted into random combina-
tions. The possible number of combinations of the 23
chromosome pairs that can be present in the gametes is
2% (more than 8 million). Owing to the process of cross-
ing over, however, the variation in the genetic material
that is transmitted from parent to child is actually much

GENETIC CONSEQUENCES AND MEDICAL RELEVANCE OF
HOMOLOGOUS RECOMBINATION

The take-home lesson of this portion of the chapter is a
simple one: the genetic content of each gamete is unique,
because of random assortment of the parental chromo-
somes to shuffle the combination of sequence variants
between chromosomes and because of homologous
recombination to shuffle the combination of sequence
variants within each and every chromosome. This has
significant consequences for patterns of genomic varia-
tion among and between different populations around the
globe and for diagnosis and counseling of many common
conditions with complex patterns of inheritance (see
Chapters 8 and 10).

The amounts and patterns of meiotic recombination
are determined by sequence variants in specific genes and
at specific “hot spots” and differ between individuals,
between the sexes, between families, and between popula-
tions (see Chapter 10).

Because recombination involves the physical inter-
twining of the two homologues until the appropriate
point during meiosis I, it is also critical for ensuring
proper chromosome segregation during meiosis. Failure
to recombine properly can lead to chromosome misseg-
regation (nondisjunction) in meiosis I and is a frequent
cause of pregnancy loss and of chromosome abnormali-
ties like Down syndrome (see Chapters 5 and 6).

Major ongoing efforts to identify genes and their vari-
ants responsible for various medical conditions rely on
tracking the inheritance of millions of sequence differ-
ences within families or the sharing of variants within
groups of even unrelated individuals affected with a par-
ticular condition. The utility of this approach, which has
uncovered thousands of gene-disease associations to date,
depends on patterns of homologous recombination in
meiosis (see Chapter 10).

Although homologous recombination is normally
precise, areas of repetitive DNA in the genome and genes
of variable copy number in the population are prone to
occasional unequal crossing over during meiosis, leading
to variations in clinically relevant traits such as drug
response, to common disorders such as the thalassemias
or autism, or to abnormalities of sexual differentiation
(see Chapters 6, 8, and 11).

Although homologous recombination is a normal and
essential part of meiosis, it also occurs, albeit more rarely,
in somatic cells. Anomalies in somatic recombination are
one of the causes of genome instability in cancer (see
Chapter 15).

Grandmaternal
DNA sequences

Grandpaternal
DNA sequences

Paternal
chromosomes

N

Paternal chromosome Paternal chromosome
inherited by Child 1 inherited by Child 2

Figure 2-15 The effect of homologous recombination in meiosis.
In this example, representing the inheritance of sequences on a
typical large chromosome, an individual has distinctive homo-
logues, one containing sequences inherited from his father (blue)
and one containing homologous sequences from his mother
(purple). After meiosis in spermatogenesis, he transmits a single
complete copy of that chromosome to his two offspring. However,
as a result of crossing over (arrows), the copy he transmits to each
child consists of alternating segments of the two grandparental
sequences. Child 1 inherits a copy after two crossovers, whereas
child 2 inherits a copy with three crossovers.

greater than this. As a result, each chromatid typically
contains segments derived from each member of the
original parental chromosome pair, as illustrated sche-
matically in Figure 2-14. For example, at this stage, a
typical large human chromosome would be composed
of three to five segments, alternately paternal and
maternal in origin, as inferred from DNA sequence vari-
ants that distinguish the respective parental genomes
(Fig. 2-15).

After telophase of meiosis I, the two haploid daugh-
ter cells enter meiotic interphase. In contrast to mitosis,
this interphase is brief, and meiosis II begins. The
notable point that distinguishes meiotic and mitotic
interphase is that there is no S phase (i.e., no DNA
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synthesis and duplication of the genome) between the
first and second meiotic divisions.

Meiosis II is similar to an ordinary mitosis, except
that the chromosome number is 23 instead of 46; the
chromatids of each of the 23 chromosomes separate,
and one chromatid of each chromosome passes to each
daughter cell (see Fig. 2-14). However, as mentioned
earlier, because of crossing over in meiosis I, the chro-
mosomes of the resulting gametes are not identical (see
Fig. 2-15).

HUMAN GAMETOGENESIS
AND FERTILIZATION

The cells in the germline that undergo meiosis, primary
spermatocytes or primary oocytes, are derived from the
zygote by a long series of mitoses before the onset of
meiosis. Male and female gametes have different histo-
ries, marked by different patterns of gene expression
that reflect their developmental origin as an XY or XX
embryo. The human primordial germ cells are recogniz-
able by the fourth week of development outside the
embryo proper, in the endoderm of the yolk sac. From
there, they migrate during the sixth week to the genital
ridges and associate with somatic cells to form the prim-
itive gonads, which soon differentiate into testes or
ovaries, depending on the cells’ sex chromosome con-
stitution (XY or XX), as we examine in greater detail
in Chapter 6. Both spermatogenesis and oogenesis
require meiosis but have important differences in detail
and timing that may have clinical and genetic conse-
quences for the offspring. Female meiosis is initiated
once, early during fetal life, in a limited number of cells.
In contrast, male meiosis is initiated continuously in
many cells from a dividing cell population throughout
the adult life of a male.

In the female, successive stages of meiosis take place
over several decades—in the fetal ovary before the
female in question is even born, in the oocyte near the
time of ovulation in the sexually mature female, and
after fertilization of the egg that can become that
female’s offspring. Although postfertilization stages can
be studied in vitro, access to the earlier stages is limited.
Testicular material for the study of male meiosis is less
difficult to obtain, inasmuch as testicular biopsy is
included in the assessment of many men attending infer-
tility clinics. Much remains to be learned about the
cytogenetic, biochemical, and molecular mechanisms
involved in normal meiosis and about the causes and
consequences of meiotic irregularities.

Spermatogenesis

The stages of spermatogenesis are shown in Figure 2-16.
The seminiferous tubules of the testes are lined with
spermatogonia, which develop from the primordial
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Figure 2-16 Human spermatogenesis in relation to the two
meiotic divisions. The sequence of events begins at puberty and
takes approximately 64 days to be completed. The chromosome
number (46 or 23) and the sex chromosome constitution (X or
Y) of each cell are shown. See Sources & Acknowledgments.
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germ cells by a long series of mitoses and which are in
different stages of differentiation. Sperm (spermatozoa)
are formed only after sexual maturity is reached. The
last cell type in the developmental sequence is the
primary spermatocyte, a diploid germ cell that under-
goes meiosis I to form two haploid secondary spermato-
cytes. Secondary spermatocytes rapidly enter meiosis II,
each forming two spermatids, which differentiate
without further division into sperm. In humans, the
entire process takes approximately 64 days. The enor-
mous number of sperm produced, typically approxi-
mately 200 million per ejaculate and an estimated 10'*
in a lifetime, requires several hundred successive mitoses.

As discussed earlier, normal meiosis requires pairing
of homologous chromosomes followed by recombina-
tion. The autosomes and the X chromosomes in females
present no unusual difficulties in this regard; but what
of the X and Y chromosomes during spermatogenesis?
Although the X and Y chromosomes are different and
are not homologues in a strict sense, they do have rela-
tively short identical segments at the ends of their
respective short arms (Xp and Yp) and long arms (Xq
and Yq) (see Chapter 6). Pairing and crossing over
occurs in both regions during meiosis I. These homolo-
gous segments are called pseudoautosomal to reflect
their autosome-like pairing and recombination behav-
ior, despite being on different sex chromosomes.

Oogenesis

Whereas spermatogenesis is initiated only at the time of
puberty, oogenesis begins during a female’s development
as a fetus (Fig. 2-17). The ova develop from oogonia,
cells in the ovarian cortex that have descended from the
primordial germ cells by a series of approximately 20
mitoses. Each oogonium is the central cell in a develop-
ing follicle. By approximately the third month of fetal
development, the oogonia of the embryo have begun to
develop into primary oocytes, most of which have
already entered prophase of meiosis I. The process of
oogenesis is not synchronized, and both early and late
stages coexist in the fetal ovary. Although there are
several million oocytes at the time of birth, most of these
degenerate; the others remain arrested in prophase I (see
Fig. 2-14) for decades. Only approximately 400 eventu-
ally mature and are ovulated as part of a woman’s
menstrual cycle.

After a woman reaches sexual maturity, individual
follicles begin to grow and mature, and a few (on
average one per month) are ovulated. Just before ovula-
tion, the oocyte rapidly completes meiosis I, dividing in
such a way that one cell becomes the secondary oocyte
(an egg or ovum), containing most of the cytoplasm
with its organelles; the other cell becomes the first polar
body (see Fig. 2-17). Meiosis II begins promptly and
proceeds to the metaphase stage during ovulation, where
it halts again, only to be completed if fertilization occurs.
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Figure 2-17 Human oogenesis and fertilization in relation to the
two meiotic divisions. The primary oocytes are formed prenatally
and remain suspended in prophase of meiosis I for years until the
onset of puberty. An oocyte completes meiosis I as its follicle
matures, resulting in a secondary oocyte and the first polar body.
After ovulation, each oocyte continues to metaphase of meiosis
II. Meiosis II is completed only if fertilization occurs, resulting in
a fertilized mature ovum and the second polar body.
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Fertilization

Fertilization of the egg usually takes place in the fallo-
pian tube within a day or so of ovulation. Although
many sperm may be present, the penetration of a single
sperm into the ovum sets up a series of biochemical
events that usually prevent the entry of other sperm.

Fertilization is followed by the completion of meiosis
11, with the formation of the second polar body (see Fig.
2-17). The chromosomes of the now-fertilized egg and
sperm form pronuclei, each surrounded by its own
nuclear membrane. It is only upon replication of the
parental genomes after fertilization that the two haploid
genomes become one diploid genome within a shared
nucleus. The diploid zygote divides by mitosis to form
two diploid daughter cells, the first in the series of cell
divisions that initiate the process of embryonic develop-
ment (see Chapter 14).

Although development begins at the time of concep-
tion, with the formation of the zygote, in clinical medi-
cine the stage and duration of pregnancy are usually
measured as the “menstrual age,” dating from the
beginning of the mother’s last menstrual period, typi-
cally approximately 14 days before conception.

MEDICAL RELEVANCE OF MITOSIS
AND MEIOSIS

The biological significance of mitosis and meiosis lies in
ensuring the constancy of chromosome number—and
thus the integrity of the genome—from one cell to its
progeny and from one generation to the next. The
medical relevance of these processes lies in errors of one
or the other mechanism of cell division, leading to the
formation of an individual or of a cell lineage with an
abnormal number of chromosomes and thus an abnor-
mal dosage of genomic material.

As we see in detail in Chapter 5, meiotic nondisjunc-
tion, particularly in oogenesis, is the most common

mutational mechanism in our species, responsible for
chromosomally abnormal fetuses in at least several
percent of all recognized pregnancies. Among preg-
nancies that survive to term, chromosome abnormalities
are a leading cause of developmental defects, failure
to thrive in the newborn period, and intellectual
disability.

Mitotic nondisjunction in somatic cells also con-
tributes to genetic disease. Nondisjunction soon after
fertilization, either in the developing embryo or in extra-
embryonic tissues like the placenta, leads to chro-
mosomal mosaicism that can underlie some medical
conditions, such as a proportion of patients with Down
syndrome. Further, abnormal chromosome segregation
in rapidly dividing tissues, such as in cells of the colon,
is frequently a step in the development of chromosom-
ally abnormal tumors, and thus evaluation of chromo-
some and genome balance is an important diagnostic
and prognostic test in many cancers.
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PROBLEMS

1. At a certain locus, a person has two alleles, A and a.
a. What alleles will be present in this person’s gametes?
b. When do A and a segregate (1) if there is no crossing
over between the locus and the centromere of the
chromosome? (2) if there is a single crossover between
the locus and the centromere?

2. What is the main cause of numerical chromosome abnor-
malities in humans?

3. Disregarding crossing over, which increases the amount
of genetic variability, estimate the probability that all
your chromosomes have come to you from your father’s
mother and your mother’s mother. Would you be male or
female?

4. A chromosome entering meiosis is composed of two sister

chromatids, each of which is a single DNA molecule.

a. In our species, at the end of meiosis I, how many chro-
mosomes are there per cell? How many chromatids?

b. At the end of meiosis I, how many chromosomes are
there per cell? How many chromatids?

c. When is the diploid chromosome number restored?
When is the two-chromatid structure of a typical meta-
phase chromosome restored?

5. From Figure 2-7, estimate the number of genes per million
base pairs on chromosomes 1, 13, 18, 19, 21, and 22.
Would a chromosome abnormality of equal size on chro-
mosome 18 or 19 be expected to have greater clinical
impact? On chromosome 21 or 22?



CHAPTER 3

The Human Genome:

Gene Structure and Function

Over the past three decades, remarkable progress has
been made in our understanding of the structure and
function of genes and chromosomes. These advances
have been aided by the applications of molecular genet-
ics and genomics to many clinical problems, thereby
providing the tools for a distinctive new approach to
medical genetics. In this chapter, we present an overview
of gene structure and function and the aspects of molec-
ular genetics required for an understanding of the
genetic and genomic approach to medicine. To sup-
plement the information discussed here and in subse-
quent chapters, we provide additional material online
to detail many of the experimental approaches of
modern genetics and genomics that are becoming criti-
cal to the practice and understanding of human and
medical genetics.

The increased knowledge of genes and of their orga-
nization in the genome has had an enormous impact on
medicine and on our perception of human physiology.
As 1980 Nobel laureate Paul Berg stated presciently at
the dawn of this new era:

Just as our present knowledge and practice of medicine
relies on a sophisticated knowledge of human anatomy,
physiology, and biochemistry, so will dealing with disease
in the future demand a detailed understanding of the
molecular anatomy, physiology, and biochemistry of

the human genome.... We shall need a more detailed
knowledge of how human genes are organized and how
they function and are regulated. We shall also have

to have physicians who are as conversant with the
molecular anatomy and physiology of chromosomes and
genes as the cardiac surgeon is with the structure and
workings of the heart.

INFORMATION CONTENT OF
THE HUMAN GENOME

How does the 3-billion-letter digital code of the human
genome guide the intricacies of human anatomy, physi-
ology, and biochemistry to which Berg referred? The
answer lies in the enormous amplification and integra-
tion of information content that occurs as one moves
from genes in the genome to their products in the cell

and to the observable expression of that genetic infor-
mation as cellular, morphological, clinical, or biochemi-
cal traits—what is termed the phenotype of the
individual. This hierarchical expansion of information
from the genome to phenotype includes a wide range of
structural and regulatory RNA products, as well as
protein products that orchestrate the many functions of
cells, organs, and the entire organism, in addition to
their interactions with the environment. Even with the
essentially complete sequence of the human genome in
hand, we still do not know the precise number of genes
in the genome. Current estimates are that the genome
contains approximately 20,000 protein-coding genes
(see Box in Chapter 2), but this figure only begins to
hint at the levels of complexity that emerge from the
decoding of this digital information (Fig. 3-1).

As introduced briefly in Chapter 2, the product of
protein-coding genes is a protein whose structure ulti-
mately determines its particular functions in the cell.
But if there were a simple one-to-one correspondence
between genes and proteins, we could have at most
approximately 20,000 different proteins. This number
seems insufficient to account for the vast array of func-
tions that occur in human cells over the life span. The
answer to this dilemma is found in two features of gene
structure and function. First, many genes are capable of
generating multiple different products, not just one (see
Fig. 3-1). This process, discussed later in this chapter, is
accomplished through the use of alternative coding seg-
ments in genes and through the subsequent biochemical
modification of the encoded protein; these two features
of complex genomes result in a substantial amplification
of information content. Indeed, it has been estimated
that in this way, these 20,000 human genes can encode
many hundreds of thousands of different proteins, col-
lectively referred to as the proteome. Second, individual
proteins do not function by themselves. They form elab-
orate networks, involving many different proteins and
regulatory RNAs that respond in a coordinated and
integrated fashion to many different genetic, develop-
mental, or environmental signals. The combinatorial
nature of protein networks results in an even greater
diversity of possible cellular functions.
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Figure 3-1 The amplification of genetic information from genome to gene products to gene net-
works and ultimately to cellular function and phenotype. The genome contains both protein-coding
genes (blue) and noncoding RNA (ncRNA) genes (red). Many genes in the genome use alternative
coding information to generate multiple different products. Both small and large ncRNAs partici-
pate in gene regulation. Many proteins participate in multigene networks that respond to cellular
signals in a coordinated and combinatorial manner, thus further expanding the range of cellular

functions that underlie organismal phenotypes.

Genes are located throughout the genome but tend
to cluster in particular regions on particular chromo-
somes and to be relatively sparse in other regions or on
other chromosomes. For example, chromosome 11, an
approximately 135 million-bp (megabase pairs [Mb])
chromosome, is relatively gene-rich with approximately
1300 protein-coding genes (see Fig. 2-7). These genes
are not distributed randomly along the chromosome,
and their localization is particularly enriched in two
chromosomal regions with gene density as high as one
gene every 10 kb (Fig. 3-2). Some of the genes belong
to families of related genes, as we will describe more
fully later in this chapter. Other regions are gene-poor,
and there are several so-called gene deserts of a million
base pairs or more without any known protein-coding
genes. Two caveats here: first, the process of gene iden-
tification and genome annotation remains very much
an ongoing challenge; despite the apparent robustness
of recent estimates, it is virtually certain that there
are some genes, including clinically relevant genes, that
are currently undetected or that display characteristics
that we do not currently recognize as being associated
with genes. And second, as mentioned in Chapter 2,
many genes are not protein-coding; their products

are functional RNA molecules (noncoding RNAs or
ncRNAs; see Fig. 3-1) that play a variety of roles in the
cell, many of which are only just being uncovered.

For genes located on the autosomes, there are two
copies of each gene, one on the chromosome inherited
from the mother and one on the chromosome inherited
from the father. For most autosomal genes, both copies
are expressed and generate a product. There are, how-
ever, a growing number of genes in the genome that are
exceptions to this general rule and are expressed at
characteristically different levels from the two copies,
including some that, at the extreme, are expressed from
only one of the two homologues. These examples of
allelic imbalance are discussed in greater detail later in
this chapter, as well as in Chapters 6 and 7.

THE CENTRAL DOGMA:
DNA — RNA — PROTEIN

How does the genome specify the functional complexity
and diversity evident in Figure 3-1? As we saw in the
previous chapter, genetic information is contained in
DNA in the chromosomes within the cell nucleus.
However, protein synthesis, the process through which
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Figure 3-2 Gene content on chromosome 11, which consists of 135 Mb of DNA. A, The distribu-
tion of genes is indicated along the chromosome and is high in two regions of the chromosome
and low in other regions. B, An expanded region from 5.15 to 5.35 Mb (measured from the short-
arm telomere), which contains 10 known protein-coding genes, five belonging to the olfactory
receptor (OR) gene family and five belonging to the globin gene family. C, The five B-like globin
genes expanded further. See Sources & Acknowledgments.

information encoded in the genome is actually used to
specify cellular functions, takes place in the cytoplasm.
This compartmentalization reflects the fact that the
human organism is a eukaryote. This means that human
cells have a nucleus containing the genome, which is
separated by a nuclear membrane from the cytoplasm.
In contrast, in prokaryotes like the intestinal bacterium
Escherichia coli, DNA is not enclosed within a nucleus.
Because of the compartmentalization of eukaryotic cells,
information transfer from the nucleus to the cytoplasm
is a complex process that has been a focus of much
attention among molecular and cellular biologists.

The molecular link between these two related types
of information—the DNA code of genes and the amino
acid code of protein—is ribonucleic acid (RNA). The
chemical structure of RNA is similar to that of DNA,
except that each nucleotide in RNA has a ribose sugar
component instead of a deoxyribose; in addition, uracil
(U) replaces thymine as one of the pyrimidine bases of
RNA (Fig. 3-3). An additional difference between RNA
and DNA is that RNA in most organisms exists as a
single-stranded molecule, whereas DNA, as we saw in
Chapter 2, exists as a double helix.

The informational relationships among DNA, RNA,
and protein are intertwined: genomic DNA directs the
synthesis and sequence of RNA, RNA directs the syn-
thesis and sequence of polypeptides, and specific pro-
teins are involved in the synthesis and metabolism of
DNA and RNA. This flow of information is referred to
as the central dogma of molecular biology.
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Figure 3-3 The pyrimidine uracil and the structure of a nucleo-
tide in RNA. Note that the sugar ribose replaces the sugar deoxy-
ribose of DNA. Compare with Figure 2-2.

Genetic information is stored in the DNA of the
genome by means of a code (the genetic code, discussed
later) in which the sequence of adjacent bases ultimately
determines the sequence of amino acids in the encoded
polypeptide. First, RNA is synthesized from the DNA
template through a process known as transcription. The
RNA, carrying the coded information in a form called
messenger RNA (mRNA), is then transported from the
nucleus to the cytoplasm, where the RNA sequence is
decoded, or translated, to determine the sequence of
amino acids in the protein being synthesized. The
process of translation occurs on ribosomes, which are
cytoplasmic organelles with binding sites for all of the
interacting molecules, including the mRNA, involved in
protein synthesis. Ribosomes are themselves made up of
many different structural proteins in association with



24 THOMPSON & THOMPSON GENETICS IN MEDICIN

E

specialized types of RNA known as ribosomal RNA
(rRNA). Translation involves yet a third type of RNA,
transfer RNA (tRNA), which provides the molecular
link between the code contained in the base sequence of
each mRNA and the amino acid sequence of the protein
encoded by that mRNA.

Because of the interdependent flow of information
represented by the central dogma, one can begin discus-
sion of the molecular genetics of gene expression at any
of its three informational levels: DNA, RNA, or protein.
We begin by examining the structure of genes in the
genome as a foundation for discussion of the genetic
code, transcription, and translation.
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GENE ORGANIZATION AND STRUCTURE

In its simplest form, a protein-coding gene can be visual-
ized as a segment of a DNA molecule containing the
code for the amino acid sequence of a polypeptide chain
and the regulatory sequences necessary for its expres-
sion. This description, however, is inadequate for genes
in the human genome (and indeed in most eukaryotic
genomes) because few genes exist as continuous coding
sequences. Rather, in the majority of genes, the coding
sequences are interrupted by one or more noncod-
ing regions (Fig. 3-4). These intervening sequences,
called introns, are initially transcribed into RNA in the
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Figure 3-4 A, General structure of a typical human gene. Individual labeled features are
discussed in the text. B, Examples of three medically important human genes. Different mutations
in the B-globin gene, with three exons, cause a variety of important disorders of hemoglo-
bin (Cases 42 and 44). Mutations in the BRCA1 gene (24 exons) are responsible for many cases
of inherited breast or breast and ovarian cancer (Case 7). Mutations in the B-myosin heavy chain
(MYH?) gene (40 exons) lead to inherited hypertrophic cardiomyopathy.
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nucleus but are not present in the mature mRNA in the
cytoplasm, because they are removed (“spliced out”) by
a process we will discuss later. Thus information from
the intronic sequences is not normally represented in the
final protein product. Introns alternate with exons, the
segments of genes that ultimately determine the amino
acid sequence of the protein. In addition, the collection
of coding exons in any particular gene is flanked by
additional sequences that are transcribed but untrans-
lated, called the 5" and 3" untranslated regions (see Fig.
3-4). Although a few genes in the human genome have
no introns, most genes contain at least one and usually
several introns. In many genes, the cumulative length of
the introns makes up a far greater proportion of a gene’s
total length than do the exons. Whereas some genes are
only a few kilobase pairs in length, others stretch on for
hundreds of kilobase pairs. Also, few genes are excep-
tionally large; for example, the dystrophin gene on the
X chromosome (mutations in which lead to Duchenne
muscular dystrophy [Case 14]) spans more than 2 Mb,
of which, remarkably, less than 1% consists of coding
exons.

Structural Features of a Typical Human Gene

A range of features characterize human genes (see Fig.
3-4). In Chapters 1 and 2, we briefly defined gene in
general terms. At this point, we can provide a molecular
definition of a gene as a sequence of DNA that specifies
production of a functional product, be it a polypeptide
or a functional RNA molecule. A gene includes not only
the actual coding sequences but also adjacent nucleotide
sequences required for the proper expression of the
gene—that is, for the production of normal mRNA or
other RNA molecules in the correct amount, in the
correct place, and at the correct time during develop-
ment or during the cell cycle.

The adjacent nucleotide sequences provide the molec-
ular “start” and “stop” signals for the synthesis of
mRNA transcribed from the gene. Because the primary
RNA transcript is synthesized in a 5" to 3’ direction, the
transcriptional start is referred to as the 5" end of the
transcribed portion of a gene (see Fig. 3-4). By conven-
tion, the genomic DNA that precedes the transcriptional
start site in the 5" direction is referred to as the
“upstream” sequence, whereas DNA sequence located
in the 3’ direction past the end of a gene is referred to
as the “downstream” sequence. At the 5" end of each
gene lies a promoter region that includes sequences
responsible for the proper initiation of transcription.
Within this region are several DNA elements whose
sequence is often conserved among many different genes;
this conservation, together with functional studies of
gene expression, indicates that these particular sequences
play an important role in gene regulation. Only a subset
of genes in the genome is expressed in any given tissue
or at any given time during development. Several

different types of promoter are found in the human
genome, with different regulatory properties that specify
the patterns as well as the levels of expression of a par-
ticular gene in different tissues and cell types, both
during development and throughout the life span. Some
of these properties are encoded in the genome, whereas
others are specified by features of chromatin associated
with those sequences, as discussed later in this chapter.
Both promoters and other regulatory elements (located
either 5" or 3’ of a gene or in its introns) can be sites of
mutation in genetic disease that can interfere with the
normal expression of a gene. These regulatory elements,
including enhancers, insulators, and locus control
regions, are discussed more fully later in this chapter.
Some of these elements lie a significant distance away
from the coding portion of a gene, thus reinforcing the
concept that the genomic environment in which a gene
resides is an important feature of its evolution and
regulation.

The 3’ untranslated region contains a signal for the
addition of a sequence of adenosine residues (the
so-called polyA tail) to the end of the mature RNA.
Although it is generally accepted that such closely neigh-
boring regulatory sequences are part of what is called a
gene, the precise dimensions of any particular gene will
remain somewhat uncertain until the potential functions
of more distant sequences are fully characterized.

Gene Families

Many genes belong to gene families, which share closely
related DNA sequences and encode polypeptides with
closely related amino acid sequences.

Members of two such gene families are located within
a small region on chromosome 11 (see Fig. 3-2) and
illustrate a number of features that characterize gene
families in general. One small and medically important
gene family is composed of genes that encode the protein
chains found in hemoglobins. The B-globin gene cluster
on chromosome 11 and the related o-globin gene cluster
on chromosome 16 are believed to have arisen by dupli-
cation of a primitive precursor gene approximately 500
million years ago. These two clusters contain multiple
genes coding for closely related globin chains expressed
at different developmental stages, from embryo to adult.
Each cluster is believed to have evolved by a series of
sequential gene duplication events within the past 100
million years. The exon-intron patterns of the func-
tional globin genes have been remarkably conserved
during evolution; each of the functional globin genes
has two introns at similar locations (see the B-globin
gene in Fig. 3-4), although the sequences contained
within the introns have accumulated far more nucleo-
tide base changes over time than have the coding
sequences of each gene. The control of expression of
the various globin genes, in the normal state as well
as in the many inherited disorders of hemoglobin, is
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considered in more detail both later in this chapter and
in Chapter 11.

The second gene family shown in Figure 3-2 is the
family of olfactory receptor (OR) genes. There are esti-
mated to be as many as 1000 OR genes in the genome.
ORs are responsible for our acute sense of smell that
can recognize and distinguish thousands of structurally
diverse chemicals. OR genes are found throughout the
genome on nearly every chromosome, although more
than half are found on chromosome 11, including a
number of family members near the B-globin cluster.

Pseudogenes

Within both the B-globin and OR gene families are
sequences that are related to the functional globin and
OR genes but that do not produce any functional RNA
or protein product. DNA sequences that closely resem-
ble known genes but are nonfunctional are called pseu-
dogenes, and there are tens of thousands of pseudogenes
related to many different genes and gene families located
all around the genome. Pseudogenes are of two general
types, processed and nonprocessed. Nonprocessed pseu-
dogenes are thought to be byproducts of evolution,
representing “dead” genes that were once functional but
are now vestigial, having been inactivated by mutations
in critical coding or regulatory sequences. In contrast
to nonprocessed pseudogenes, processed pseudogenes
are pseudogenes that have been formed, not by muta-
tion, but by a process called retrotransposition, which
involves transcription, generation of a DNA copy of the
mRNA (a so-called cDNA) by reverse transcription, and
finally integration of such DNA copies back into the
genome at a location usually quite distant from the
original gene. Because such pseudogenes are created by
retrotransposition of a DNA copy of processed mRNA,
they lack introns and are not necessarily or usually on
the same chromosome (or chromosomal region) as their
progenitor gene. In many gene families, there are as
many or even more pseudogenes as there are functional
gene members.

Noncoding RNA Genes

As just discussed, many genes are protein coding and
are transcribed into mRNAs that are ultimately trans-
lated into their respective proteins; their products com-
prise the enzymes, structural proteins, receptors, and
regulatory proteins that are found in various human
tissues and cell types. However, as introduced briefly in
Chapter 2, there are additional genes whose functional
product appears to be the RNA itself (see Fig. 3-1).
These so-called noncoding RNAs (ncRNAs) have a
range of functions in the cell, although many do not as
yet have any identified function. By current estimates,
there are some 20,000 to 25,000 ncRNA genes in addi-
tion to the approximately 20,000 protein-coding genes

that we introduced earlier. Thus the collection of
ncRNAs represents approximately half of all identified
human genes. Chromosome 11, for example, in addi-
tion to its 1300 protein-coding genes, has an estimated
1000 ncRNA genes.

Some of the types of ncRNA play largely generic
roles in cellular infrastructure, including the tRNAs and
rRNAs involved in translation of mRNAs on ribosomes,
other RNAs involved in control of RNA splicing, and
small nucleolar RNAs (snoRNAs) involved in modify-
ing rRNAs. Additional ncRNAs can be quite long (thus
sometimes called long ncRNAs, or IncRNAs) and play
roles in gene regulation, gene silencing, and human
disease, as we explore in more detail later in this chapter.

A particular class of small RNAs of growing impor-
tance are the microRNAs (miRNAs), ncRNAs of only
approximately 22 bases in length that suppress transla-
tion of target genes by binding to their respective
mRNAs and regulating protein production from the
target transcript(s). Well over 1000 miRNA genes have
been identified in the human genome; some are evolu-
tionarily conserved, whereas others appear to be of
quite recent origin during evolution. Some miRNAs
have been shown to down-regulate hundreds of mRNAs
each, with different combinations of target RNAs in

NONCODING RNAS AND DISEASE

The importance of various types of ncRNAs for medicine
is underscored by their roles in a range of human diseases,
from early developmental syndromes to adult-onset
disorders.

e Deletion of a cluster of miRNA genes on chromosome
13 leads to a form of Feingold syndrome, a develop-
mental syndrome of skeletal and growth defects,
including microcephaly, short stature, and digital
anomalies.

e Mutations in the miRNA gene MIR96, in the region
of the gene critical for the specificity of recognition of
its target mRNA(s), can result in progressive hearing
loss in adults.

e Aberrant levels of certain classes of miRNAs have been
reported in a wide variety of cancers, central nervous
system disorders, and cardiovascular disease (see
Chapter 15).

e Deletion of clusters of snoRNA genes on chromosome
15 results in Prader-Willi syndrome, a disorder char-
acterized by obesity, hypogonadism, and cognitive
impairment (see Chapter 6).

e Abnormal expression of a specific IncRNA on chromo-
some 12 has been reported in patients with a pregnancy-
associated disease called HELLP syndrome.

e Deletion, abnormal expression, and/or structural
abnormalities in different IncRNAs with roles in long-
range regulation of gene expression and genome func-
tion underlie a variety of disorders involving telomere
length maintenance, monoallelic expression of genes
in specific regions of the genome, and X chromosome
dosage (see Chapter 6).
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Figure 3-5 Flow of information from DNA to RNA to protein for a hypothetical gene with three
exons and two introns. Within the exons, purple indicates the coding sequences. Steps include
transcription, RNA processing and splicing, RNA transport from the nucleus to the cytoplasm,

and translation.

different tissues; combined, the miRNAs are thus pre-
dicted to control the activity of as many as 30% of all
protein-coding genes in the genome.

Although this is a fast-moving area of genome
biology, mutations in several ncRNA genes have already
been implicated in human diseases, including cancer,
developmental disorders, and various diseases of both
early and adult onset (see Box).

FUNDAMENTALS OF GENE EXPRESSION

For genes that encode proteins, the flow of information
from gene to polypeptide involves several steps (Fig.
3-5). Initiation of transcription of a gene is under the
influence of promoters and other regulatory elements,
as well as specific proteins known as transcription
factors, which interact with specific sequences within
these regions and determine the spatial and temporal
pattern of expression of a gene. Transcription of a gene
is initiated at the transcriptional “start” site on chromo-
somal DNA at the beginning of a 5’ transcribed but
untranslated region (called the 5" UTR), just upstream
from the coding sequences, and continues along the

chromosome for anywhere from several hundred base
pairs to more than a million base pairs, through both
introns and exons and past the end of the coding
sequences. After modification at both the 5" and 3 ends
of the primary RNA transcript, the portions corre-
sponding to introns are removed, and the segments cor-
responding to exons are spliced together, a process
called RNA splicing. After splicing, the resulting mRNA
(containing a central segment that is now colinear with
the coding portions of the gene) is transported from the
nucleus to the cytoplasm, where the mRNA is finally
translated into the amino acid sequence of the encoded
polypeptide. Each of the steps in this complex pathway
is subject to error, and mutations that interfere with the
individual steps have been implicated in a number of
inherited disorders (see Chapters 11 and 12).

Transcription

Transcription of protein-coding genes by RNA poly-
merase II (one of several classes of RNA polymerases)
is initiated at the transcriptional start site, the point in
the 5" UTR that corresponds to the 5" end of the final
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RNA product (see Figs. 3-4 and 3-5). Synthesis of the
primary RNA transcript proceeds in a 5" to 3’ direction,
whereas the strand of the gene that is transcribed and
that serves as the template for RNA synthesis is actually
read in a 3’ to 5" direction with respect to the direction
of the deoxyribose phosphodiester backbone (see Fig.
2-3). Because the RNA synthesized corresponds both in
polarity and in base sequence (substituting U for T) to
the 5" to 3’ strand of DNA, this 5" to 3’ strand of non-
transcribed DNA is sometimes called the coding, or
sense, DNA strand. The 3’ to 5" strand of DNA that is
used as a template for transcription is then referred to
as the noncoding, or antisense, strand. Transcription
continues through both intronic and exonic portions of
the gene, beyond the position on the chromosome that
eventually corresponds to the 3" end of the mature
mRNA. Whether transcription ends at a predetermined
3’ termination point is unknown.

The primary RNA transcript is processed by addition
of a chemical “cap” structure to the 5" end of the RNA
and cleavage of the 3’ end at a specific point down-
stream from the end of the coding information. This
cleavage is followed by addition of a polyA tail to the
3" end of the RNA; the polyA tail appears to increase
the stability of the resulting polyadenylated RNA. The
location of the polyadenylation point is specified in part

TABLE 3-1 The Genetic Code

by the sequence AAUAAA (or a variant of this), usually
found in the 3’ untranslated portion of the RNA tran-
script. All of these post-transcriptional modifications
take place in the nucleus, as does the process of RNA
splicing. The fully processed RNA, now called mRNA,
is then transported to the cytoplasm, where translation
takes place (see Fig. 3-5).

Translation and the Genetic Code

In the cytoplasm, mRNA is translated into protein by
the action of a variety of short RNA adaptor molecules,
the tRNAs, each specific for a particular amino acid.
These remarkable molecules, each only 70 to 100 nucle-
otides long, have the job of bringing the correct amino
acids into position along the mRNA template, to be
added to the growing polypeptide chain. Protein synthe-
sis occurs on ribosomes, macromolecular complexes
made up of rRNA (encoded by the 18S and 28S rRNA
genes), and several dozen ribosomal proteins (see
Fig. 3-5).

The key to translation is a code that relates specific
amino acids to combinations of three adjacent bases
along the mRNA. Each set of three bases constitutes a
codon, specific for a particular amino acid (Table 3-1).
In theory, almost infinite variations are possible in the

Second Base

First Base U C A G Third Base
U uuu phe UucCu ser UAU tyr UGU cys U

uucC phe UCC ser UAC tyr UGC cys C

UUA leu UCA ser UAA stop UGA stop A

UuG leu UCG ser UAG stop UGG trp G
C CUU leu CCU pro CAU his CGU arg U

CucC leu CCC pro CAC his CGC arg C

CUA leu CCA pro CAA gln CGA arg A

CUG leu CCG pro CAG gln CGG arg G
A AUU ile ACU thr AAU asn AGU ser U

AUC ile ACC thr AAC asn AGC ser C

AUA ile ACA thr AAA lys AGA arg A

AUG met ACG thr AAG lys AGG arg G
G GUU val GCU ala GAU asp GGU gly U

GUC val GCC ala GAC asp GGC gly C

GUA val GCA ala GAA glu GGA gly A

GUG val GCG ala GAG glu GGG gly G
Abbreviations for Amino Acids
ala (A) alanine leu (L) leucine
arg (R) arginine lys (K) lysine
asn (N) asparagine met (M) methionine
asp (D) aspartic acid phe (F) phenylalanine
cys (C) cysteine pro (P) proline
gln (Q) glutamine ser (S) serine
glu (E) glutamic acid thr (T) threonine
his (H) glycine trp (W) tryptophan
gly (G) histidine tyr (Y) tyrosine
ile (I) isoleucine val (V) valine

Stop, Termination codon.

Codons are shown in terms of mRNA, which are complementary to the corresponding DNA codons.
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arrangement of the bases along a polynucleotide chain.
At any one position, there are four possibilities (A, T,
C, or G); thus, for three bases, there are 4°, or 64, pos-
sible triplet combinations. These 64 codons constitute
the genetic code.

Because there are only 20 amino acids and 64 pos-
sible codons, most amino acids are specified by more
than one codon; hence the code is said to be degenerate.
For instance, the base in the third position of the triplet
can often be either purine (A or G) or either pyrimidine
(T or C) or, in some cases, any one of the four bases,
without altering the coded message (see Table 3-1).
Leucine and arginine are each specified by six codons.
Only methionine and tryptophan are each specified by
a single, unique codon. Three of the codons are called
stop (or nonsense) codons because they designate termi-
nation of translation of the mRNA at that point.

Translation of a processed mRNA is always initiated
at a codon specifying methionine. Methionine is there-
fore the first encoded (amino-terminal) amino acid of
each polypeptide chain, although it is usually removed
before protein synthesis is completed. The codon for
methionine (the initiator codon, AUG) establishes the
reading frame of the mRNA; each subsequent codon is
read in turn to predict the amino acid sequence of the
protein.

The molecular links between codons and amino acids
are the specific tRNA molecules. A particular site on
each tRNA forms a three-base anticodon that is comple-
mentary to a specific codon on the mRNA. Bonding
between the codon and anticodon brings the appropri-
ate amino acid into the next position on the ribosome
for attachment, by formation of a peptide bond, to the
carboxyl end of the growing polypeptide chain. The
ribosome then slides along the mRNA exactly three
bases, bringing the next codon into line for recognition
by another tRNA with the next amino acid. Thus pro-
teins are synthesized from the amino terminus to the
carboxyl terminus, which corresponds to translation of
the mRNA in a 5" to 3" direction.

As mentioned earlier, translation ends when a stop
codon (UGA, UAA, or UAG) is encountered in the same
reading frame as the initiator codon. (Stop codons in
either of the other unused reading frames are not read,
and therefore have no effect on translation.) The com-
pleted polypeptide is then released from the ribosome,
which becomes available to begin synthesis of another
protein.

Transcription of the Mitochondrial Genome

The previous sections described fundamentals of gene
expression for genes contained in the nuclear genome.
The mitochondrial genome has its own transcription
and protein-synthesis system. A specialized RNA poly-
merase, encoded in the nuclear genome, is used to tran-
scribe the 16-kb mitochondrial genome, which contains

INCREASING FUNCTIONAL DIVERSITY OF PROTEINS

Many proteins undergo extensive post-translational pack-
aging and processing as they adopt their final functional
state (see Chapter 12). The polypeptide chain that is the
primary translation product folds on itself and forms
intramolecular bonds to create a specific three-dimensional
structure that is determined by the amino acid sequence
itself. Two or more polypeptide chains, products of the
same gene or of different genes, may combine to form a
single multiprotein complex. For example, two a-globin
chains and two B-globin chains associate noncovalently
to form a tetrameric hemoglobin molecule (see Chapter
11). The protein products may also be modified chemically
by, for example, addition of methyl groups, phosphates,
or carbohydrates at specific sites. These modifications
can have significant influence on the function or abun-
dance of the modified protein. Other modifications may
involve cleavage of the protein, either to remove specific
amino-terminal sequences after they have functioned
to direct a protein to its correct location within the cell
(e.g., proteins that function within mitochondria) or to
split the molecule into smaller polypeptide chains. For
example, the two chains that make up mature insulin, one
21 and the other 30 amino acids long, are originally part
of an 82-amino acid primary translation product called
proinsulin.

two related promoter sequences, one for each strand of
the circular genome. Each strand is transcribed in its
entirety, and the mitochondrial transcripts are then pro-
cessed to generate the various individual mitochondrial
mRNAs, tRNAs, and rRNAs.

GENE EXPRESSION IN ACTION

The flow of information outlined in the preceding sec-
tions can best be appreciated by reference to a particular
well-studied gene, the B-globin gene. The B-globin chain
is a 146—amino acid polypeptide, encoded by a gene that
occupies approximately 1.6 kb on the short arm of
chromosome 11. The gene has three exons and two
introns (see Fig. 3-4). The B-globin gene, as well as the
other genes in the B-globin cluster (see Fig. 3-2), is tran-
scribed in a centromere-to-telomere direction. The ori-
entation, however, is different for different genes in the
genome and depends on which strand of the chromo-
somal double helix is the coding strand for a particular
gene.

DNA sequences required for accurate initiation of
transcription of the B-globin gene are located in the
promoter within approximately 200 bp upstream from
the transcription start site. The double-stranded DNA
sequence of this region of the B-globin gene, the corre-
sponding RNA sequence, and the translated sequence
of the first 10 amino acids are depicted in Figure
3-6 to illustrate the relationships among these three
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5 ... TATTGCTTACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGCC ... 3
DNA 3 ...ATAACGAATGTAAACGAAGACTGTGTTGACACAAGTGATCGTTGGAGTTTGTCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACGG ... &
Start Transcriptionl
Reading frame
i1
MRNA 5 ACAUUUGCUUCUGACACAACUGUGUUCACUAGCAACCUCAAACAGACACCAUGGUGCACCUGACUCCUGAGGAGAAGUCUGCC ... 3
Translationl
B’gl()bm ***xValHisLeuThrProGluGluLysSerAla...

Figure 3-6 Structure and nucleotide sequence of the 5" end of the human B-globin gene on the
short arm of chromosome 11. Transcription of the 3’ to 5" (lower) strand begins at the indicated
start site to produce B-globin messenger RNA (mRNA). The translational reading frame is deter-
mined by the AUG initiator codon («+ «); subsequent codons specifying amino acids are indicated
in blue. The other two potential frames are not used.

information levels. As mentioned previously, it is the 3’
to 5" strand of the DNA that serves as the template and
is actually transcribed, but it is the 5" to 3" strand of
DNA that directly corresponds to the 5’ to 3" sequence
of the mRNA (and, in fact, is identical to it except that
U is substituted for T). Because of this correspondence,
the 5" to 3" DNA strand of a gene (i.e., the strand that
is not transcribed) is the strand generally reported in the
scientific literature or in databases.

In accordance with this convention, the complete
sequence of approximately 2.0 kb of chromosome 11
that includes the B-globin gene is shown in Figure 3-7.
(It is sobering to reflect that a printout of the entire
human genome at this scale would require over 300
books the size of this textbook!) Within these 2.0 kb are
contained most, but not all, of the sequence elements
required to encode and regulate the expression of this
gene. Indicated in Figure 3-7 are many of the important
structural features of the B-globin gene, including con-
served promoter sequence elements, intron and exon
boundaries, 5" and 3 UTRs, RNA splice sites, the initia-
tor and termination codons, and the polyadenylation
signal, all of which are known to be mutated in various
inherited defects of the B-globin gene (see Chapter 11).

Initiation of Transcription

The B-globin promoter, like many other gene promoters,
consists of a series of relatively short functional ele-
ments that interact with specific regulatory proteins
(generically called transcription factors) that control
transcription, including, in the case of the globin genes,
those proteins that restrict expression of these genes to
erythroid cells, the cells in which hemoglobin is pro-
duced. There are well over a thousand sequence-specific,
DNA-binding transcription factors in the genome, some
of which are ubiquitous in their expression, whereas
others are cell type— or tissue-specific.

One important promoter sequence found in many,
but not all, genes is the TATA box, a conserved region
rich in adenines and thymines that is approximately 25

to 30 bp upstream of the start site of transcription (see
Figs. 3-4 and 3-7). The TATA box appears to be impor-
tant for determining the position of the start of tran-
scription, which in the B-globin gene is approximately
50 bp upstream from the translation initiation site (see
Fig. 3-6). Thus in this gene, there are approximately 50
bp of sequence at the 5" end that are transcribed but are
not translated; in other genes, the 5" UTR can be much
longer and can even be interrupted by one or more
introns. A second conserved region, the so-called CAT
box (actually CCAAT), is a few dozen base pairs farther
upstream (see Fig. 3-7). Both experimentally induced
and naturally occurring mutations in either of these
sequence elements, as well as in other regulatory
sequences even farther upstream, lead to a sharp reduc-
tion in the level of transcription, thereby demonstrating
the importance of these elements for normal gene
expression. Many mutations in these regulatory ele-
ments have been identified in patients with the hemo-
globin disorder B-thalassemia (see Chapter 11).

Not all gene promoters contain the two specific ele-
ments just described. In particular, genes that are con-
stitutively expressed in most or all tissues (so-called
housekeeping genes) often lack the CAT and TATA
boxes, which are more typical of tissue-specific genes.
Promoters of many housekeeping genes contain a high
proportion of cytosines and guanines in relation to the
surrounding DNA (see the promoter of the BRCA1
breast cancer gene in Fig. 3-4). Such CG-rich promoters
are often located in regions of the genome called CpG
islands, so named because of the unusually high concen-
tration of the dinucleotide 5"-CpG-3’ (the p representing
the phosphate group between adjacent bases; see Fig.
2-3) that stands out from the more general AT-rich
genomic landscape. Some of the CG-rich sequence ele-
ments found in these promoters are thought to serve as
binding sites for specific transcription factors. CpG
islands are also important because they are targets for
DNA methylation. Extensive DNA methylation at CpG
islands is usually associated with repression of gene
transcription, as we will discuss further later in the
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Exon 1

Intron 1

Exon 2

Intron 2

Exon 3

5'....agccacaccctagggttggecaatctactcccaggagcagggagggcaggagccagggctgggcataaaa

gtcagggcagagccatctattgcttACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATG

ValHisLeuThrProGluGluLysSerAlaValThrAlaLeuTrpGlyLysValAsnValAspGluValGlyGlyGlu
GTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAG

AlalLeuGlyAr-
GCCCTGGGCAGgttggtatcaaggttacaagacaggtttaaggagaccaatagaaactgggcatgtggagacagagaag

-gLeulLeuValValTyr
actcttgggtttctgataggcactgactctctctgectattggtctattttcccaccctt@gGCTGCTGGTGGTCTAC

ProTrpThrGlnArgPhePheGluSerPheGlyAspLeuSerThrProAspAlaValMetGlyAsnProlLysVallLys
CCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAG

AlaHisGlyLysLysVallLeuGlyAlaPheSerAspGlylLeuAlaHisLeuAspAsnLeulLysGlyThrPheAlaThr
GCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACA

LeuSerGluLeuHisCysAspLysLeuHisValAspProGluAsnPheArg
CTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGgEgagtctatgggacccttgatgtttt

ctttccccttecttttctatggttaagttcatgtcataggaaggggagaagtaacagggtacagtttagaatgggaaac
agacgaatgattgcatcagtgtggaagtctcaggatcgttttagtttcttttatttgctgttcataacaattgttttc
ttttgtttaattcttgctttctttttttttcttctccgcaatttttactattatacttaatgeccttaacattgtgtat
aacaaaaggaaatatctctgagatacattaagtaacttaaaaaaaaactttacacagtctgcctagtacattactatt
tggaatatatgtgtgcttatttgcatattcataatgtccctactttattttcttttatttttaattgatacataatca
ttatacatatttatgggttaaagtgtaatgttttaatatgtgtacacatattgaccaaatcagggtaattttgecatt

tgtaattttaaaaaatgctttcttcttttaatatacttttttgtttatcttatttctaatactttccctaatctcttt
ctttcagggcaataatgatacaatgtatcatgcctctttgcaccattctaaagaataacagtgataatttctgggtta
aggcaatagcaatatttctgcatataaatatttctgcatataaattgtaactgatgtaagaggtttcatattgctaa

tagcagctacaatccagctaccattctgecttttattttatggttgggataaggctggattattctgagtccaagctag

LeuLeuGlyAsnVallLeuValCysValLeuAla
gcccttttgctaatcatgttcatacctcttatcttcctcccacdgCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCC

HisHisPheGlyLysGluPheThrProProValGlnAlaAlaTryGlnLysValValAlaGlyValAlaAsnAlaleu
CATCACTTTGGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTG

AlaHisLysTyrHisTer
GCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTAC

TAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCaatgat
gtatttaaattatttctgaatattttactaaaaagggaatgtgggaggtcagtgcatttaaaacataaagaaatgatg
agctgttcaaaccttgggaaaatacactatatcttaaactccatgaaagaaggtgaggctgcaaccagctaatgcaca
ttggcaacagcccctgatgecctatgeccttattcatccctcagaaaaggattcttgtagaggettga. ... 3'

Figure 3-7 Nucleotide sequence of the complete human B-globin gene. The sequence of the 5" to
3’ strand of the gene is shown. Tan areas with capital letters represent exonic sequences corre-
sponding to mature mRNA. Lowercase letters indicate introns and flanking sequences. The CAT
and TATA box sequences in the 5’ flanking region are indicated in brown. The GT and AG
dinucleotides important for RNA splicing at the intron-exon junctions and the AATAAA signal
important for addition of a polyA tail also are highlighted. The ATG initiator codon (AUG in
mRNA) and the TAA stop codon (UAA in mRNA) are shown in red letters. The amino acid
sequence of B-globin is shown above the coding sequence; the three-letter abbreviations in Table
3-1 are used here. See Sources & Acknowledgments.

context of chromatin and its role in the control of gene
expression.

Transcription by RNA polymerase II (RNA pol II) is
subject to regulation at multiple levels, including binding
to the promoter, initiation of transcription, unwinding
of the DNA double helix to expose the template strand,
and elongation as RNA pol II moves along the DNA.
Although some silenced genes are devoid of RNA pol 1T

binding altogether, consistent with their inability to be
transcribed in a given cell type, others have RNA pol II
poised bidirectionally at the transcriptional start site,
perhaps as a means of fine-tuning transcription in
response to particular cellular signals.

In addition to the sequences that constitute a pro-
moter itself, there are other sequence elements that can
markedly alter the efficiency of transcription. The best
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characterized of these “activating” sequences are called
enhancers. Enhancers are sequence elements that can act
at a distance from a gene (often several or even hun-
dreds of kilobases away) to stimulate transcription.
Unlike promoters, enhancers are both position and ori-
entation independent and can be located either 5" or 3’
of the transcription start site. Specific enhancer elements
function only in certain cell types and thus appear to be
involved in establishing the tissue specificity or level of
expression of many genes, in concert with one or more
transcription factors. In the case of the B-globin gene,
several tissue-specific enhancers are present both within
the gene itself and in its flanking regions. The interac-
tion of enhancers with specific regulatory proteins leads
to increased levels of transcription.

Normal expression of the B-globin gene during devel-
opment also requires more distant sequences called the
locus control region (LCR), located upstream of the
e-globin gene (see Fig. 3-2), which is required for estab-
lishing the proper chromatin context needed for appro-
priate high-level expression. As expected, mutations
that disrupt or delete either enhancer or LCR sequences
interfere with or prevent B-globin gene expression (see
Chapter 11).

RNA Splicing

The primary RNA transcript of the B-globin gene con-
tains two introns, approximately 100 and 850 bp in
length, that need to be removed and the remaining RNA
segments joined together to form the mature mRNA.
The process of RNA splicing, described generally earlier,
is typically an exact and highly efficient one; 95% of
B-globin transcripts are thought to be accurately spliced
to yield functional globin mRNA. The splicing reactions
are guided by specific sequences in the primary RNA
transcript at both the 5" and the 3" ends of introns. The
5’ sequence consists of nine nucleotides, of which two
(the dinucleotide GT [GU in the RNA transcript] located
in the intron immediately adjacent to the splice site) are
virtually invariant among splice sites in different genes
(see Fig. 3-7). The 3" sequence consists of approximately
a dozen nucleotides, of which, again, two—the AG
located immediately 5" to the intron-exon boundary—
are obligatory for normal splicing. The splice sites them-
selves are unrelated to the reading frame of the particular
mRNA. In some instances, as in the case of intron 1 of
the B-globin gene, the intron actually splits a specific
codon (see Fig. 3-7).

The medical significance of RNA splicing is illus-
trated by the fact that mutations within the conserved
sequences at the intron-exon boundaries commonly
impair RNA splicing, with a concomitant reduction
in the amount of normal, mature B-globin mRNA;
mutations in the GT or AG dinucleotides mentioned
earlier invariably eliminate normal splicing of the intron

containing the mutation. Representative splice site
mutations identified in patients with B-thalassemia are
discussed in detail in Chapter 11.

Alternative Splicing

As just discussed, when introns are removed from the
primary RNA transcript by RNA splicing, the remaining
exons are spliced together to generate the final, mature
mRNA. However, for most genes, the primary transcript
can follow multiple alternative splicing pathways,
leading to the synthesis of multiple related but different
mRNAs, each of which can be subsequently translated
to generate different protein products (see Fig. 3-1).
Some of these alternative events are highly tissue- or cell
type-specific, and, to the extent that such events are
determined by primary sequence, they are subject to
allelic variation between different individuals. Nearly all
human genes undergo alternative splicing to some
degree, and it has been estimated that there are an
average of two or three alternative transcripts per gene
in the human genome, thus greatly expanding the infor-
mation content of the human genome beyond the
approximately 20,000 protein-coding genes. The regu-
lation of alternative splicing appears to play a particu-
larly impressive role during neuronal development,
where it may contribute to generating the high levels of
functional diversity needed in the nervous system. Con-
sistent with this, susceptibility to a number of neuro-
psychiatric conditions has been associated with shifts or
disruption of alternative splicing patterns.

Polyadenylation

The mature B-globin mRNA contains approximately
130 bp of 3’ untranslated material (the 3" UTR) between
the stop codon and the location of the polyA tail (see
Fig. 3-7). As in other genes, cleavage of the 3" end of
the mRNA and addition of the polyA tail is controlled,
at least in part, by an AAUAAA sequence approximately
20 bp before the polyadenylation site. Mutations in this
polyadenylation signal in patients with B-thalassemia
document the importance of this signal for proper 3
cleavage and polyadenylation (see Chapter 11). The 3’
UTR of some genes can be up to several kb in length.
Other genes have a number of alternative polyadenyl-
ation sites, selection among which may influence the
stability of the resulting mRNA and thus the steady-
state level of each mRNA.

RNA Editing and RNA-DNA
Sequence Differences

Recent findings suggest that the conceptual principle
underlying the central dogma—that RNA and protein
sequences reflect the underlying genomic sequence—
may not always hold true. RNA editing to change the
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nucleotide sequence of the mRNA has been demon-
strated in a number of organisms, including humans.
This process involves deamination of adenosine at par-
ticular sites, converting an A in the DNA sequence to
an inosine in the resulting RNA; this is then read by the
translational machinery as a G, leading to changes in
gene expression and protein function, especially in the
nervous system. More widespread RNA-DNA differ-
ences involving other bases (with corresponding changes
in the encoded amino acid sequence) have also been
reported, at levels that vary among individuals. Although
the mechanism(s) and clinical relevance of these events
remain controversial, they illustrate the existence of a
range of processes capable of increasing transcript and
proteome diversity.

EPIGENETIC AND EPIGENOMIC ASPECTS OF
GENE EXPRESSION

Given the range of functions and fates that different
cells in any organism must adopt over its lifetime, it is
apparent that not all genes in the genome can be actively
expressed in every cell at all times. As important as
completion of the Human Genome Project has been for
contributing to our understanding of human biology
and disease, identifying the genomic sequences and fea-
tures that direct developmental, spatial, and temporal
aspects of gene expression remains a formidable chal-
lenge. Several decades of work in molecular biology
have defined critical regulatory elements for many indi-
vidual genes, as we saw in the previous section, and
more recent attention has been directed toward per-
forming such studies on a genome-wide scale.

In Chapter 2, we introduced general aspects of chro-
matin that package the genome and its genes in all cells.
Here, we explore the specific characteristics of chroma-
tin that are associated with active or repressed genes as
a step toward identifying the regulatory code for expres-
sion of the human genome. Such studies focus on revers-
ible changes in the chromatin landscape as determinants
of gene function rather than on changes to the genome
sequence itself and are thus called epigenetic or, when
considered in the context of the entire genome, epig-
enomic (Greek epi-, over or upon).

The field of epigenetics is growing rapidly and is the
study of heritable changes in cellular function or gene
expression that can be transmitted from cell to cell (and
even generation to generation) as a result of chromatin-
based molecular signals (Fig. 3-8). Complex epigenetic
states can be established, maintained, and transmitted
by a variety of mechanisms: modifications to the DNA,
such as DNA methylation; numerous histone modifica-
tions that alter chromatin packaging or access; and sub-
stitution of specialized histone variants that mark
chromatin associated with particular sequences or
regions in the genome. These chromatin changes can be

highly dynamic and transient, capable of responding
rapidly and sensitively to changing needs in the cell, or
they can be long lasting, capable of being transmitted
through multiple cell divisions or even to subsequent
generations. In either instance, the key concept is that
epigenetic mechanisms do not alter the underlying DNA
sequence, and this distinguishes them from genetic
mechanisms, which are sequence based. Together, the
epigenetic marks and the DNA sequence make up the
set of signals that guide the genome to express its genes
at the right time, in the right place, and in the right
amounts.

Increasing evidence points to a role for epigenetic
changes in human disease in response to environmental
or lifestyle influences. The dynamic and reversible nature
of epigenetic changes permits a level of adaptability or
plasticity that greatly exceeds the capacity of DNA
sequence alone and thus is relevant both to the origins
and potential treatment of disease. A number of large-
scale epigenomics projects (akin to the original Human
Genome Project) have been initiated to catalogue DNA
methylation sites genome-wide (the so-called methy-
lome), to evaluate CpG landscapes across the genome,
to discover new histone variants and modification pat-
terns in various tissues, and to document positioning of
nucleosomes around the genome in different cell types,
and in samples from both asymptomatic individuals and
those with cancer or other diseases. These analyses are
part of a broad effort (called the ENCODE Project, for
Encyclopedia of DNA Elements) to explore epigenetic
patterns in chromatin genome-wide in order to better
understand control of gene expression in different
tissues or disease states.

DNA Methylation

DNA methylation involves the modification of cytosine
bases by methylation of the carbon at the fifth position
in the pyrimidine ring (Fig. 3-9). Extensive DNA meth-
ylation is a mark of repressed genes and is a widespread
mechanism associated with the establishment of specific
programs of gene expression during cell differentiation
and development. Typically, DNA methylation occurs
on the C of CpG dinucleotides (see Fig. 3-8) and inhibits
gene expression by recruitment of specific methyl-CpG-
binding proteins that, in turn, recruit chromatin-
modifying enzymes to silence transcription. The presence
of 5-methylcytosine (5-mC) is considered to be a stable
epigenetic mark that can be faithfully transmitted
through cell division; however, altered methylation
states are frequently observed in cancer, with hypometh-
ylation of large genomic segments or with regional
hypermethylation (particularly at CpG islands) in others
(see Chapter 135).

Extensive demethylation occurs during germ cell devel-
opment and in the early stages of embryonic development,
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Figure 3-8 Schematic representation of chromatin and three major epigenetic mechanisms: DNA
methylation at CpG dinucleotides, associated with gene repression; various modifications (indi-
cated by different colors) on histone tails, associated with either gene expression or repression;
and various histone variants that mark specific regions of the genome, associated with specific

functions required for chromosome stability or genome integrity. Not to scale.

consistent with the need to “re-set” the chromatin envi-
ronment and restore totipotency or pluripotency of the
zygote and of various stem cell populations. Although
the details are still incompletely understood, these repro-
gramming steps appear to involve the enzymatic conver-
sion of 5-mC to 5-hydroxymethylcytosine (5-hmC; see
Fig. 3-9), as a likely intermediate in the demethylation
of DNA. Overall, 5-mC levels are stable across adult
tissues (approximately 5% of all cytosines), whereas
5-hmC levels are much lower and much more variable
(0.1% to 1% of all cytosines). Interestingly, although
5-hmC is widespread in the genome, its highest levels
are found in known regulatory regions, suggesting a
possible role in the regulation of specific promoters and
enhancers.

Histone Modifications

A second class of epigenetic signals consists of an
extensive inventory of modifications to any of the core
histone types, H2A, H2B, H3, and H4 (see Chapter
2). Such modifications include histone methylation,
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Figure 3-9 The modified DNA bases, 5-methylcytosine and
5-hydroxymethylcytosine. Compare to the structure of cytosine
in Figure 2-2. The added methyl and hydroxymethyl groups are
boxed in purple. The atoms in the pyrimidine rings are numbered
1 to 6 to indicate the 5-carbon.

phosphorylation, acetylation, and others at specific
amino acid residues, mostly located on the N-terminal
“tails” of histones that extend out from the core nucleo-
some itself (see Fig. 3-8). These epigenetic modifications
are believed to influence gene expression by affecting
chromatin compaction or accessibility and by signaling
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protein complexes that—depending on the nature of the
signal—activate or silence gene expression at that site.
There are dozens of modified sites that can be experi-
mentally queried genome-wide by using antibodies that
recognize specifically modified sites—for example, his-
tone H3 methylated at lysine position 9 (H3K9 methyla-
tion, using the one-letter abbreviation K for lysine; see
Table 3-1) or histone H3 acetylated at lysine position
27 (H3K27 acetylation). The former is a repressive
mark associated with silent regions of the genome,
whereas the latter is a mark for activating regulatory
regions.

Specific patterns of different histone modifications
are associated with promoters, enhancers, or the body
of genes in different tissues and cell types. The ENCODE
Project, introduced earlier, examined 12 of the most
common modifications in nearly 50 different cell types
and integrated the individual chromatin profiles to
assign putative functional attributes to well over half of
the human genome. This finding implies that much more
of the genome plays a role, directly or indirectly, in
determining the varied patterns of gene expression that
distinguish cell types than previously inferred from the
fact that less than 2% of the genome is “coding” in a
traditional sense.

Histone Variants

The histone modifications just discussed involve modi-
fication of the core histones themselves, which are all
encoded by multigene clusters in a few locations in the
genome. In contrast, the many dozens of histone vari-
ants are products of entirely different genes located
elsewhere in the genome, and their amino acid sequences
are distinct from, although related to, those of the
canonical histones.

Different histone variants are associated with differ-
ent functions, and they replace—all or in part—the
related member of the core histones found in typical
nucleosomes to generate specialized chromatin struc-
tures (see Fig. 3-8). Some variants mark specific regions
or loci in the genome with highly specialized functions;
for example, the CENP-A histone is a histone H3-related
variant that is found exclusively at functional centro-
meres in the genome and contributes to essential fea-
tures of centromeric chromatin that mark the location
of kinetochores along the chromosome fiber. Other vari-
ants are more transient and mark regions of the genome
with particular attributes; for example, H2A.X is a
histone H2A variant involved in the response to DNA
damage to mark regions of the genome that require
DNA repair.

Chromatin Architecture

In contrast to the impression one gets from viewing the
genome as a linear string of sequence (see Fig. 3-7), the

genome adopts a highly ordered and dynamic arrange-
ment within the space of the nucleus, correlated with
and likely guided by the epigenetic and epigenomic
signals just discussed. This three-dimensional landscape
is highly predictive of the map of all expressed sequences
in any given cell type (the transcriptome) and reflects
dynamic changes in chromatin architecture at different
levels (Fig. 3-10). First, large chromosomal domains (up
to millions of base pairs in size) can exhibit coordinated
patterns of gene expression at the chromosome level,
involving dynamic interactions between different intra-
chromosomal and interchromosomal points of contact
within the nucleus. At a finer level, technical advances
to map and sequence points of contact around the
genome in the context of three-dimensional space have
pointed to ordered loops of chromatin that position and
orient genes precisely, exposing or blocking critical reg-
ulatory regions for access by RNA pol I, transcription
factors, and other regulators. Lastly, specific and
dynamic patterns of nucleosome positioning differ
among cell types and tissues in the face of changing
environmental and developmental cues (see Fig. 3-10).
The biophysical, epigenomic, and/or genomic properties
that facilitate or specify the orderly and dynamic pack-
aging of each chromosome during each cell cycle,
without reducing the genome to a disordered tangle
within the nucleus, remain a marvel of landscape
engineering.

GENE EXPRESSION AS THE INTEGRATION
OF GENOMIC AND EPIGENOMIC SIGNALS

The gene expression program of a cell encompasses the
specific subset of the approximately 20,000 protein-
coding genes in the genome that are actively transcribed
and translated into their respective functional products,
the subset of the estimated 20,000 to 25,000 ncRNA
genes that are transcribed, the amount of products pro-
duced, and the particular sequence (alleles) of those
products. The gene expression profile of any particular
cell or cell type in a given individual at a given time
(whether in the context of the cell cycle, early develop-
ment, or one’s entire life span) and under a given set of
circumstances (as influenced by environment, lifestyle,
or disease) is thus the integrated sum of several different
but interrelated effects, including the following;:
e The primary sequence of genes, their allelic variants,
and their encoded products
e Regulatory sequences and their epigenetic position-
ing in chromatin
e Interactions with the thousands of transcriptional
factors, ncRNAs, and other proteins involved in the
control of transcription, splicing, translation, and
post-translational modification
* Organization of the genome into subchromosomal
domains



36 THOMPSON & THOMPSON GENETICS IN MEDICINE

Chromatin loops

and intrachromosomal
and interchromosomal
interactions

Individual
chromosome
territories
A B
. Active gene
Long-range expression o
regulatory element
Promoter
C
Nucleosome positioning allows
D access to exposed DNA elements

Figure 3-10 Three-dimensional architecture and dynamic packaging of the genome, viewed at
increasing levels of resolution. A, Within interphase nuclei, each chromosome occupies a particular
territory, represented by the different colors. B, Chromatin is organized into large subchromosomal
domains within each territory, with loops that bring certain sequences and genes into proximity
with each other, with detectable intrachromosomal and interchromosomal interactions. C, Loops
bring long-range regulatory elements (e.g., enhancers or locus-control regions) into association
with promoters, leading to active transcription and gene expression. D, Positioning of nucleosomes
along the chromatin fiber provides access to specific DNA sequences for binding by transcription
factors and other regulatory proteins.

® Programmed interactions between different parts of
the genome

ALLELIC IMBALANCE IN GENE EXPRESSION

® Dynamic three-dimensional chromatin packaging in
the nucleus

All of these orchestrate in an efficient, hierarchical, and
highly programmed fashion. Disruption of any one—
due to genetic variation, to epigenetic changes, and/or
to disease-related processes—would be expected to alter
the overall cellular program and its functional output
(see Box).

It was once assumed that genes present in two copies in
the genome would be expressed from both homologues
at comparable levels. However, it has become increas-
ingly evident that there can be extensive imbalance
between alleles, reflecting both the amount of sequence
variation in the genome and the interplay between
genome sequence and epigenetic patterns that were just
discussed.
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THE EPIGENETIC LANDSCAPE OF THE GENOME
AND MEDICINE

e Different chromosomes and chromosomal regions
occupy characteristic territories within the nucleus.
The probability of physical proximity influences the
incidence of specific chromosome abnormalities (see
Chapters 5 and 6).

e The genome is organized into megabase-sized domains
with locally shared characteristics of base pair compo-
sition (i.e., GC rich or AT rich), gene density, timing
of replication in the S phase, and presence of particular
histone modifications (see Chapter 3).

e Modules of coexpressed genes correspond to distinct
anatomical or developmental stages in, for example,
the human brain or the hematopoietic lineage. Such
coexpression networks are revealed by shared regula-
tory networks and epigenetic signals, by clustering
within genomic domains, and by overlapping patterns
of altered gene expression in various disease states.

e Although monozygotic twins share virtually identical
genomes, they can be quite discordant for certain
traits, including susceptibility to common diseases.
Significant changes in DNA methylation occur during
the lifetime of such twins, implicating epigenetic regu-
lation of gene expression as a source of diversity.

e The epigenetic landscape can integrate genomic and
environmental contributions to disease. For example,
differential DNA methylation levels correlate with
underlying sequence variation at specific loci in the
genome and thereby modulate genetic risk for rheu-
matoid arthritis.

In Chapter 2, we introduced the general finding that
any individual genome carries two different alleles at a
minimum of 3 to § million positions around the genome,
thus distinguishing by sequence the maternally and
paternally inherited copies of that sequence position (see
Fig. 2-6). Here, we explore ways in which those sequence
differences reveal allelic imbalance in gene expression,
both at autosomal loci and at X chromosome loci in
females.

By determining the sequences of all the RNA
products—the transcriptome—in a population of cells,
one can quantify the relative level of transcription of
all the genes (both protein-coding and noncoding) that
are transcriptionally active in those cells. Consider,
for example, the collection of protein-coding genes.
Although an average cell might contain approximately
300,000 copies of mRNA in total, the abundance of
specific mRNAs can differ over many orders of magni-
tude; among genes that are active, most are expressed
at low levels (estimated to be < 10 copies of that gene’s
mRNA per cell), whereas others are expressed at much
higher levels (several hundred to a few thousand copies
of that mRNA per cell). Only in highly specialized cell
types are particular genes expressed at very high levels
(many tens of thousands of copies) that account for a
significant proportion of all mRNA in those cells.

Now consider an expressed gene with a sequence
variant that allows one to distinguish between the RNA
products (whether mRNA or ncRNA) transcribed from
each of two alleles, one allele with a T that is transcribed
to yield RNA with an A and the other allele with a C
that is transcribed to yield RNA with a G (Fig. 3-11).
By sequencing individual RNA molecules and compar-
ing the number of sequences generated that contain an
A or G at that position, one can infer the ratio of tran-
scripts from the two alleles in that sample. Although
most genes show essentially equivalent levels of biallelic
expression, recent analyses of this type have demon-
strated widespread unequal allelic expression for 5% to
20% of autosomal genes in the genome (Table 3-2). For
most of these genes, the extent of imbalance is twofold
or less, although up to tenfold differences have been
observed for some genes. This allelic imbalance may
reflect interactions between genome sequence and gene
regulation; for example, sequence changes can alter the
relative binding of various transcription factors or other
transcriptional regulators to the two alleles or the extent
of DNA methylation observed at the two alleles (see
Table 3-2).

Monoallelic Gene Expression

Some genes, however, show a much more complete form
of allelic imbalance, resulting in monoallelic gene
expression (see Fig. 3-11). Several different mechanisms
have been shown to account for allelic imbalance of this
type for particular subsets of genes in the genome: DNA
rearrangement, random monoallelic expression, parent-
of-origin imprinting, and, for genes on the X chromo-
some in females, X chromosome inactivation. Their
distinguishing characteristics are summarized in Table
3-2.

Somatic Rearrangement

A highly specialized form of monoallelic gene expres-
sion is observed in the genes encoding immunoglobulins
and T-cell receptors, expressed in B cells and T cells,
respectively, as part of the immune response. Antibodies
are encoded in the germline by a relatively small number
of genes that, during B-cell development, undergo a
unique process of somatic rearrangement that involves
the cutting and pasting of DNA sequences in lympho-
cyte precursor cells (but 7ot in any other cell lineages)
to rearrange genes in somatic cells to generate enor-
mous antibody diversity. The highly orchestrated DNA
rearrangements occur across many hundreds of kilo-
bases but involve only one of the two alleles, which is
chosen randomly in any given B cell (see Table 3-2).
Thus expression of mature mRNAs for the immuno-
globulin heavy or light chain subunits is exclusively
monoallelic.
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Figure 3-11 Allelic expression patterns for a gene sequence with a transcribed DNA variant (here,
a C or a T) to distinguish the alleles. As described in the text, the relative abundance of RNA
transcripts from the two alleles (here, carrying a G or an A) demonstrates whether the gene shows
balanced expression (top), allelic imbalance (center), or exclusively monoallelic expression (bottom).
Different underlying mechanisms for allelic imbalance are compared in Table 3-2. SNP, Single
nucleotide polymorphism.
TABLE 3-2 Allelic Imbalance in Gene Expression
Type Characteristics Genes Affected Basis Developmental Origin
Unbalanced expression ~ Unequal RNA abundance  5%-20% of autosomal Sequence variants cause  Early embryogenesis
from two alleles due to genes different levels of
DNA variants and expression at the two
associated epigenetic alleles
changes; usually
< twofold difference in
expression
Monoallelic expression
e Somatic Changes in DNA Immunoglobulin genes, Random choice of one B- and T-cell lineages
rearrangement organization to produce T-cell receptor genes allele
functional gene at one
allele, but not other
e Random allelic Expression from only one  Olfactory receptor genes Random choice of one Specific cell types
silencing or allele at a locus, due to in sensory neurons; allele
activation differential epigenetic other chemosensory or
packaging at locus immune system genes;
up to 10% of all genes
in other cell types
e Genomic imprinting  Epigenetic silencing of >100 genes with functions  Imprinted region Parental germline
allele(s) in imprinted in development marked epigenetically
region according to parent
of origin
e X chromosome Epigenetic silencing of Most X-linked genes in Random choice of one Early embryogenesis
inactivation alleles on one X females X chromosome

chromosome in females

This mechanism of somatic rearrangement and
random monoallelic gene expression is also observed at
the T-cell receptor genes in the T-cell lineage. However,
such behavior is unique to these gene families and cell
lineages; the rest of the genome remains highly stable
throughout development and differentiation.

Random Monoallelic Expression

In contrast to this highly specialized form of DNA rear-
rangement, monoallelic expression typically results
from differential epigenetic regulation of the two alleles.
One well-studied example of random monoallelic
expression involves the OR gene family described earlier
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(see Fig. 3-2). In this case, only a single allele of one OR
gene is expressed in each olfactory sensory neuron; the
many hundred other copies of the OR family remain
repressed in that cell. Other genes with chemosensory
or immune system functions also show random monoal-
lelic expression, suggesting that this mechanism may be
a general one for increasing the diversity of responses
for cells that interact with the outside world. However,
this mechanism is apparently not restricted to the
immune and sensory systems, because a substantial
subset of all human genes (5% to 10% in different cell
types) has been shown to undergo random allelic silenc-
ing; these genes are broadly distributed on all auto-
somes, have a wide range of functions, and vary in terms
of the cell types and tissues in which monoallelic expres-
sion is observed.

Parent-of-Origin Imprinting

For the examples just described, the choice of which
allele is expressed is not dependent on parental origin;
either the maternal or paternal copy can be expressed
in different cells and their clonal descendants. This dis-
tinguishes random forms of monoallelic expression
from genomic imprinting, in which the choice of the
allele to be expressed is nonrandom and is determined
solely by parental origin. Imprinting is a normal process
involving the introduction of epigenetic marks (see Fig.
3-8) in the germline of one parent, but not the other, at
specific locations in the genome. These lead to mono-
allelic expression of a gene or, in some cases, of multiple
genes within the imprinted region.

Imprinting takes place during gametogenesis, before
fertilization, and marks certain genes as having come
from the mother or father (Fig. 3-12). After conception,
the parent-of-origin imprint is maintained in some or all
of the somatic tissues of the embryo and silences gene
expression on allele(s) within the imprinted region;
whereas some imprinted genes show monoallelic expres-
sion throughout the embryo, others show tissue-specific
imprinting, especially in the placenta, with biallelic
expression in other tissues. The imprinted state persists
postnatally into adulthood through hundreds of cell
divisions so that only the maternal or paternal copy of
the gene is expressed. Yet, imprinting must be reversible:
a paternally derived allele, when it is inherited by a
female, must be converted in her germline so that she
can then pass it on with a maternal imprint to her off-
spring. Likewise, an imprinted maternally derived allele,
when it is inherited by a male, must be converted in his
germline so that he can pass it on as a paternally
imprinted allele to his offspring (see Fig. 3-12). Control
over this conversion process appears to be governed by
specific DNA elements called imprinting control regions
or imprinting centers that are located within imprinted
regions throughout the genome; although their precise
mechanism of action is not known, many appear to
involve ncRNAs that initiate the epigenetic change in

chromatin, which then spreads outward along the chro-
mosome over the imprinted region. Notably, although
the imprinted region can encompass more than a single
gene, this form of monoallelic expression is confined to
a delimited genomic segment, typically a few hundred
kilobase pairs to a few megabases in overall size; this
distinguishes genomic imprinting both from the more
general form of random monoallelic expression
described earlier (which appears to involve individual
genes under locus-specific control) and from X chromo-
some inactivation, described in the next section (which
involves genes along the entire chromosome).

To date, approximately 100 imprinted genes have
been identified on many different autosomes. The
involvement of these genes in various chromosomal dis-
orders is described more fully in Chapter 6. For clinical
conditions due to a single imprinted gene, such as Prader-
Willi syndrome (Case 38) and Beckwith-Wiedemann
syndrome (Case 6), the effect of genomic imprinting
on inheritance patterns in pedigrees is discussed in
Chapter 7.

X Chromosome Inactivation

The chromosomal basis for sex determination, intro-
duced in Chapter 2 and discussed in more detail in
Chapter 6, results in a dosage difference between typical
males and females with respect to genes on the X chro-
mosome. Here we discuss the chromosomal and molec-
ular mechanisms of X chromosome inactivation, the
most extensive example of random monoallelic expres-
sion in the genome and a mechanism of dosage com-
pensation that results in the epigenetic silencing of most
genes on one of the two X chromosomes in females.

In normal female cells, the choice of which X chro-
mosome is to be inactivated is a random one that is then
maintained in each clonal lineage. Thus females are
mosaic with respect to X-linked gene expression; some
cells express alleles on the paternally inherited X but
not the maternally inherited X, whereas other cells do
the opposite (Fig. 3-13). This mosaic pattern of gene
expression distinguishes most X-linked genes from
imprinted genes, whose expression, as we just noted, is
determined strictly by parental origin.

Although the inactive X chromosome was first identi-
fied cytologically by the presence of a heterochromatic
mass (called the Barr body) in interphase cells, many
epigenetic features distinguish the active and inactive X
chromosomes, including DNA methylation, histone
modifications, and a specific histone variant, mac-
roH2A, that is particularly enriched in chromatin on the
inactive X. As well as providing insights into the mecha-
nisms of X inactivation, these features can be useful
diagnostically for identifying inactive X chromosomes
in clinical material, as we will see in Chapter 6.

Although X inactivation is clearly a chromosomal
phenomenon, not all genes on the X chromosome show
monoallelic expression in female cells. Extensive
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Figure 3-12 Genomic imprinting and conversion of maternal and paternal imprints during passage
through male or female gametogenesis. Within a hypothetical imprinted region on an pair of
homologous autosomes, paternally imprinted genes are indicated in blue, whereas a maternally
imprinted gene is indicated in red. After fertilization, both male and female embryos have one
copy of the chromosome carrying a paternal imprint and one copy carrying a maternal imprint.
During oogenesis (top) and spermatogenesis (bottom), the imprints are erased by removal of epi-
genetic marks, and new imprints determined by the sex of the parent are established within the
imprinted region. Gametes thus carry a monoallelic imprint appropriate to the parent of origin,
whereas somatic cells in both sexes carry one chromosome of each imprinted type.

analysis of expression of nearly all X-linked genes has
demonstrated that at least 15% of the genes show bi-
allelic expression and are expressed from both active
and inactive X chromosomes, at least to some extent; a
proportion of these show significantly higher levels of

mRNA production in female cells compared to male
cells and are interesting candidates for a role in explain-
ing sexually dimorphic traits.

A special subset of genes is located in the pseudo-
autosomal segments, which are essentially identical on
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Figure 3-13 Random X chromosome inactivation early in female development. Shortly after
conception of a female embryo, both the paternally and maternally inherited X chromosomes (pat
and mat, respectively) are active. Within the first week of embryogenesis, one or the other X is
chosen at random to become the future inactive X, through a series of events involving the X
inactivation center (black box). That X then becomes the inactive X (Xi, indicated by the shading)
in that cell and its progeny and forms the Barr body in interphase nuclei. The resulting female
embryo is thus a clonal mosaic of two epigenetically determined cell types: one expresses alleles
from the maternal X (pink cells), whereas the other expresses alleles from the paternal X (blue
cells). The ratio of the two cell types is determined randomly but varies among normal females
and among females who are carriers of X-linked disease alleles (see Chapters 6 and 7).

the X and Y chromosomes and undergo recombination
during spermatogenesis (see Chapter 2). These genes
have two copies in both females (two X-linked copies)
and males (one X-linked and one Y-linked copy) and
thus do not undergo X inactivation; as expected, these
genes show balanced biallelic expression, as one sees for
most autosomal genes.

The X Inactivation Center and the XIST Gene. X inac-
tivation occurs very early in female embryonic develop-
ment, and determination of which X will be designated
the inactive X in any given cell in the embryo is a
random choice under the control of a complex locus
called the X inactivation center. This region contains an
unusual ncRNA gene, XIST, that appears to be a key
master regulatory locus for X inactivation. XIST (an
acronym for inactive X [Xi]-specific transcripts) has the
novel feature that it is expressed only from the allele on
the inactive Xj it is transcriptionally silent on the active
X in both male and female cells. Although the exact
mode of action of XIST is unknown, X inactivation
cannot occur in its absence. The product of XIST is a
long ncRNA that stays in the nucleus in close associa-
tion with the inactive X chromosome.

Additional aspects and consequences of X chromo-
some inactivation will be discussed in Chapter 6, in the
context of individuals with structurally abnormal X
chromosomes or an abnormal number of X chromo-
somes, and in Chapter 7, in the case of females carrying
deleterious mutant alleles for X-linked disease.

VARIATION IN GENE EXPRESSION AND ITS
RELEVANCE TO MEDICINE

The regulated expression of genes in the human genome
involves a set of complex interrelationships among dif-
ferent levels of control, including proper gene dosage
(controlled by mechanisms of chromosome replication
and segregation), gene structure, chromatin packaging
and epigenetic regulation, transcription, RNA splic-
ing, and, for protein-coding loci, mRNA stability, trans-
lation, protein processing, and protein degradation. For
some genes, fluctuations in the level of functional gene
product, due either to inherited variation in the struc-
ture of a particular gene or to changes induced by non-
genetic factors such as diet or the environment, are of
relatively little importance. For other genes, even rela-
tively minor changes in the level of expression can have
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dire clinical consequences, reflecting the importance of
those gene products in particular biological pathways.
The nature of inherited variation in the structure and
function of chromosomes, genes, and the genome, com-
bined with the influence of this variation on the expres-
sion of specific traits, is the very essence of medical and
molecular genetics and is dealt with in subsequent
chapters.
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PROBLEMS

1. The following amino acid sequence represents part of a
protein. The normal sequence and four mutant forms are
shown. By consulting Table 3-1, determine the double-
stranded sequence of the corresponding section of the
normal gene. Which strand is the strand that RNA poly-
merase “reads”? What would the sequence of the result-
ing mRNA be? What kind of mutation is each mutant
protein most likely to represent?

Normal  -lys-arg-his-his-tyr-leu-
Mutant 1 -lys-arg-his-his-cys-leu-
Mutant 2 -lys-arg-ile-ile-ile-
Mutant 3 -lys-glu-thr-ser-leu-ser-
Mutant 4 -asn-tyr-leu-

2. The following items are related to each other in a hierar-
chical fashion: chromosome, base pair, nucleosome,
kilobase pair, intron, gene, exon, chromatin, codon,
nucleotide, promoter. What are these relationships?

3. Describe how mutation in each of the following might be
expected to alter or interfere with normal gene function

and thus cause human disease: promoter, initiator codon,
splice sites at intron-exon junctions, one base pair dele-
tion in the coding sequence, stop codon.

4. Most of the human genome consists of sequences that are
not transcribed and do not directly encode gene products.
For each of the following, consider ways in which these
genome elements might contribute to human disease:
introns, Alu or LINE repetitive sequences, locus control
regions, pseudogenes.

5. Contrast the mechanisms and consequences of RNA
splicing and somatic rearrangement.

6. Consider different ways in which mutations or variation
in the following might lead to human disease: epigenetic
modifications, DNA methylation, miRNA genes, IncRNA
genes.

7. Contrast the mechanisms and consequences of genomic
imprinting and X chromosome inactivation.



CHAPTER 4

Human Genetic Diversity:
Mutation and Polymorphism

The study of genetic and genomic variation is the con-
ceptual cornerstone for genetics in medicine and for the
broader field of human genetics. During the course of
evolution, the steady influx of new nucleotide variation
has ensured a high degree of genetic diversity and indi-
viduality, and this theme extends through all fields in
human and medical genetics. Genetic diversity may
manifest as differences in the organization of the
genome, as nucleotide changes in the genome sequence,
as variation in the copy number of large segments of
genomic DNA, as alterations in the structure or amount
of proteins found in various tissues, or as any of these
in the context of clinical disease.

This chapter is one of several in which we explore
the nature of genetically determined differences among
individuals. The sequence of nuclear DNA is approxi-
mately 99.5% identical between any two unrelated
humans. Yet it is precisely the small fraction of DNA
sequence difference among individuals that is respon-
sible for the genetically determined variability that is
evident both in one’s daily existence and in clinical
medicine. Many DNA sequence differences have little
or no effect on outward appearance, whereas other dif-
ferences are directly responsible for causing disease.
Between these two extremes is the variation responsible
for genetically determined variability in anatomy, physi-
ology, dietary intolerances, susceptibility to infection,
predisposition to cancer, therapeutic responses or
adverse reactions to medications, and perhaps even vari-
ability in various personality traits, athletic aptitude,
and artistic talent.

One of the important concepts of human and medical
genetics is that diseases with a clearly inherited compo-
nent are only the most obvious and often the most
extreme manifestation of genetic differences, one end of
a continuum of variation that extends from rare delete-
rious variants that cause illness, through more common
variants that can increase susceptibility to disease, to the
most common variation in the population that is of
uncertain relevance with respect to disease.

THE NATURE OF GENETIC VARIATION

As described in Chapter 2, a segment of DNA occupying
a particular position or location on a chromosome is a

locus (plural loci). A locus may be large, such as a
segment of DNA that contains many genes, such as the
major histocompatibility complex locus involved in the
response of the immune system to foreign substances;
it may be a single gene, such as the B-globin locus we
introduced in Chapter 3; or it may even be just a single
base in the genome, as in the case of a single nucleotide
variant (see Fig. 2-6 and later in this chapter). Alterna-
tive versions of the DNA sequence at a locus are called
alleles. For many genes, there is a single prevailing
allele, usually present in more than half of the individu-
als in a population, that geneticists call the wild-type
or common allele. (In lay parlance, this is sometimes
referred to as the “normal” allele. However, because
genetic variation is itself very much “normal,” the exis-
tence of different alleles in “normal” individuals is com-
monplace. Thus one should avoid using “normal” to
designate the most common allele.) The other versions
of the gene are variant (or mutant) alleles that differ
from the wild-type allele because of the presence of
a mutation, a permanent change in the nucleotide
sequence or arrangement of DNA. Note that the terms
mutation and mutant refer to DNA, but not to the
human beings who carry mutant alleles. The terms
denote a change in sequence but otherwise do not carry
any connotation with respect to the function or fitness
of that change.

The frequency of different variants can vary widely
in different populations around the globe, as we will
explore in depth in Chapter 9. If there are two or more
relatively common alleles (defined by convention as
having an allele frequency > 1%) at a locus in a popula-
tion, that locus is said to exhibit polymorphism (literally
“many forms”) in that population. Most variant alleles,
however, are not frequent enough in a population to be
considered polymorphisms; some are so rare as to be
found in only a single family and are known as “private”
alleles.

The Concept of Mutation

In this chapter, we begin by exploring the nature of
mutation, ranging from the change of a single nucleotide
to alterations of an entire chromosome. To recognize a
change means that there has to be a “gold standard,”
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compared to which the variant shows a difference. As
we saw in Chapter 2, there is no single individual whose
genome sequence could serve as such a standard for the
human species, and thus one arbitrarily designates the
most common sequence or arrangement in a population
at any one position in the genome as the so-called refer-
ence sequence (see Fig. 2-6). As more and more genomes
from individuals around the globe are sampled (and
thus as more and more variation is detected among the
currently 7 billion genomes that make up our species),
this reference genome is subject to constant evaluation
and change. Indeed, a number of international collabo-
rations share and update data on the nature and fre-
quency of DNA variation in different populations in
the context of the reference human genome sequence
and make the data available through publicly acces-
sible databases that serve as essential resources for sci-
entists, physicians, and other health care professionals
(Table 4-1).

Mutations are sometimes classified by the size of the
altered DNA sequence and, at other times, by the func-
tional effect of the mutation on gene expression.
Although classification by size is somewhat arbitrary, it
can be helpful conceptually to distinguish among muta-
tions at three different levels:
® Mutations that leave chromosomes intact but change

the number of chromosomes in a cell (chromosome

mutations)

® Mutations that change only a portion of a chromo-
some and might involve a change in the copy number
of a subchromosomal segment or a structural rear-
rangement involving parts of one or more chromo-
somes (regional or subchromosomal mutations)

e Alterations of the sequence of DNA, involving the
substitution, deletion, or insertion of DNA, ranging

from a single nucleotide up to an arbitrarily set limit

of approximately 100 kb (gene or DNA mutations)
The basis for and consequences of this third type of
mutation are the principal focus of this chapter, whereas
both chromosome and regional mutations will be pre-
sented at length in Chapters 5 and 6.

The functional consequences of DNA mutations,
even those that change a single base pair, run the gamut
from being completely innocuous to causing serious
illness, all depending on the precise location, nature,
and size of the mutation. For example, even a mutation
within a coding exon of a gene may have no effect on
how a gene is expressed if the change does not alter the
primary amino acid sequence of the polypeptide product;
even if it does, the resulting change in the encoded
amino acid sequence may not alter the functional prop-
erties of the protein. Not all mutations, therefore, are
manifest in an individual.

The Concept of Genetic Polymorphism

The DNA sequence of a given region of the genome is
remarkably similar among chromosomes carried by
many different individuals from around the world. In
fact, any randomly chosen segment of human DNA
approximately 1000 bp in length contains, on average,
only one base pair that is different between the two
homologous chromosomes inherited from that individ-
ual’s parents (assuming the parents are unrelated).
However, across all human populations, many tens of
millions of single nucleotide differences and over a
million more complex variants have been identified and
catalogued. Because of limited sampling, these figures
are likely to underestimate the true extent of genetic
diversity in our species. Many populations around

TABLE 4-1 Useful Databases of Information on Human Genetic Diversity

Description

URL

The Human Genome Project, completed in 2003, was an international collaboration to
sequence and map the genome of our species. The draft sequence of the genome was
released in 2001, and the “essentially complete™ reference genome assembly was published

in 2004.

The Single Nucleotide Polymorphism Database (dbSNP) and the Structural Variation
Database (dbVar) are databases of small-scale and large-scale variations, including single

nucleotide variants, microsatellites, indels, and CNVs.

The 1000 Genomes Project is sequencing the genomes of a large number of individuals to

http://www.genome.gov/10001772
http://genome.ucsc.edu/cgi-bin/hgGateway
http://www.ensembl.org/Homo_sapiens/
Info/Index
http://www.ncbi.nlm.nih.gov/snp/
http://www.ncbi.nlm.nih.gov/dbvar/

www.1000genomes.org

provide a comprehensive resource on genetic variation in our species. All data are publicly

available.

The Human Gene Mutation Database is a comprehensive collection of germline mutations

www.hgmd.org

associated with or causing human inherited disease (currently including over 120,000

mutations in 4400 genes).

The Database of Genomic Variants is a curated catalogue of structural variation in the

http://dgv.tcag.ca

human genome. As of 2012, the database contains over 400,000 entries, including over

200,000 CNVs, 1000 inversions, and 34,000 indels.

The Japanese Single Nucleotide Polymorphisms Database (JSNP Database) reports SNPs

discovered as part of the Millennium Genome Project.

http://snp.ims.u-tokyo.ac.jp/

CNV, Copy number variant; SNP, single nucleotide polymorphism.

Updated from Willard HF: The human genome: a window on human genetics, biology and medicine. In Ginsburg GS, Willard HF, editors: Genomic and personal-

ized medicine, ed 2, New York, 2013, Elsevier.
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the globe have yet to be studied, and, even in the
populations that have been studied, the number of indi-
viduals examined is too small to reveal most variants
with minor allele frequencies below 1% to 2%. Thus,
as more people are included in variant discovery proj-
ects, additional (and rarer) variants will certainly be
uncovered.

Whether a variant is formally considered a polymor-
phism or not depends entirely on whether its frequency
in a population exceeds 1% of the alleles in that popula-
tion, and not on what kind of mutation caused it, how
large a segment of the genome is involved, or whether
it has a demonstrable effect on the individual. The loca-
tion of a variant with respect to a gene also does not
determine whether the variant is a polymorphism.
Although most sequence polymorphisms are located
between genes or within introns and are inconsequential
to the functioning of any gene, others may be located
in the coding sequence of genes themselves and result in
different protein variants that may lead in turn to dis-
tinctive differences in human populations. Still others
are in regulatory regions and may also have important
effects on transcription or RNA stability.

One might expect that deleterious mutations that
cause rare monogenic diseases are likely to be too rare
to achieve the frequency necessary to be considered a
polymorphism. Although it is true that the alleles
responsible for most clearly inherited clinical conditions
are rare, some alleles that have a profound effect on
health—such as alleles of genes encoding enzymes that
metabolize drugs (for example, sensitivity to abacavir in
some individuals infected with human immunodefi-
ciency virus [HIV]) (Case 1), or the sickle cell mutation
in African and African American populations (see
Chapter 11) (Case 42)—are relatively common. None-
theless, these are exceptions, and, as more and more
genetic variation is discovered and catalogued, it is clear
that the vast majority of variants in the genome, whether
common or rare, reflect differences in DNA sequence
that have no known significance to health.

Polymorphisms are key elements for the study of
human and medical genetics. The ability to distinguish
different inherited forms of a gene or different segments
of the genome provides critical tools for a wide array
of applications, both in research and in clinical practice
(see Box).

INHERITED VARIATION AND
POLYMORPHISM IN DNA

The original Human Genome Project and the subse-
quent study of now many thousands of individuals
worldwide have provided a vast amount of DNA
sequence information. With this information in hand,
one can begin to characterize the types and frequencies
of polymorphic variation found in the human genome
and to generate catalogues of human DNA sequence

POLYMORPHISMS AND INHERITED VARIATION IN HUMAN
AND MEDICAL GENETICS

Allelic variants can be used as “markers” for tracking the
inheritance of the corresponding segment of the genome
in families and in populations. Such variants can be used
as follows:

e As powerful research tools for mapping a gene to a
particular region of a chromosome by linkage analysis
or by allelic association (see Chapter 10)

e For prenatal diagnosis of genetic disease and for detec-
tion of carriers of deleterious alleles (see Chapter 17),
as well as in blood banking and tissue typing for
transfusions and organ transplantation

e In forensic applications such as identity testing for
determining paternity, identifying remains of crime
victims, or matching a suspect’s DNA to that of the
perpetrator (this chapter)

e In the ongoing efforts to provide genomic-based per-
sonalized medicine (see Chapter 18) in which one
tailors an individual’s medical care to whether or not
he or she carries variants that increase or decrease the
risk for common adult disorders (such as coronary
heart disease, cancer, and diabetes; see Chapter 8) or
that influence the efficacy or safety of particular
medications

diversity around the globe. DNA polymorphisms can be
classified according to how the DNA sequence varies
between the different alleles (Table 4-2 and Figs. 4-1
and 4-2).

Single Nucleotide Polymorphisms

The simplest and most common of all polymorphisms
are single nucleotide polymorphisms (SNPs). A locus
characterized by a SNP usually has only two alleles,
corresponding to the two different bases occupying
that particular location in the genome (see Fig. 4-1). As
mentioned previously, SNPs are common and are
observed on average once every 1000 bp in the genome.
However, the distribution of SNPs is uneven around the
genome; many more SNPs are found in noncoding parts
of the genome, in introns and in sequences that are some
distance from known genes. Nonetheless, there is still a
significant number of SNPs that do occur in genes and
other known functional elements in the genome. For the
set of protein-coding genes, over 100,000 exonic SNPs
have been documented to date. Approximately half of
these do not alter the predicted amino acid sequence of
the encoded protein and are thus termed synonymous,
whereas the other half do alter the amino acid sequence
and are said to be nonsynonymous. Other SNPs intro-
duce or change a stop codon (see Table 3-1), and yet
others alter a known splice site; such SNPs are candi-
dates to have significant functional consequences.

The significance for health of the vast majority of
SNPs is unknown and is the subject of ongoing research.
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TABLE 4-2 Common Variation in the Human Genome

Type of Variation  Size Range (approx.)

Basis for the Polymorphism

Number of Alleles

Single nucleotide 1 bp Substitution of one or another base pair at a particular Usually 2
polymorphisms location in the genome

Insertion/deletions 1 bp to > 100 bp Simple: Presence or absence of a short segment of DNA Simple: 2
(indels) 100-1000 bp in length Microsatellites:

Microsatellites: Generally, a 2-, 3-, or 4-nucleotide unit

typically 5 or more

repeated in tandem 5-25 times

Copy number 10 kb to > 1 Mb Typically the presence or absence of 200-bp to 1.5-Mb 2 or more
variants segments of DNA, although tandem duplication of 2, 3, 4,
or more copies can also occur
Inversions Few bp to > 1 Mb A DNA segment present in either of two orientations with 2

respect to the surrounding DNA

bp, Base pair; kb, kilobase pair; Mb, megabase pair.

5
I

Reference sequence

Allele1 ...
SNP

Allele 2 ...

Allele 1 ...
Indel A

Allele 2 ...

Allele 1 ...
Indel B

Allele 2 ...

lIO 1|5 2|0

.GGATTTCTAGGTAACTCAGTCGA..

GGATTTCTAGGTAACTCAGTCGA...
GGATTTCHMAGGTAACTCAGTCGA...

GGATTTCTAGGTAACTCAGTCGA...
GGATTTCTAGGETAACTCAGTCGA...

GGATTTCTAGGTAACTCAGTCGA...
GGATHEECTAGGTAACTCAGTCGA..

Figure 4-1 Three polymorphisms in genomic DNA from the segment of the human genome refer-
ence assembly shown at the top (see also Fig. 2-6). The single nucleotide polymorphism (SNP) at
position 8 has two alleles, one with a T (corresponding to the reference sequence) and one with
a C. There are two indels in this region. At indel A, allele 2 has an insertion of a G between posi-
tions 11 and 12 in the reference sequence (allele 1). At indel B, allele 2 has a 2-bp deletion of

positions 5 and 6 in the reference sequence.

The fact that SNPs are common does not mean that they
are without effect on health or longevity. What it does
mean is that any effect of common SNPs is likely to
involve a relatively subtle altering of disease susceptibil-
ity rather than a direct cause of serious illness.

Insertion-Deletion Polymorphisms

A second class of polymorphism is the result of varia-
tions caused by insertion or deletion (in/dels or simply
indels) of anywhere from a single base pair up to
approximately 1000 bp, although larger indels have
been documented as well. Over a million indels have
been described, numbering in the hundreds of thou-
sands in any one individual’s genome. Approximately
half of all indels are referred to as “simple” because they
have only two alleles—that is, the presence or absence
of the inserted or deleted segment (see Fig. 4-1).

Microsatellite Polymorphisms

Other indels, however, are multiallelic due to variable
numbers of the segment of DNA that is inserted in
tandem at a particular location, thereby constituting
what is referred to as a microsatellite. They consist of
stretches of DNA composed of units of two, three, or
four nucleotides, such as TGTGTG, CAACAACAA,
or AAATAAATAAAT, repeated between one and a few
dozen times at a particular site in the genome (see Fig.
4-2). The different alleles in a microsatellite polymor-
phism are the result of differing numbers of repeated
nucleotide units contained within any one microsatellite
and are therefore sometimes also referred to as short
tandem repeat (STR) polymorphisms. A microsatellite
locus often has many alleles (repeat lengths) that can be
rapidly evaluated by standard laboratory procedures to
distinguish different individuals and to infer familial
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Microsatellite polymorphism

Mobile element insertion polymorphism
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Allele 1..GGATTT[CAACAACAAICAAGGTAACTCAGTCGA...
Allele 2..GGATTT[CAACAAICAAICAAICAACAAIGGTAACTCAGTCGA...
Allele 3..GGATTT[CAAICAAICAAICAAICAAIGGTAACTCAGTCGA...

Allele 1

S [ [ s

Allele 2

LINE

Copy number variant

RUCEHNE ABCDEFGH

ABCDEFGFGFGH

Allele 2

ITOTMMOOm>

Inversion polymorphism

—>
Allele 1 FAEICDE[H€]3

Allele 2 FAEIEDC[e]

P

Figure 4-2 Examples of polymorphism in the human genome larger than SNPs. Clockwise from
upper right: The microsatellite locus has three alleles, with four, five, or six copies of a CAA tri-
nucleotide repeat. The inversion polymorphism has two alleles corresponding to the two orienta-
tions (indicated by the arrows) of the genomic segment shown in green; such inversions can involve
regions up to many megabases of DNA. Copy number variants involve deletion or duplication of
hundreds of kilobase pairs to over a megabase of genomic DNA. In the example shown, allele 1
contains a single copy, whereas allele 2 contains three copies of the chromosomal segment contain-
ing the F and G genes; other possible alleles with zero, two, four, or more copies of F and G are
not shown. The mobile element insertion polymorphism has two alleles, one with and one without
insertion of an approximately 6 kb LINE repeated retroelement; the insertion of the mobile element
changes the spacing between the two genes and may alter gene expression in the region.

Unrelated Individuals

Family Members
" Mother Father Child1 Child2 Child 3

Allele length

Figure 4-3 A schematic of a hypothetical microsatellite marker in human DNA. The different-
sized alleles (numbered 1 to 7) correspond to fragments of genomic DNA containing different
numbers of copies of a microsatellite repeat, and their relative lengths are determined by separating
them by gel electrophoresis. The shortest allele (allele 1) migrates toward the bottom of the gel,
whereas the longest allele (allele 7) remains closest to the top. Left, For this multiallelic microsatel-
lite, each of the six unrelated individuals has two different alleles. Right, Within a family, the
inheritance of alleles can be followed from each parent to each of the three children.

relationships (Fig. 4-3). Many tens of thousands of mic-
rosatellite polymorphic loci are known throughout the
human genome.

Microsatellites are a particularly useful group of
indels. Determining the alleles at multiple microsatellite

loci is currently the method of choice for DNA finger-
printing used for identity testing. For example, the
Federal Bureau of Investigation (FBI) in the United
States currently uses the collection of alleles at 13 such
loci for its DNA fingerprinting panel. Two individuals
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(other than monozygotic twins) are so unlikely to have
exactly the same alleles at all 13 loci that the panel will
allow definitive determination of whether two samples
came from the same individual. The information is
stored in the FBI’s Combined DNA Index System
(CODIS), which has grown as of December 2014 to
include over 11,548,700 offender profiles, 1,300,000
arrestee profiles, and 601,600 forensic profiles (material
obtained at crime scenes). Many states and the U.S.
Department of Defense have similar databases of
DNA fingerprints, as do corresponding units in other
countries.

Mobile Element Insertion Polymorphisms

Nearly half of the human genome consists of families of
repetitive elements that are dispersed around the genome
(see Chapter 2). Although most of the copies of these
repeats are stationary, some of them are mobile and
contribute to human genetic diversity through the
process of retrotransposition, a process that involves
transcription into an RNA, reverse transcription into a
DNA sequence, and insertion (i.e., transposition) into
another site in the genome, as we introduced in Chapter
3 in the context of processed pseudogenes. The two
most common mobile element families are the Alu and
LINE families of repeats, and nearly 10,000 mobile
element insertion polymorphisms have been described
in different populations. Each polymorphic locus con-
sists of two alleles, one with and one without the inserted
mobile element (see Fig. 4-2). Mobile element polymor-
phisms are found on all human chromosomes; although
most are found in nongenic regions of the genome, a
small proportion of them are found within genes. At
least 5000 of these polymorphic loci have an insertion
frequency of greater than 10% in various populations.

Copy Number Variants

Another important type of human polymorphism
includes copy number variants (CNVs). CNVs are con-
ceptually related to indels and microsatellites but consist
of variation in the number of copies of larger segments
of the genome, ranging in size from 1000 bp to many
hundreds of kilobase pairs. Variants larger than 500 kb
are found in 5% to 10% of individuals in the general
population, whereas variants encompassing more than
1 Mb are found in 1% to 2%. The largest CNVs are
sometimes found in regions of the genome characterized
by repeated blocks of homologous sequences called seg-
mental duplications (or segdups). Their importance in
mediating duplication and deletion of the corresponding
segments is discussed further in Chapter 6 in the context
of various chromosomal syndromes.

Smaller CNVs in particular may have only two alleles
(i.e., the presence or absence of a segment), similar to
indels in that regard. Larger CNVs tend to have multiple
alleles due to the presence of different numbers of copies

of a segment of DNA in tandem (see Fig. 4-2). In terms
of genome diversity between individuals, the amount of
DNA involved in CNVs vastly exceeds the amount that
differs because of SNPs. The content of any two human
genomes can differ by as much as 50 to 100 Mb because
of copy number differences at CNV loci.

Notably, the variable segment at many CNV loci can
include one to as many as several dozen genes, and thus
CNVs are frequently implicated in traits that involve
altered gene dosage. When a CNV is frequent enough to
be polymorphic, it represents a background of common
variation that must be understood if alterations in copy
number observed in patients are to be interpreted prop-
erly. As with all DNA polymorphism, the significance of
different CNV alleles in health and disease susceptibility
is the subject of intensive investigation.

Inversion Polymorphisms

A final group of polymorphisms to be discussed is inver-
sions, which differ in size from a few base pairs to large
regions of the genome (up to several megabase pairs)
that can be present in either of two orientations in the
genomes of different individuals (see Fig. 4-2). Most
inversions are characterized by regions of sequence
homology at the edges of the inverted segment, implicat-
ing a process of homologous recombination in the origin
of the inversions. In their balanced form, inversions,
regardless of orientation, do not involve a gain or loss
of DNA, and the inversion polymorphisms (with two
alleles corresponding to the two orientations) can
achieve substantial frequencies in the general popula-
tion. However, anomalous recombination can result in
the duplication or deletion of DNA located between the
regions of homology, associated with clinical disorders
that we will explore further in Chapters 5 and 6.

THE ORIGIN AND FREQUENCY OF DIFFERENT
TYPES OF MUTATIONS

Along the spectrum of diversity from rare variants to
more common polymorphisms, the different kinds of
mutations arise in the context of such fundamental pro-
cesses of cell division as DNA replication, DNA repair,
DNA recombination, and chromosome segregation in
mitosis or meiosis. The frequency of mutations per locus
per cell division is a basic measure of how error prone
these processes are, which is of fundamental importance
for genome biology and evolution. However, of greatest
importance to medical geneticists is the frequency of
mutations per disease locus per generation, rather than
the overall mutation rate across the genome per cell
division. Measuring disease-causing mutation rates can
be difficult, however, because many mutations cause
early embryonic lethality before the mutation can be
recognized in a fetus or newborn, or because some
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people with a disease-causing mutation may manifest
the condition only late in life or may never show signs
of the disease. Despite these limitations, we have made
great progress is determining the overall frequency—
sometimes referred to as the genetic load—of all muta-
tions affecting the human species.

The major types of mutation briefly introduced
earlier occur at appreciable frequencies in many differ-
ent cells in the body. In the practice of genetics, we are
principally concerned with inherited genome variation;
however, all such variation had to originate as a new
(de novo) change occurring in germ cells. At that point,
such a variant would be quite rare in the population
(occurring just once), and its ultimate frequency in the
population over time depends on chance and on the
principles of inheritance and population genetics (see
Chapters 7 and 9). Although the original mutation
would have occurred only in the DNA of cells in the
germline, anyone who inherits that mutation would
then carry it as a constitutional mutation in all the cells
of the body.

In contrast, somatic mutations occur throughout the
body but cannot be transmitted to the next generation.
Given the rate of mutation (see later in this section), one
would predict that, in fact, every cell in an individual
has a slightly different version of his or her genome,
depending on the number of cell divisions that have
occurred since conception to the time of sample acquisi-
tion. In highly proliferative tissues, such as intestinal
epithelial cells or hematopoietic cells, such genomic het-
erogeneity is particularly likely to be apparent. However,
most such mutations are not typically detected, because,
in clinical testing, one usually sequences DNA from col-
lections of many millions of cells; in such a collection,
the most prevalent base at any position in the genome
will be the one present at conception, and rare somatic
mutations will be largely invisible and unascertained.
Such mutations can be of clinical importance, however,
in disorders caused by mutation in only a subset of cells
in certain tissues, leading to somatic mosaicism (see
Chapter 7).

The major exception to the expectation that somatic
mutations will be typically undetected within any multi-
cell DNA sample is in cancer, in which the mutational
basis for the origins of cancer and the clonal nature of
tumor evolution drives certain somatic changes to be
present in essentially all the cells of a tumor. Indeed,
1000 to 10,000 somatic mutations (and sometimes
many more) are readily found in the genomes of most
adult cancers, with mutation frequencies and patterns
specific to different cancer types (see Chapter 15).

Chromosome Mutations

Mutations that produce a change in chromosome
number because of chromosome missegregation are
among the most common mutations seen in humans,

with a rate of one mutation per 25 to 50 meiotic cell
divisions. This estimate is clearly a minimal one because
the developmental consequences of many such events
are likely so severe that the resulting fetuses are aborted
spontaneously shortly after conception without being
detected (see Chapters 5 and 6).

Regional Mutations

Mutations affecting the structure or regional organiza-
tion of chromosomes can arise in a number of different
ways. Duplications, deletions, and inversions of a
segment of a single chromosome are predominantly the
result of homologous recombination between DNA seg-
ments with high sequence homology located at more
than one site in a region of a chromosome. Not all
structural mutations are the result of homologous
recombination, however. Others, such as chromosome
translocations and some inversions, can occur at the
sites of spontaneous double-stranded DNA breaks.
Once breakage occurs at two places anywhere in the
genome, the two broken ends can be joined together
even without any obvious homology in the sequence
between the two ends (a process termed nonhomolo-
gous end-joining repair). Examples of such mutations
will be discussed in depth in Chapter 6.

Gene Mutations

Gene or DNA mutations, including base pair substitu-
tions, insertions, and deletions (Fig. 4-4), can originate
by either of two basic mechanisms: errors introduced
during DNA replication or mutations arising from a
failure to properly repair DNA after damage. Many
such mutations are spontaneous, arising during the
normal (but imperfect) processes of DNA replication
and repair, whereas others are induced by physical or
chemical agents called mutagens.

DNA Replication Errors

The process of DNA replication (see Fig. 2-4) is typi-
cally highly accurate; the majority of replication errors
(i.e., inserting a base other than the complementary
base that would restore the base pair at that position in
the double helix) are rapidly removed from the DNA
and corrected by a series of DNA repair enzymes that
first recognize which strand in the newly synthesized
double helix contains the incorrect base and then replace
it with the proper complementary base, a process termed
DNA proofreading. DNA replication needs to be a
remarkably accurate process; otherwise, the burden of
mutation on the organism and the species would be
intolerable. The enzyme DNA polymerase faithfully
duplicates the two strands of the double helix based on
strict base-pairing rules (A pairs with T, C with G) but
introduces one error every 10 million bp. Additional
proofreading then corrects more than 99.9% of these
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Reference
sequence
| T |:| T |:| T T T . T —
C AT, T CACCT,GTACTCA,;
¢ T ABNEITIG ¢ A A TGS T,
Substitution
T T |:| T |:| T T T —— T —
CAT|GCACCT/GTACZCA,;
¢ T AKNENIIG ¢ ACATGS T,
Deletion
| I ™ :I T |:| T |:| T |:| T |:
C A T, :CAC:CTG:TAC:CAG:etC
G TA GTG.GACATGGTTZ C:H
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Insertion ¥
T T |:| T |:| T |:| T |:| T |:
CAT:GTC:ACC:TGT:ACC:etc
G TACAGTGGACATGG:
| | I:I\I I:I | I:I | I:I | I:
O

Figure 4-4 Examples of mutations in a portion of a hypothetical gene with five codons shown
(delimited by the dotted lines). The first base pair of the second codon in the reference sequence
(shaded in blue) is mutated by a base substitution, deletion, or insertion. The base substitution of
a G for the T at this position leads to a codon change (shaded in green) and, assuming that the
upper strand is the sense or coding strand, a predicted nonsynonymous change from a serine to
an alanine in the encoded protein (see genetic code in Table 3-1); all other codons remain
unchanged. Both the single base pair deletion and insertion lead to a frameshift mutation in which
the translational reading frame is altered for all subsequent codons (shaded in green), until a

termination codon is reached.

errors of DNA replication. Thus the overall mutation
rate per base as a result of replication errors is a remark-
ably low 1 x 107" per cell division—fewer than one
mutation per genome per cell division.

Repair of DNA Damage
It is estimated that, in addition to replication errors,
between 10,000 and 1 million nucleotides are damaged
per human cell per day by spontaneous chemical pro-
cesses such as depurination, demethylation, or deamina-
tion; by reaction with chemical mutagens (natural or
otherwise) in the environment; and by exposure to
ultraviolet or ionizing radiation. Some but not all of this
damage is repaired. Even if the damage is recognized
and excised, the repair machinery may create mutations
by introducing incorrect bases. Thus, in contrast to
replication-related DNA changes, which are usually cor-
rected through proofreading mechanisms, nucleotide
changes introduced by DNA damage and repair often
result in permanent mutations.

A particularly common spontaneous mutation is the
substitution of T for C (or A for G on the other strand).

The explanation for this observation comes from con-
sidering the major form of epigenetic modification in
the human genome, DNA methylation, introduced in
Chapter 3. Spontaneous deamination of 5-methylcytosine
to thymidine (compare the structures of cytosine and
thymine in Fig. 2-2) in the CpG doublet gives rise to C
to T or G to A mutations (depending on which strand
the 5-methylcytosine is deaminated). Such spontaneous
mutations may not be recognized by the DNA repair
machinery and thus become established in the genome
after the next round of DNA replication. More than
30% of all single nucleotide substitutions are of this
type, and they occur at a rate 25 times greater than
those of any other single nucleotide mutations. Thus the
CpG doublet represents a true “hot spot” for mutation
in the human genome.

Overall Rate of DNA Mutations

Although the rate of DNA mutations at specific loci has
been estimated using a variety of approaches over the
past 50 years, the overall impact of replication and
repair errors on the occurrence of new mutations
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throughout the genome can now be determined directly
by whole-genome sequencing of trios consisting of a
child and both parents, looking for new mutations in
the child that are not present in the genome sequence
of either parent. The overall rate of new mutations aver-
aged between maternal and paternal gametes is approxi-
mately 1.2 x 10 mutations per base pair per generation.
Thus every person is likely to receive approximately 75
new mutations in his or her genome from one or the
other parent. This rate, however, varies from gene to
gene around the genome and perhaps from population
to population or even individual to individual. Overall,
this rate, combined with considerations of population
growth and dynamics, predicts that there must be an
enormous number of relatively new (and thus very rare)
mutations in the current worldwide population of 7
billion individuals.

As might be predicted, the vast majority of these
mutations will be single nucleotide changes in noncod-
ing portions of the genome and will probably have little
or no functional significance. Nonetheless, at the level
of populations, the potential collective impact of these
new mutations on genes of medical importance should
not be overlooked. In the United States, for example,
with over 4 million live births each year, approximately
6 million new mutations will occur in coding sequences;
thus, even for a single protein-coding gene of average
size, we can anticipate several hundred newborns each
year with a new mutation in the coding sequence of that
gene.

Conceptually similar studies have determined the rate
of mutations in CNVs, where the generation of a new
length variant depends on recombination, rather than
on errors in DNA synthesis to generate a new base pair.
The measured rate of formation of new CNVs (=1.2 X
107 per locus per generation) is orders of magnitude
higher than that of base substitutions.

Rate of Disease-Causing Gene Mutations

The most direct way of estimating the rate of disease-
causing mutations per locus per generation is to measure
the incidence of new cases of a genetic disease that is

not present in either parent and is caused by a single
mutation that causes a condition that is clearly recogniz-
able in all neonates who carry that mutation. Achon-
droplasia, a condition of reduced bone growth leading
to short stature (Case 2), is a condition that meets these
requirements. In one study, seven achondroplastic chil-
dren were born in a series of 242,257 consecutive births.
All seven were born to parents of normal stature, and,
because achondroplasia always manifests when a muta-
tion is present, all were considered to represent new
mutations. The new mutation rate at this locus can be
calculated to be seven new mutations in a total of 2 X
242,257 copies of the relevant gene, or approximately
1.4 x 107 disease-causing mutations per locus per gen-
eration. This high mutation rate is particularly striking
because it has been found that virtually all cases of
achondroplasia are due to the identical mutation, a G
to A mutation that changes a glycine codon to an argi-
nine in the encoded protein.

The rate of gene mutations that cause disease has
been estimated for a number of other disorders in which
the occurrence of a new mutation was determined by
the appearance of a detectable disease (Table 4-3). The
measured rates for these and other disorders vary over
a 1000-fold range, from 10* to 10”7 mutations per locus
per generation. The basis for these differences may be
related to some or all of the following: the size of dif-
ferent genes; the fraction of all mutations in that gene
that will lead to the disease; the age and sex of the
parent in whom the mutation occurred; the mutational
mechanism; and the presence or absence of mutational
hot spots in the gene. Indeed, the high rate of the par-
ticular site-specific mutation in achondroplasia may be
partially explained by the fact that the mutation on the
other strand is a C to T change in a position that under-
goes CpG methylation and is a hot spot for mutation
by deamination, as discussed earlier.

Notwithstanding this range of rates among different
genes, the median gene mutation rate is approximately
1 x 107°. Given that there are at least 5000 genes in the
human genome in which mutations are currently known
to cause a discernible disease or other trait (see Chapter
7), approximately 1 in 200 persons is likely to receive

TABLE 4-3 Estimates of Mutation Rates for Selected Human Disease Genes

Disease Locus (Protein) Mutation Rate*
Achondroplasia (Case 2) FGFR3 (fibroblast growth factor receptor 3) 1.4 x 107
Aniridia PAX6 (Pax6) 2.9-5x10°
Duchenne muscular dystrophy (Case 14) DMD (dystrophin) 3.5-10.5 x 107
Hemophilia A (Case 21) F8 (factor VIII) 3.2-5.7 x 107
Hemophilia B (Case 21) F9 (factor IX) 2-3x10°¢
Neurofibromatosis, type 1 (Case 34) NFI (neurofibromin) 4-10 x 107
Polycystic kidney disease, type 1 (Case 37) PKD1 (polycystin) 6.5-12 x 107
Retinoblastoma (Case 39) RBI (Rb1) 5-12 x 10°°

*Expressed as mutations per locus per generation.

Based on data in Vogel F, Motulsky AG: Human genetics, ed 3, Berlin, 1997, Springer-Verlag.
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a new mutation in a known disease-associated gene
from one or the other parent.

Sex Differences and Age Effects
on Mutation Rates

Because the DNA in sperm has undergone far more
replication cycles than has the DNA in ova (see Chapter
2), there is greater opportunity for errors to occur; one
might predict, then, that many mutations will be more
often paternal rather than maternal in origin. Indeed,
where this has been explored, new mutations respon-
sible for certain conditions (e.g., achondroplasia, as we
just discussed) are usually missense mutations that arise
nearly always in the paternal germline. Furthermore, the
older a man is, the more rounds of replication have
preceded the meiotic divisions, and thus the frequency
of paternal new mutations might be expected to increase
with the age of the father. In fact, correlations of the
increasing age of the father have been observed with the
incidence of gene mutations for a number of disorders
(including achondroplasia) and with the incidence of
regional mutations involving CNVs in autism spectrum
disorders (Case 5). In other diseases, however, the
parent-of-origin and age effects on mutational spectra
are, for unknown reasons, not as striking.

TYPES OF MUTATIONS AND
THEIR CONSEQUENCES

In this section, we consider the nature of different muta-
tions and their effect on the genes involved. Each type
of mutation discussed here is illustrated by one or more
disease examples. Notably, the specific mutation found
in almost all cases of achondroplasia is the exception
rather than the rule, and the mutations that underlie a
single genetic disease are more typically heterogeneous
among a group of affected individuals. Different cases
of a particular disorder will therefore usually be caused
by different underlying mutations (Table 4-4). In Chap-
ters 11 and 12, we will turn to the ways in which muta-
tions in specific disease genes cause these diseases.

Nucleotide Substitutions
Missense Mutations

A single nucleotide substitution (or point mutation) in
a gene sequence, such as that observed in the example
of achondroplasia just described, can alter the code in
a triplet of bases and cause the nonsynonymous replace-
ment of one amino acid by another in the gene product
(see the genetic code in Table 3-1 and the example in
Fig. 4-4). Such mutations are called missense mutations
because they alter the coding (or “sense”) strand of the
gene to specify a different amino acid. Although not all
missense mutations lead to an observable change in the
function of the protein, the resulting protein may fail to

TABLE 4-4 Types of Mutation in Human Genetic Disease

Percentage of
Disease-Causing

Type of Mutation Mutations

Nucleotide Substitutions

e Missense mutations (amino acid 50%
substitutions)

e Nonsense mutations (premature stop 10%
codons)

e RNA processing mutations (destroy 10%
consensus splice sites, cap sites, and
polyadenylation sites or create cryptic
sites)

e Splice-site mutations leading to 10%
frameshift mutations and premature
stop codons

e Long-range regulatory mutations Rare

Deletions and Insertions

e Addition or deletions of a small number 25%
of bases

e Larger gene deletions, inversions, 5%

fusions, and duplications (may be
mediated by DNA sequence homology
either within or between DNA strands)
e Insertion of a LINE or Alu element Rare
(disrupting transcription or interrupting
the coding sequence)
¢ Dynamic mutations (expansion of Rare
trinucleotide or tetranucleotide repeat
sequences)

work properly, may be unstable and rapidly degraded,
or may fail to localize in its proper intracellular position.
In many disorders, such as PB-thalassemia (Case 44),
most of the mutations detected in different patients are
missense mutations (see Chapter 11).

Nonsense Mutations

Point mutations in a DNA sequence that cause the
replacement of the normal codon for an amino acid by
one of the three termination (or “stop”) codons are
called nonsense mutations. Because translation of mes-
senger RNA (mRNA) ceases when a termination codon
is reached (see Chapter 3), a mutation that converts a
coding exon into a termination codon causes translation
to stop partway through the coding sequence of the
mRNA. The consequences of premature termination
mutations are twofold. First, the mRNA carrying a pre-
mature mutation is often targeted for rapid degradation
(through a cellular process known as nonsense-mediated
mRNA decay), and no translation is possible. And
second, even if the mRNA is stable enough to be trans-
lated, the truncated protein is usually so unstable that
it is rapidly degraded within the cell (see Chapter 12 for
examples).

Whereas some point mutations create a premature
termination codon, others may destroy the normal ter-
mination codon and thus permit translation to continue
until another termination codon in the mRNA is reached
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further downstream. Such a mutation will lead to an
abnormal protein product with additional amino acids
at its carboxyl terminus, and may also disrupt regula-
tory functions normally provided by the 3" untranslated
region downstream from the normal stop codon.

Mutations Affecting RNA Transcription,
Processing, and Translation

The normal mechanism by which initial RNA tran-
scripts are made and then converted into mature mRNAs
(or final versions of noncoding RNAs) requires a series
of modifications, including transcription factor binding,
5’ capping, polyadenylation, and splicing (see Chapter
3). All of these steps in RNA maturation depend on
specific sequences within the RNA. In the case of splic-
ing, two general classes of splicing mutations have been
described. For introns to be excised from unprocessed
RNA and the exons spliced together to form a mature
RNA requires particular nucleotide sequences located at
or near the exon-intron (5 donor site) or the intron-
exon (3’ acceptor site) junctions. Mutations that affect
these required bases at either the splice donor or accep-
tor site interfere with (and in some cases abolish) normal
RNA splicing at that site. A second class of splicing
mutations involves base substitutions that do not affect
the donor or acceptor site sequences themselves but
instead create alternative donor or acceptor sites that
compete with the normal sites during RNA processing.
Thus at least a proportion of the mature mRNA or
noncoding RNA in such cases may contain improperly
spliced intron sequences. Examples of both types of
mutation are presented in Chapter 11.

For protein-coding genes, even if the mRNA is made
and is stable, point mutations in the 5" and 3’-untrans-
lated regions can also contribute to disease by changing
mRNA stability or translation efficiency, thereby reduc-
ing the amount of protein product that is made.

Deletions, Insertions, and Rearrangements

Mutations can also be caused by the insertion, deletion,
or rearrangement of DNA sequences. Some deletions
and insertions involve only a few nucleotides and are
generally most easily detected by direct sequencing of
that part of the genome. In other cases, a substantial
segment of a gene or an entire gene is deleted, dupli-
cated, inverted, or translocated to create a novel arrange-
ment of gene sequences. Depending on the exact nature
of the deletion, insertion, or rearrangement, a variety of
different laboratory approaches can be used to detect
the genomic alteration.

Some deletions and insertions affect only a small
number of base pairs. When such a mutation occurs in
a coding sequence and the number of bases involved is
not a multiple of three (i.e., is not an integral number
of codons), the reading frame will be altered beginning
at the point of the insertion or deletion. The resulting

mutations are called frameshift mutations (see Fig. 4-4).
From the point of the insertion or deletion, a different
sequence of codons is thereby generated that encodes
incorrect amino acids followed by a termination codon
in the shifted frame, typically leading to a functionally
altered protein product. In contrast, if the number of
base pairs inserted or deleted is a multiple of three, then
no frameshift occurs and there will be a simple insertion
or deletion of the corresponding amino acids in the
otherwise normally translated gene product. Larger
insertions or deletions, ranging from approximately
100 to more than 1000 bp, are typically referred to as
“indels,” as we saw in the case of polymorphisms earlier.
They can affect multiple exons of a gene and cause
major disruptions of the coding sequence.

One type of insertion mutation involves insertion of
a mobile element, such as those belonging to the LINE
family of repetitive DNA. It is estimated that, in any
individual, approximately 100 copies of a particular
subclass of the LINE family in the genome are capable
of movement by retrotransposition, introduced earlier.
Such movement not only generates genetic diversity
in our species (see Fig. 4-2) but can also cause disease
by insertional mutagenesis. For example, in some
patients with the severe bleeding disorder hemophilia
A (Case 21), LINE sequences several kilobase pairs long
are found to be inserted into an exon in the factor VIII
gene, interrupting the coding sequence and inactivating
the gene. LINE insertions throughout the genome are
also common in colon cancer, reflecting retrotransposi-
tion in somatic cells (see Chapter 15).

As we discussed in the context of polymorphisms
earlier in this chapter, duplications, deletions, and inver-
sions of a larger segment of a single chromosome are
predominantly the result of homologous recombination
between DNA segments with high sequence homology
(Fig. 4-5). Disorders arising as a result of such exchanges
can be due to a change in the dosage of otherwise wild-
type gene products when the homologous segments lie
outside the genes themselves (see Chapter 6). Alter-
natively, such mutations can lead to a change in the
nature of the encoded protein itself when recombination
occurs between different genes within a gene family (see
Chapter 11) or between genes on different chromo-
somes (see Chapter 15). Abnormal pairing and recom-
bination between two similar sequences in opposite
orientation on a single strand of DNA leads to inver-
sion. For example, nearly half of all cases of hemophilia
A are due to recombination that inverts a number of
exons, thereby disrupting gene structure and rendering
the gene incapable of encoding a normal gene product
(see Fig. 4-5).

Dynamic Mutations

The mutations in some disorders involve amplification
of a simple nucleotide repeat sequence. For example,
simple repeats such as (CCG),, (CAG),, or (CCTG),
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located in the coding portion of an exon, in an untrans-
lated region of an exon, or even in an intron may
expand during gametogenesis, in what is referred to as
a dynamic mutation, and interfere with normal gene
expression or protein function. An expanded repeat in
the coding region will generate an abnormal protein
product, whereas repeat expansion in the untranslated
regions or introns of a gene may interfere with tran-
scription, mRNA processing, or translation. How
dynamic mutations occur is not completely understood;
they are conceptually similar to microsatellite polymor-
phisms but expand at a rate much higher than typically
seen for microsatellite loci.

The involvement of simple nucleotide repeat expan-
sions in disease is discussed further in Chapters 7 and
12. In disorders caused by dynamic mutations, marked
parent-of-origin effects are well known and appear
characteristic of the specific disease and/or the particu-
lar simple nucleotide repeat involved (see Chapter 12).
Such differences may be due to fundamental biological
differences between oogenesis and spermatogenesis but
may also result from selection against gametes carrying
certain repeat expansions.

VARIATION IN INDIVIDUAL GENOMES

The most extensive current inventory of the amount and
type of variation to be expected in any given genome
comes from the direct analysis of individual diploid
human genomes. The first of such genome sequences,
that of a male individual, was reported in 2007. Now,
tens of thousands of individual genomes have been
sequenced, some as part of large international research
consortia exploring human genetic diversity in health
and disease, and others in the context of clinical

of gene

sequencing to determine the underlying basis of a dis-
order in particular patients.

What degree of genome variation does one detect in
such studies? Individual human genomes typically carry
5 to 10 million SNPs, of which—depending in part on
the population—as many as a quarter to a third are
novel (see Box). This suggests that the number of SNPs
described for our species is still incomplete, although
presumably the fraction of such novel SNPs will decrease
as more and more genomes from more and more popu-
lations are sequenced.

Within this variation lie variants with known, likely,
or suspected clinical impact. Based on studies to date,
each genome carries 50 to 100 variants that have previ-
ously been implicated in known inherited conditions. In
addition, each genome carries thousands of nonsynony-
mous SNPs in protein-coding genes around the genome,
some of which would be predicted to alter protein func-
tion. Each genome also carries approximately 200 to
300 likely loss-of-function mutations, some of which
are present at both alleles of genes in that individual.
Within the clinical setting, this realization has important
implications for the interpretation of genome sequence
data from patients, particularly when trying to predict
the impact of mutations in genes of currently unknown
function (see Chapter 16).

An interesting and unanticipated aspect of individual
genome sequencing is that the reference human genome
assembly still lacks considerable amounts of undocu-
mented and unannotated DNA that are discovered
in literally every individual genome being sequenced.
These “new” sequences are revealed only as additional
genomes are sequenced. Thus the complete collection of
all human genome sequences to be found in our current
population of 7 billion individuals, estimated to be 20
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to 40 Mb larger than the extant reference assembly, still
remains to be fully elucidated.

As impressive as the current inventory of human
genetic diversity is, it is clear that we are still in a mode
of discovery; no doubt millions of additional SNPs and
other variants remain to be uncovered, as does the
degree to which any of them might affect an individual’s
clinical status in the context of wellness and health care.

VARIATION DETECTED IN A TYPICAL HUMAN GENOME

Individuals vary greatly in a wide range of biological
functions, determined in part by variation among their
genomes. Any individual genome will contain the following:

e =5-10 million SNPs (varies by population)

e 25,000-50,000 rare variants (private mutations or
seen previously in < 0.5% of individuals tested)

e =75 new base pair mutations not detected in parental
genomes

e 3-7 new CNVs involving =500 kb of DNA

e 200,000-500,000 (1-50 bp)
population)

e 500-1000 deletions 1-45 kb, overlapping =200 genes
e =150 in-frame indels

e =200-250 shifts in reading frame

e 10,000-12,000 synonymous SNPs

e 8,000-11,000 nonsynonymous SNPs in 4,000-5,000
genes

indels (varies by

e 175-500 rare nonsynonymous variants

* 1 new nonsynonymous mutation

e =100 premature stop codons

e 40-50 splice site-disrupting variants

e 250-300 genes with likely loss-of-function variants

e =25 genes predicted to be completely inactivated

Clinical Sequencing Studies

In the context of genomic medicine, a key question is
to what extent variation in the sequence and/or expres-
sion of one’s genome influences the likelihood of disease
onset, determines or signals the natural history of
disease, and/or provides clues relevant to the manage-
ment of disease. As just discussed, variation in one’s
constitutional genome can have a number of different
direct or indirect effects on gene function.

Sequencing of entire genomes (so-called whole-
genome sequencing) or of the subset of genomes that
include all of the known coding exons (so-called whole-
exome sequencing) has been introduced in a number of
clinical settings, as will be discussed in greater detail in
Chapter 16. Both whole-exome and whole-genome
sequencing have been used to detect de novo mutations
(both point mutations and CNVs) in a variety of condi-
tions of complex and/or unknown etiology, including, for
example, various neurodevelopmental or neuropsychiatric

conditions, such as autism, schizophrenia, epilepsy, or
intellectual disability and developmental delay.

Clinical sequencing studies can target either germline
or somatic variants. In cancer, especially, various strate-
gies have been used to search for somatic mutations in
tumor tissue to identify genes potentially relevant to
cancer progression (see Chapter 15).

PERSONAL GENOMICS AND THE ROLE OF THE CONSUMER

The increasing ability to sequence individual genomes
is not only enabling research and clinical laboratories,
but also spawning a social and information revolution
among consumers in the context of direct-to-consumer
(DTC) genomics, in which testing of polymorphisms
genome-wide and even sequencing of entire genomes is
offered directly to potential customers, bypassing health
professionals.

It is still largely unclear what degree of genome surveil-
lance will be most useful for routine clinical practice, and
this is likely to evolve rapidly in the case of specific condi-
tions, as our knowledge increases, as professional practice
guidelines are adopted, and as insurance companies react.
Some groups have raised substantial concerns about
privacy and about the need to regulate the industry. At
the same time, however, other individuals are willing to
make genome sequence data (and even medical informa-
tion) available more or less publicly.

Attitudes in this area vary widely among professionals
and the general public alike, depending on whether one
views knowing the sequence of one’s genome to be a
fundamentally medical or personal activity. Critics of
DTC testing and policymakers, in both the health indus-
try and government, focus on issues of clinical utility,
regulatory standards, medical oversight, availability of
genetic counseling, and privacy. Proponents of DTC
testing and even consumers themselves, on the other
hand, focus more on freedom of information, individual
rights, social and personal awareness, public education,
and consumer empowerment.

The availability of individual genome information is
increasingly a commercial commodity and a personal
reality. In that sense, and notwithstanding or minimizing
the significant scientific, ethical, and clinical issues that
lie ahead, it is certain that individual genome sequences
will be an active part of medical practice for today’s
students.

IMPACT OF MUTATION AND
POLYMORPHISM

Although it will be self-evident to students of human
genetics that new deleterious mutations or rare variants
in the population may have clinical consequences, it
may appear less obvious that common polymorphic
variants can be medically relevant. For the proportion
of polymorphic variation that occurs in the genes them-
selves, such loci can be studied by examining variation
in the proteins encoded by the different alleles. It has
long been estimated that any one individual is likely
to carry two distinct alleles determining structurally
differing polypeptides at approximately 20% of all
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protein-coding loci; when individuals from different
geographic or ethnic groups are compared, an even
greater fraction of proteins has been found to exhibit
detectable polymorphism. In addition, even when the
gene product is identical, the levels of expression of that
product may be very different among different individu-
als, determined by a combination of genetic and epigen-
etic variation, as we saw in Chapter 3.

Thus a striking degree of biochemical individuality
exists within the human species in its makeup of enzymes
and other gene products. Furthermore, because the
products of many of the encoded biochemical and regu-
latory pathways interact in functional and physiological
networks, one may plausibly conclude that each indi-
vidual, regardless of his or her state of health, has a
unique, genetically determined chemical makeup and
thus responds in a unique manner to environmental,
dietary, and pharmacological influences. This concept of
chemical individuality, first put forward over a century
ago by Garrod, the remarkably prescient British physi-
cian introduced in Chapter 1, remains true today. The
broad question of what is normal—an essential concept
in human biology and in clinical medicine—remains
very much an open one when it comes to the human
genome.

The following chapters will explore this concept in
detail, first in the context of genome and chromosome
mutations (Chapters 5 and 6) and then in terms of
gene mutations and polymorphisms that determine the
inheritance of genetic disease (Chapter 7) and influence
its likelihood in families and populations (Chapters 8
and 9).
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PROBLEMS

1. Polymorphism can arise from a variety of mechanisms,
with different consequences. Describe and contrast the
types of polymorphism that can have the following
effects:

a. A change in dosage of a gene or genes

b. A change in the sequence of multiple amino acids in
the product of a protein-coding gene

c. A change in the final structure of an RNA produced
from a gene

d. A change in the order of genes in a region of a
chromosome

e. No obvious effect

2. Aniridia is an eye disorder characterized by the complete
or partial absence of the iris and is always present when
a mutation occurs in the responsible gene. In one popula-
tion, 41 children diagnosed with aniridia were born to
parents of normal vision among 4.5 million births during
a period of 40 years. Assuming that these cases were due
to new mutations, what is the estimated mutation rate at

the aniridia locus? On what assumptions is this estimate
based, and why might this estimate be either too high or
too low?

3. Which of the following types of polymorphism would be
most effective for distinguishing two individuals from the
general population: a SNP, a simple indel, or a microsatel-
lite? Explain your reasoning.

4. Consider two cell lineages that differ from one another
by a series of 100 cell divisions. Given the rate of muta-
tion for different types of variation, how different would
the genomes of those lineages be?

5. Compare the likely impact of each of the following on
the overall rate of mutation detected in any given genome:
age of the parents, hot spots of mutation, intrachromo-
somal homologous recombination, genetic variation in
the parental genomes.



CHAPTER )

Principles of Clinical Cytogenetics

Clinical cytogenetics is the study of chromosomes, their
structure, and their inheritance, as applied to the prac-
tice of medicine. It has been apparent for over 50 years
that chromosome abnormalities—microscopically visible
changes in the number or structure of chromosomes—
could account for a number of clinical conditions that
are thus referred to as chromosome disorders. With
their focus on the complete set of genetic material,
cytogeneticists were the first to bring a genome-wide
perspective to the practice of medicine. Today, chro-
mosome analysis—with increasing resolution and preci-
sion at both the cytological and genomic levels—is an
important diagnostic procedure in numerous areas of
clinical medicine. Current genome analyses that use
approaches to be explored in this chapter, including
chromosomal microarrays and whole-genome sequenc-
ing, represent impressive improvements in capacity
and resolution, but ones that are conceptually similar
to microscopic methods focusing on chromosomes
(Fig. 5-1).

Chromosome disorders form a major category of
genetic disease. They account for a large proportion of
all reproductive wastage, congenital malformations,
and intellectual disability and play an important role in
the pathogenesis of cancer. Specific cytogenetic disor-
ders are responsible for hundreds of distinct syndromes
that collectively are more common than all the single-
gene diseases together. Cytogenetic abnormalities are
present in nearly 1% of live births, in approximately
2% of pregnancies in women older than 35 years who
undergo prenatal diagnosis, and in fully half of all spon-
taneous, first-trimester abortions.

The spectrum of analysis from microscopically visible
changes in chromosome number and structure to anom-
alies of genome structure and sequence detectable at the
level of whole-genome sequencing encompasses literally
the entire field of medical genetics (see Fig. 5-1). In this
chapter, we present the general principles of chromo-
some and genome analysis and focus on the chromo-
some mutations and regional mutations introduced in
the previous chapter. We restrict our discussion to
disorders due to genomic imbalance—either for the

and Genome Analysis

hundreds to thousands of genes found on individual
chromosomes or for smaller numbers of genes located
within a particular chromosome region. Application of
these principles to some of the most common and best-
known chromosomal and genomic disorders will then
be presented in Chapter 6.

INTRODUCTION TO CYTOGENETICS AND
GENOME ANALYSIS

The general morphology and organization of human
chromosomes, as well as their molecular and genomic
composition, were introduced in Chapters 2 and 3. To
be examined by chromosome analysis for clinical pur-
poses, cells must be capable of proliferation in culture.
The most accessible cells that meet this requirement are
white blood cells, specifically T lymphocytes. To prepare
a short-term culture that is suitable for cytogenetic anal-
ysis of these cells, a sample of peripheral blood is
obtained, and the white blood cells are collected, placed
in tissue culture medium, and stimulated to divide. After
a few days, the dividing cells are arrested in metaphase
with chemicals that inhibit the mitotic spindle. Cells are
treated with a hypotonic solution to release the chro-
mosomes, which are then fixed, spread on slides, and
stained by one of several techniques, depending on the
particular diagnostic procedure being performed. They
are then ready for analysis.

Although ideal for rapid clinical analysis, cell cultures
prepared from peripheral blood have the disadvantage
of being short-lived (3 to 4 days). Long-term cultures
suitable for permanent storage or further studies can be
derived from a variety of other tissues. Skin biopsy, a
minor surgical procedure, can provide samples of tissue
that in culture produce fibroblasts, which can be used
for a variety of biochemical and molecular studies as
well as for chromosome and genome analysis. White
blood cells can also be transformed in culture to form
lymphoblastoid cell lines that are potentially immortal.
Bone marrow has the advantage of containing a high
proportion of dividing cells, so that little if any culturing

57
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is required; however, it can be obtained only by the
relatively invasive procedure of marrow biopsy. Its
main use is in the diagnosis of suspected hematological
malignancies. Fetal cells derived from amniotic fluid
(amniocytes) or obtained by chorionic villus biopsy can
also be cultured successfully for cytogenetic, genomic,
biochemical, or molecular analysis. Chorionic villus
cells can also be analyzed directly after biopsy, without
the need for culturing. Remarkably, small amounts of
cell-free fetal DNA are found in the maternal plasma
and can be tested by whole-genome sequencing (see
Chapter 17 for further discussion).

Molecular analysis of the genome, including whole-
genome sequencing, can be carried out on any appro-
priate clinical material, provided that good-quality
DNA can be obtained. Cells need not be dividing
for this purpose, and thus it is possible to study DNA
from tissue and tumor samples, for example, as well
as from peripheral blood. Which approach is most
appropriate for a particular diagnostic or research
purpose is a rapidly evolving area as the resolution,
sensitivity, and ease of chromosome and genome analy-
sis increase (see Box).

Chromosome ldentification

The 24 types of chromosome found in the human
genome can be readily identified at the cytological level
by specific staining procedures. The most common of
these, Giemsa banding (G banding), was developed in
the early 1970s and was the first widely used whole-
genome analytical tool for research and clinical diagno-
sis (see Figs. 2-1 and 2-10). It has been the gold standard
for the detection and characterization of structural and
numerical genomic abnormalities in clinical diagnostic
settings for both constitutional (postnatal or prenatal)
and acquired (cancer) disorders.

G-banding and other staining procedures can be used
to describe individual chromosomes and their variants
or abnormalities, using an internationally accepted sys-
tem of chromosome classification. Figure 5-2 is an ideo-
gram of the banding pattern of a set of normal human
chromosomes at metaphase, illustrating the alternating
pattern of light and dark bands used for chromosome
identification. The pattern of bands on each chromo-
some is numbered on each arm from the centromere
to the telomere, as shown in detail in Figure 5-3 for
several chromosomes. The identity of any particular
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CLINICAL INDICATIONS FOR CHROMOSOME
AND GENOME ANALYSIS

Chromosome analysis is indicated as a routine diagnostic
procedure for a number of specific conditions encountered
in clinical medicine. Some general clinical situations indi-
cate a need for cytogenetic and genome analysis:

o Problems of early growth and development. Failure to
thrive, developmental delay, dysmorphic facies, mul-
tiple malformations, short stature, ambiguous genita-
lia, and intellectual disability are frequent findings in
children with chromosome abnormalities. Unless there
is a definite nonchromosomal diagnosis, chromosome
and genome analysis should be performed for patients
presenting with any combination of such problems.

o Stillbirth and mneonatal death. The incidence of
chromosome abnormalities is much higher among
stillbirths (up to approximately 10%) than among
live births (approximately 0.7%). It is also elevated
among infants who die in the neonatal period
(approximately 10%). Chromosome analysis should
be performed for all stillbirths and neonatal deaths
that that do not have a clear basis to rule out a
chromosome abnormality. In such cases, karyotyping
(or other comprehensive ways of scanning the
genome) is essential for accurate genetic counseling.
These analyses may provide important information
for prenatal diagnosis in future pregnancies.

e Fertility problems. Chromosome studies are indicated
for women presenting with amenorrhea and for
couples with a history of infertility or recurrent mis-
carriage. A chromosome abnormality is seen in one or
the other parent in 3% to 6% of cases in which there
is infertility or two or more miscarriages.

o Family history. A known or suspected chromosome or
genome abnormality in a first-degree relative is an
indication for chromosome and genome analysis.

e Neoplasia. Virtually all cancers are associated with
one or more chromosome abnormalities (see Chapter
15). Chromosome and genome evaluation in the
tumor itself, or in bone marrow in the case of hema-
tological malignant neoplasms, can offer diagnostic or
prognostic information.

e Pregnancy. There is a higher risk for chromosome
abnormality in fetuses conceived by women of
increased age, typically defined as older than 35 years
(see Chapter 17). Fetal chromosome and genome anal-
ysis should be offered as a routine part of prenatal care
in such pregnancies. As a screening approach for the
most common chromosome disorders, noninvasive
prenatal testing using whole-genome sequencing is
now available to pregnant women of all ages.

band (and thus the DNA sequences and genes within it)
can be described precisely and unambiguously by use
of this regionally based and hierarchical numbering
system.

Human chromosomes are often classified into three
types that can be easily distinguished at metaphase by
the position of the centromere, the primary constriction
visible at metaphase (see Fig. 5-2): metacentric chro-
mosomes, with a more or less central centromere and
arms of approximately equal length; submetacentric

chromosomes, with an off-center centromere and arms
of clearly different lengths; and acrocentric chromo-
somes, with the centromere near one end. A potential
fourth type of chromosome, telocentric, with the cen-
tromere at one end and only a single arm, does not
occur in the normal human karyotype, but it is occa-
sionally observed in chromosome rearrangements. The
human acrocentric chromosomes (chromosomes 13, 14,
15, 21, and 22) have small, distinctive masses of chro-
matin known as satellites attached to their short arms
by narrow stalks (called secondary constrictions). The
stalks of these five chromosome pairs contain hundreds
of copies of genes for ribosomal RNA (the major com-
ponent of ribosomes; see Chapter 3) as well as a variety
of repetitive sequences.

In addition to changes in banding pattern, nonstain-
ing gaps—called fragile sites—are occasionally observed
at particular sites on several chromosomes that are
prone to regional genomic instability. Over 80 common
fragile sites are known, many of which are heritable
variants. A small proportion of fragile sites are associ-
ated with specific clinical disorders; the fragile site
most clearly shown to be clinically significant is seen
near the end of the long arm of the X chromosome
in males with a specific and common form of X-linked
intellectual disability, fragile X syndrome (Case 17),
as well as in some female carriers of the same genetic
defect.

High-Resolution Chromosome Analysis

The standard G-banded karyotype at a 400- to 550-
band stage of resolution, as seen in a typical metaphase
preparation, allows detection of deletions and duplica-
tions of greater than approximately 5 to 10 Mb any-
where in the genome (see Fig. 5-1). However, the
sensitivity of G-banding at this resolution may be lower
in regions of the genome in which the banding patterns
are less specific.

To increase the sensitivity of chromosome analysis,
high-resolution banding (also called prometaphase
banding) can be achieved by staining chromosomes that
have been obtained at an early stage of mitosis (pro-
phase or prometaphase), when they are still in a rela-
tively uncondensed state (see Chapter 2). High-resolution
banding is especially useful when a subtle structural
abnormality of a chromosome is suspected. Staining of
prometaphase chromosomes can reveal up to 850 bands
or even more in a haploid set, although this method is
frequently replaced now by microarray analysis (see
later). A comparison of the banding patterns at three
different stages of resolution is shown for one chromo-
some in Figure 5-4, demonstrating the increase in diag-
nostic precision that one obtains with these longer
chromosomes. Development of high-resolution chromo-
some analysis in the early 1980s allowed the discovery
of a number of new so-called microdeletion syndromes



60 THOMPSON & THOMPSON GENETICS IN MEDICINE

1
36.2
35 2
34.2 26 3
33 24
24
31 22 22
p 4 5 24
16 22
15.2
14
21 b 14 123 14 212
22 T _12_ : _13 _13 5 _12
12
12 12 13.1 13 12 14
14.1 13.3
2 143 22 14 16
22 24
22
q 24 24 26 a1 22
31 24 26.1 28 23
26.3 31.2 24
32 28 32 32 26
4 34 34 34
43 36

©
[

31
31

33

16
17
14 15 132 18
= @ 12 12 113 132 12
_ _ _ __m_ _ __d_ _ _§J_ 1289 _ _ _ _ _
12 11.2 12
13 12 14 12 12 15 12 21 12
21 ’ 13.2 12
21 21 22 22 13.4 21
21 23
q 23 23 24

7 11
8 9 10
21 12
22 23 14 14
14 21
12 12
1 12 12 12
12 12 12 12
21
21.1 21 14
. 21.3 4
: ”s - 21
sl 23 z; 23
25 24
33 24.2
= 24.2
X
22.2
19 20
22 21

@ 113 Y
— 11.3

T11.22f

[

=
N

23
25
27

Figure 5-2 Ideogram showing G-banding patterns for human chromosomes at metaphase, with
approximately 400 bands per haploid karyotype. As drawn, chromosomes are typically represented
with the sister chromatids so closely aligned that they are not recognized as distinct entities. Cen-
tromeres are indicated by the primary constriction and narrow dark gray regions separating the p
and q arms. For convenience and clarity, only the G-dark bands are numbered. For examples of
full numbering scheme, see Figure 5-3. See Sources & Acknowledgments.

caused by smaller genomic deletions or duplications in
the 2- to 3-Mb size range (see Fig. 5-1). However, the
time-consuming and technically difficult nature of this
method precludes its routine use for whole-genome
analysis.

Fluorescence In Situ Hybridization

Targeted high-resolution chromosome banding was
largely replaced in the early 1990s by fluorescence in
situ hybridization (FISH), a method for detecting the
presence or absence of a particular DNA sequence or
for evaluating the number or organization of a chromo-
some or chromosomal region in situ (literally, “in place”)
in the cell. This convergence of genomic and cytoge-
netic approaches—variously termed molecular cytoge-
netics, cytogenomics, or chromonomics—dramatically

expanded both the scope and precision of chromosome

analysis in routine clinical practice.

FISH technology takes advantage of the availability
of ordered collections of recombinant DNA clones con-
taining DNA from around the entire genome, generated
originally as part of the Human Genome Project. Clones
containing specific human DNA sequences can be used
as probes to detect the corresponding region of the
genome in chromosome preparations or in interphase
nuclei for a variety of research and diagnostic purposes,
as illustrated in Figure 5-5:

* DNA probes specific for individual chromosomes,
chromosomal regions, or genes can be labeled with
different fluorochromes and used to identify particu-
lar chromosomal rearrangements or to rapidly diag-
nose the existence of an abnormal chromosome
number in clinical material.
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band, for example, chromosome 5p15.2 or chromosome 7q21.2.
See Sources & Acknowledgments.
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Figure 5-4 The X chromosome: ideograms and photomicro-
graphs at metaphase, prometaphase, and prophase (left to right).
See Sources & Acknowledgments.
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* Repetitive DNA probes allow detection of satellite
DNA or other repeated DNA elements localized to
specific chromosomal regions. Satellite DNA probes,
especially those belonging to the o-satellite family of
centromere repeats (see Chapter 2), are widely used
for determining the number of copies of a particular
chromosome.

Although FISH technology provides much higher
resolution and specificity than G-banded chromosome
analysis, it does not allow for efficient analysis of the
entire genome, and thus its use is limited by the need to

Metaphase

Interphase

Locus-specific
probes

Satellite DNA
probes

Figure 5-5 Fluorescence in situ hybridization to human chro-
mosomes at metaphase and interphase, with different types of
DNA probe. Top, Single-copy DNA probes specific for sequences
within bands 4q12 (red fluorescence) and 4q31.1 (green fluores-
cence). Bottom, Repetitive o-satellite DNA probes specific for the
centromeres of chromosomes 18 (aqua), X (green), and Y (red).
See Sources & Acknowledgments.

target a specific genomic region based on a clinical
diagnosis or suspicion.

Genome Analysis Using Microarrays

Although the G-banded karyotype remains the front-
line diagnostic test for most clinical applications, it has
been complemented or even replaced by genome-wide
approaches for detecting copy number imbalances at
higher resolution (see Fig. 5-1), extending the concept
of targeted FISH analysis to test the entire genome.
Instead of examining cells and chromosomes in situ one
probe at a time, chromosomal microarray techniques
simultaneously query the whole genome represented as
an ordered array of genomic segments on a microscope
slide containing overlapping or regularly spaced DNA
segments that represent the entire genome. In one
approach based on comparative genome hybridization
(CGH), one detects relative copy number gains and
losses in a genome-wide manner by hybridizing two
samples—one a control genome and one from a
patient—to such microarrays. An excess of sequences
from one or the other genome indicates an overrepre-
sentation or underrepresentation of those sequences in
the patient genome relative to the control (Fig. 5-6). An
alternative approach uses “single nucleotide polymor-
phism (SNP) arrays” that contain versions of sequences
corresponding to the two alleles of various SNPs around
the genome (as introduced in Chapter 4). In this case,
the relative representation and intensity of alleles in dif-
ferent regions of the genome indicate if a chromosome
or chromosomal region is present at the appropriate
dosage (see Fig. 5-6).
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Figure 5-6 Chromosomal microarray to detect chromosome and genomic dosage. A, Schematic
of an array assay based on comparative genome hybridization (CGH), where a patient’s genome
(denoted in green) is cohybridized to the array with a control reference genome (denoted in red).
The probes are mixed and allowed to hybridize to their complementary sequences on the array.
Relative intensities of hybridization of the two probes are measured, indicating equivalent dosage
between the two genomes (yellow) or a relative gain (green) or loss (red) in the patient sample.
B, A typical output plots the logarithm of the fluorescence ratios as a function of the position
along the genome. C, Array CGH result for a patient with Rett syndrome (Case 40), indicating
a duplication of approximately 800 kb in band Xq28 containing the MECP2 gene. LogR of fluo-
rescence ratios are plotted along the length of the X chromosome. Each dot represents the ratio
for an individual sequence on the array. Sequences corresponding to the MECP2 gene and its sur-
rounding region are duplicated in the patient’s genome, leading to an increased ratio, indicated
by the green arrow and shaded box in that region of the chromosome. See Sources &

Acknowledgments.

For routine clinical testing of suspected chromosome
disorders, probe spacing on the array provides a resolu-
tion as high as 250 kb over the entire unique portion of
the human genome. A higher density of probes can be
used to achieve even higher resolution (<25-50 kb) over
regions of particular clinical interest, such as those asso-
ciated with known developmental disorders or con-
genital anomalies (see Fig. 5-6; for other examples, see
Chapter 6). This approach, which is being used in an
increasing number of clinical laboratories, complements
conventional karyotyping and provides a much more
sensitive, high-resolution assessment of the genome.
Microarrays have been used successfully to identify
chromosome and genome abnormalities in children
with unexplained developmental delay, intellectual dis-
ability, or birth defects, revealing a number of patho-
genic genomic alterations that were not detectable by

conventional G banding. Based on this significantly
increased yield, genome-wide arrays are replacing the
G-banded karyotype as the routine frontline test for
certain patient populations.

Two important limitations of this technology bear
mentioning, however. First, array-based methods mea-
sure only the relative copy number of DNA sequences
but not whether they have been translocated or re-
arranged from their normal position(s) in the genome.
Thus confirmation of suspected chromosome or genome
abnormalities by karyotyping or FISH is important to
determine the nature of an abnormality and thus its risk
for recurrence, either for the individual or for other
family members. And second, high-resolution genome
analysis can reveal variants, in particular small differ-
ences in copy number, that are of uncertain clinical
significance. An increasing number of such variants are
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being documented and catalogued even within the
general population. As we saw in Chapter 4, many are
likely to be benign copy number variants. Their exis-
tence underscores the unique nature of each individual’s
genome and emphasizes the diagnostic challenge of as-
sessing what is considered a “normal” karyotype and
what is likely to be pathogenic.

Genome Analysis by Whole-Genome Sequencing

At the extreme end but on the same spectrum as cyto-
genetic analysis and microarray analysis, the ultimate
resolution for clinical tests to detect chromosomal and
genomic disorders would be to sequence patient genomes
in their entirety. Indeed, as the efficiency of whole-
genome sequencing has increased and its costs have
fallen, it is becoming increasingly practical to consider
sequencing patient samples in a clinical setting (see Fig.
5-1).

The principles underlying such an approach are
straightforward, because the number and composition
of any particular segment of an individual’s genome will
be reflected in the DNA sequences generated from that
genome. Although the sequences routinely obtained with
today’s technology are generally short (approximately
50 to 500 bp) compared to the size of a chromosome

Reference sequence of )
individual chromosomes

Sequence reads:
Patient with duplication

A

Reference sequence of

or even a single gene, a genome with an abnormally low
or high representation of those sequences from a par-
ticular chromosome or segment of a chromosome is
likely to have a numerical or structural abnormality of
that chromosome. To detect numerical abnormalities of
an entire chromosome, it is generally not necessary to
sequence a genome to completion; even a limited number
of sequences that align to a particular chromosome of
interest should reveal whether those sequences are found
in the expected number (e.g., equivalent to two copies
per diploid genome for an autosome) or whether they
are significantly overrepresented or underrepresented
(Fig. 5-7). This concept is now being applied to the
prenatal diagnosis of fetal chromosome imbalance (see
Chapter 17).

To detect balanced rearrangements of the genome,
however, in which no DNA in the genome is either
gained or lost, a more complete genome sequence is
required. Here, instead of sequences that align perfectly
to the reference human genome sequence, one finds rare
sequences that align to two different and normally non-
contiguous regions in the reference sequence (whether
on the same chromosome or on different chromosomes)
(see Fig. 5-7). This approach has been used to identify
the specific genes involved in some cancers, and in chil-
dren with various congenital defects due to transloca-
tions, involving the juxtaposition of sequences that are

equences overrepresented

in patient genome

individual chromosomes

Vo o =

Sequence reads:
Patient with translocation

1
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Figure 5-7 Strategies for detection of numerical and structural chromosome abnormalities by
whole-genome sequence analysis. Although only a small number of reads are illustrated schemati-
cally here, in practice many millions of sequence reads are analyzed and aligned to the reference
genome to obtain statistically significant support for a diagnosis of aneuploidy or a structural
chromosome abnormality. A, Alignment of sequence reads from a patient’s genome to the reference
sequence of three individual chromosomes. Overrepresentation of sequences from the red chromo-
some indicates that the patient is aneuploid for this chromosome. B, Alignment of sequence reads
from a patient’s genome to the reference sequence of two chromosomes reveals a number of reads
that contain contiguous sequences from both chromosomes. This indicates a translocation in the
patient’s genome involving the blue and orange chromosomes at the positions designated by the

dotted lines.
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normally located on different chromosomes (see Chap-
ters 6 and 15).

CHROMOSOME ABNORMALITIES

Abnormalities of chromosomes may be either numerical
or structural and may involve one or more autosomes,
sex chromosomes, or both simultaneously. The overall
incidence of chromosome abnormalities is approxi-
mately 1 in 154 live births (Fig. 5-8), and their impact
is therefore substantial, both in clinical medicine and for
society. By far the most common type of clinically sig-
nificant chromosome abnormality is aneuploidy, an
abnormal chromosome number due to an extra or
missing chromosome. An aneuploid karyotype is always
associated with physical or mental abnormalities or
both. Structural abnormalities (rearrangements involv-
ing one or more chromosomes) are also relatively
common (see Fig. 5-8). Depending on whether or not a
structural rearrangement leads to an imbalance of
genomic content, these may or may not have a pheno-
typic effect. However, as explained later in this chapter,
even balanced chromosome abnormalities may be at an
increased risk for abnormal offspring in the subsequent
generation.

Chromosome abnormalities are described by a stan-
dard set of abbreviations and nomenclature that indicate

the nature of the abnormality and (in the case of analy-
ses performed by FISH or microarrays) the technology
used. Some of the more common abbreviations and
examples of abnormal karyotypes and abnormalities are
listed in Table 5-1.

1.0
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0.251

Incidence among newborns (%)

Structural

Aneuploidy abnormalities

Figure 5-8 Incidence of chromosome abnormalities in newborn
surveys, based on chromosome analysis of over 68,000 newborns.
See Sources & Acknowledgments.

TABLE 5-1 Some Abbreviations Used for Description of Chromosomes and Their Abnormalities, with Representative Examples

Abbreviation Meaning Example Condition
46,XX Normal female karyotype
46,XY Normal male karyotype

cen Centromere

del Deletion 46,XX,del(5)(q13) Female with terminal deletion of one chromosome 5
distal to band 5q13

der Derivative chromosome der(1) Translocation chromosome derived from chromosome
1 and containing the centromere of chromosome 1

dic Dicentric chromosome dic(X5Y) Translocation chromosome containing the
centromeres of both the X and Y chromosomes

dup Duplication

inv Inversion inv(3)(p25q21) Pericentric inversion of chromosome 3

mar Marker chromosome 47,XX,+mar Female with an extra, unidentified chromosome

mat Maternal origin 47,XY,+der(1)mat Male with an extra der(1) chromosome inherited from
his mother

p Short arm of chromosome

pat Paternal origin

q Long arm of chromosome

r Ring chromosome 46,X,r(X) Female with ring X chromosome

rob Robertsonian translocation rob(14;21)(q10;q10) Breakage and reunion have occurred at band 14q10
and band 21q10 in the centromeric regions of
chromosomes 14 and 21

t Translocation 46,XX,t(2;8)(q22;p21) Female with balanced translocation between
chromosomes 2 and 8, with breaks in bands 2q22
and 8p21

+ Gain of 47,XX,+21 Female with trisomy 21

- Loss of 45,XY,-22 Male with monosomy 22

/ Mosaicism 46,XX/47 XX, +21 Female with two populations of cells, one with a

normal karyotype and one with trisomy 21

Abbreviations from Shaffer LG, McGowan-Jordan J, Schmid M, editors: ISCN 2013: an international system for human cytogenetic nomenclature, Basel, 2013,

Karger.
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Gene Dosage, Balance and Imbalance

For chromosome and genomic disorders, it is the quan-
titative aspects of gene expression that underlie disease,
in contrast to single-gene disorders, in which pathogen-
esis often reflects qualitative aspects of a gene’s function.
The clinical consequences of any particular chromo-
some abnormality will depend on the resulting imbal-
ance of parts of the genome, the specific genes contained
in or affected by the abnormality, and the likelihood of
its transmission to the next generation.

The central concept for thinking about chromosome
and genomic disorders is that of gene dosage and its
balance or imbalance. As we shall see in later chapters,
this same concept applies generally to considering some
single-gene disorders and their underlying mutational
basis (see Chapters 7, 11, and 12); however, it takes on
uniform importance for chromosome abnormalities,
where we are generally more concerned with the dosage
of genes within the relevant chromosomal region than
with the actual normal or abnormal sequence of those
genes. Here, the sequence of the genes is typically
quite unremarkable and would not lead to any clinical
condition except for the fact that their dosage is
incorrect.

Most genes in the human genome are present in two
doses and are expressed from both copies. Some genes,
however, are expressed from only a single copy (e.g.,
imprinted genes and X-linked genes subject to X inac-
tivation; see Chapter 3). Extensive analysis of clinical
cases has demonstrated that the relative dosage of these
genes is critical for normal development. One or three
doses instead of two is generally not conducive to
normal function for a gene or set of genes that are typi-
cally expressed from two copies. Similarly, abnormali-
ties of genomic imprinting or X inactivation that cause
the anomalous expression of two copies of a gene or
set of genes instead of one invariably lead to clinical
disorders.

Predicting clinical outcomes for chromosomal and
genomic disorders can be an enormous challenge for
genetic counseling, particularly in the prenatal setting.
Many such diagnostic dilemmas will be presented
throughout this section and in Chapters 6 and 17, but
there are a number of general principles that should
be kept in mind as we explore specific types of chro-
mosome abnormality in the sections that follow
(see Box).

Abnormalities of Chromosome Number

A chromosome complement with any chromosome
number other than 46 is said to be heteroploid. An exact
multiple of the haploid chromosome number (n) is
called euploid, and any other chromosome number is
aneuploid.

UNBALANCED KARYOTYPES AND GENOMES IN
LIVEBORNS: GENERAL GUIDELINES FOR COUNSELING

® Monosomies are more deleterious than trisomies.
Complete monosomies are generally not viable, except
for monosomy for the X chromosome. Complete tri-
somies are viable for chromosomes 13, 18, 21, X,
and Y.

e The phenotype in partial aneuploidy depends on a
number of factors, including the size of the unbalanced
segment, which regions of the genome are affected and
which genes are involved, and whether the imbalance
1S monosomic or trisomic.

o Risk in cases of inversions depends on the location of
the inversion with respect to the centromere and on
the size of the inverted segment. For inversions that
do not involve the centromere (paracentric inversions),
there is a very low risk for an abnormal phenotype in
the next generation. But, for inversions that do involve
the centromere (pericentric inversions), the risk for
birth defects in offspring may be significant and
increases with the size of the inverted segment.

e For a mosaic karyotype involving any chromosome
abnormality, all bets are off! Counseling is particu-
larly challenging because the degree of mosaicism in
relevant tissues or relevant stages of development is
generally unknown. Thus there is uncertainty about
the severity of the phenotype.

Triploidy and Tetraploidy

In addition to the diploid (2n) number characteristic of
normal somatic cells, two other euploid chromosome
complements, triploid (3n) and tetraploid (4n), are
occasionally observed in clinical material. Both triploidy
and tetraploidy have been seen in fetuses. Triploidy is
observed in 1% to 3% of recognized conceptions; trip-
loid infants can be liveborn, although they do not
survive long. Among the few that survive at least to the
end of the first trimester of pregnancy, most result from
fertilization of an egg by two sperm (dispermy). Other
cases result from failure of one of the meiotic divisions
in either sex, resulting in a diploid egg or sperm. The
phenotypic manifestation of a triploid karyotype
depends on the source of the extra chromosome set;
triploids with an extra set of maternal chromosomes are
typically aborted spontaneously early in pregnancy,
whereas those with an extra set of paternal chromo-
somes typically have an abnormal degenerative placenta
(resulting in a so-called partial hydatidiform mole), with
a small fetus. Tetraploids are always 92,XXXX or
92,XXYY and likely result from failure of completion
of an early cleavage division of the zygote.

Aneuploidy

Aneuploidy is the most common and clinically signifi-
cant type of human chromosome disorder, occurring in
at least 5% of all clinically recognized pregnancies.
Most aneuploid patients have either trisomy (three



66 THOMPSON & THOMPSON GENETICS IN MEDICINE

instead of the normal pair of a particular chromosome)
or, less often, monosomy (only one representative of a
particular chromosome). Either trisomy or monosomy
can have severe phenotypic consequences.

Trisomy can exist for any part of the genome, but
trisomy for a whole chromosome is only occasionally
compatible with life. By far the most common type of
trisomy in liveborn infants is trisomy 21, the chromo-
some constitution seen in 95% of patients with Down
syndrome (karyotype 47,XX,+21 or 47,XY,+21) (Fig.
5-9). Other trisomies observed in liveborns include
trisomy 18 and trisomy 13. It is notable that these auto-
somes (13, 18, and 21) are the three with the lowest
number of genes located on them (see Fig. 2-7); presum-
ably, trisomy for autosomes with a greater number of
genes is lethal in most instances. Monosomy for an
entire chromosome is almost always lethal; an impor-
tant exception is monosomy for the X chromosome, as
seen in Turner syndrome (Case 47). These conditions
are considered in greater detail in Chapter 6.

Although the causes of aneuploidy are not fully
understood, the most common chromosomal mecha-
nism is meiotic nondisjunction. This refers to the failure
of a pair of chromosomes to disjoin properly during one
of the two meiotic divisions, usually during meiosis L.
The genomic consequences of nondisjunction during
meiosis I and meiosis II are different (Fig. 5-10). If the
error occurs during meiosis I, the gamete with 24 chro-
mosomes contains both the paternal and the maternal
members of the pair. If it occurs during meiosis II, the
gamete with the extra chromosome contains both copies
of either the paternal or the maternal chromosome.
(Strictly speaking, these statements refer only to the
paternal or maternal centromere, because recombina-
tion between homologous chromosomes has usually
taken place in the preceding meiosis I, resulting in some
genetic differences between the chromatids and thus
between the corresponding daughter chromosomes; see
Chapter 2.)

Proper disjunction of a pair of homologous chromo-
somes in meiosis I appears relatively straightforward
(see Fig. 5-10). In reality, however, it involves a feat of
complex engineering that requires precise temporal and
spatial control over alignment of the two homologues,
their tight connections to each other (synapsis), their
interactions with the meiotic spindle, and, finally, their
release and subsequent movement to opposite poles and
to different daughter cells. The propensity of a chromo-
some pair to nondisjoin has been strongly associated
with aberrations in the frequency or placement, or both,
of recombination events in meiosis I, which are critical
for maintaining proper synapsis. A chromosome pair
with too few (or even no) recombinations, or with
recombination too close to the centromere or telomere,
may be more susceptible to nondisjunction than a chro-
mosome pair with a more typical number and distribu-
tion of recombination events.

In some cases, aneuploidy can also result from pre-
mature separation of sister chromatids in meiosis I
instead of meiosis II. If this happens, the separated
chromatids may by chance segregate to the oocyte or to
the polar body, leading to an unbalanced gamete.

Nondisjunction can also occur in a mitotic division
after formation of the zygote. If this happens at an early
cleavage division, clinically significant mosaicism may
result (see later section). In some malignant cell lines
and some cell cultures, mitotic nondisjunction can lead
to highly abnormal karyotypes.

Abnormalities of Chromosome Structure

Structural rearrangements result from chromosome
breakage, recombination, or exchange, followed by
reconstitution in an abnormal combination. Whereas
rearrangements can take place in many ways, they are
together less common than aneuploidy; overall, struc-
tural abnormalities are present in approximately 1 in
375 newborns (see Fig. 5-8). Like numerical abnormali-
ties, structural rearrangements may be present in all cells
of a person or in mosaic form.

Structural rearrangements are classified as balanced,
if the genome has the normal complement of chromo-
somal material, or unbalanced, if there is additional or
missing material. Clearly these designations depend on
the resolution of the method(s) used to analyze a par-
ticular rearrangement (see Fig. 5-1); some that appear
balanced at the level of high-resolution banding, for
example, may be unbalanced when studied with chro-
mosomal microarrays or by DNA sequence analysis.
Some rearrangements are stable, capable of passing
through mitotic and meiotic cell divisions unaltered,
whereas others are unstable. Some of the more com-
mon types of structural rearrangements observed in
human chromosomes are illustrated schematically in
Figure 5-11.

Unbalanced Rearrangements

Unbalanced rearrangements are detected in approxi-
mately 1in 1600 live births (see Fig. 5-8); the phenotype
is likely to be abnormal because of deletion or duplica-
tion of multiple genes, or (in some cases) both. Duplica-
tion of part of a chromosome leads to partial trisomy
for the genes within that segment; deletion leads to
partial monosomy. As a general concept, any change
that disturbs normal gene dosage balance can result in
abnormal development; a broad range of phenotypes
can result, depending on the nature of the specific genes
whose dosage is altered in a particular case.

Large structural rearrangements involving imbalance
of at least a few megabases can be detected at the level
of routine chromosome banding, including high-
resolution karyotyping. Detection of smaller changes,
however, generally requires higher resolution analysis,
involving FISH or chromosomal microarray analysis.
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Figure 5-9 Chromosomal and genomic approaches to the diagnosis of trisomy 21. A, Karyotype
from a male patient with Down syndrome, showing three copies of chromosome 21. B, Interphase
fluorescence in situ hybridization analysis using locus-specific probes from chromosome 21 (red,
three spots) and from a control autosome (green, two spots). C, Detection of trisomy 21 in a
female patient by whole-genome chromosomal microarray. Increase in the fluorescence ratio for
sequences from chromosome 21 are indicated by the red arrow. D, Detection of trisomy 21 by
whole-genome sequencing and overrepresentation of sequences from chromosome 21. Normalized
sequence representation for individual chromosomes (+ SD) in chromosomally normal samples is
indicated by the gray shaded region. A normalized ratio of approximately 1.5 indicates three
copies of chromosome 21 sequences instead of two, consistent with trisomy 21. See Sources &
Acknowledgments.
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Figure 5-10 The different consequences of nondisjunction at meiosis 1 (center) and meiosis II
(right), compared with normal disjunction (left). If the error occurs at meiosis I, the gametes either
contain a representative of both members of the chromosome 21 pair or lack a chromosome 21

altogether. If nondisjunction occurs at meiosis II, the abnormal gametes contain two copies of one
parental chromosome 21 (and no copy of the other) or lack a chromosome 21.
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Figure 5-11 Structural rearrangements of chromosomes, described in the text. A, Terminal and
interstitial deletions, each generating an acentric fragment that is typically lost. B, Duplication of
a chromosomal segment, leading to partial trisomy. C, Ring chromosome with two acentric frag-
ments. D, Generation of an isochromosome for the long arm of a chromosome. E, Robertsonian
translocation between two acrocentric chromosomes, frequently leading to a pseudodicentric
chromosome. Robertsonian translocations are nonreciprocal, and the short arms of the acrocen-
trics are lost. F, Translocation between two chromosomes, with reciprocal exchange of the trans-
located segments.
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Deletions and Duplications. Deletions involve loss of
a chromosome segment, resulting in chromosome imbal-
ance (see Fig. 5-11). A carrier of a chromosomal dele-
tion (with one normal homologue and one deleted
homologue) is monosomic for the genetic information
on the corresponding segment of the normal homo-
logue. The clinical consequences generally reflect haplo-
insufficiency (literally, the inability of a single copy of
the genetic material to carry out the functions normally
performed by two copies), and, where examined, their
severity reflects the size of the deleted segment and the
number and function of the specific genes that are
deleted. Cytogenetically visible autosomal deletions
have an incidence of approximately 1 in 7000 live
births. Smaller, submicroscopic deletions detected by
microarray analysis are much more common, but as
mentioned earlier, the clinical significance of many such
variants has yet to be fully determined.

A deletion may occur at the end of a chromosome
(terminal) or along a chromosome arm (interstitial).
Deletions may originate simply by chromosome break-
age and loss of the acentric segment. Numerous dele-
tions have been identified in the course of prenatal
diagnosis or in the investigation of dysmorphic patients
or patients with intellectual disability; specific examples
of such cases will be discussed in Chapter 6.

In general, duplication appears to be less harmful
than deletion. However, because duplication in a gamete
results in chromosomal imbalance (i.e., partial trisomy),
and because the chromosome breaks that generate it
may disrupt genes, duplication often leads to some phe-
notypic abnormality.

Marker and Ring Chromosomes. Very small, unidenti-
fied chromosomes, called marker chromosomes, are
occasionally seen in chromosome preparations, fre-
quently in a mosaic state. They are usually in addition
to the normal chromosome complement and are thus
also referred to as supernumerary chromosomes or
extra structurally abnormal chromosomes. The prenatal
frequency of de novo supernumerary marker chromo-
somes has been estimated to be approximately 1 in
2500. Because of their small and indistinctive size,
higher resolution genome analysis is usually required
for precise identification.

Larger marker chromosomes contain genomic mate-
rial from one or both chromosome arms, creating an
imbalance for whatever genes are present. Depending
on the origin of the marker chromosome, the risk for a
fetal abnormality can range from very low to 100%.
For reasons not fully understood, a relatively high pro-
portion of such markers derive from chromosome 15
and from the sex chromosomes.

Many marker chromosomes lack telomeres and are
ring chromosomes that are formed when a chromosome
undergoes two breaks and the broken ends of the chro-
mosome reunite in a ring structure (see Fig. 5-11). Some

rings experience difficulties at mitosis, when the two
sister chromatids of the ring chromosome become
tangled in their attempt to disjoin at anaphase. There
may be breakage of the ring followed by fusion, and
larger and smaller rings may thus be generated. Because
of this mitotic instability, it is not uncommon for ring
chromosomes to be found in only a proportion of cells.

Isochromosomes. An isochromosome is a chromo-
some in which one arm is missing and the other dupli-
cated in a mirror-image fashion (see Fig. 5-11). A person
with 46 chromosomes carrying an isochromosome
therefore has a single copy of the genetic material of one
arm (partial monosomy) and three copies of the genetic
material of the other arm (partial trisomy). Although
isochromosomes for a number of autosomes have been
described, the most common isochromosome involves
the long arm of the X chromosome—designated i(X)
(q10)—in a proportion of individuals with Turner syn-
drome (see Chapter 6). Isochromosomes are also fre-
quently seen in karyotypes of both solid tumors and
hematological malignant neoplasms (see Chapter 15).

Dicentric Chromosomes. A dicentric chromosome is a
rare type of abnormal chromosome in which two chro-
mosome segments, each with a centromere, fuse end to
end. Dicentric chromosomes, despite their two centro-
meres, can be mitotically stable if one of the two cen-
tromeres is inactivated epigenetically or if the two
centromeres always coordinate their movement to one
or the other pole during anaphase. Such chromosomes
are formally called pseudodicentric. The most common
pseudodicentrics involve the sex chromosomes or the
acrocentric chromosomes (so-called Robertsonian trans-
locations; see later).

Balanced Rearrangements

Balanced chromosomal rearrangements are found in
as many as 1 in 500 individuals (see Fig. 5-8) and
do not usually lead to a phenotypic effect because
all the genomic material is present, even though it is
arranged differently (see Fig. 5-11). As noted earlier, it
is important to distinguish here between #ruly balanced
rearrangements and those that appear balanced cytoge-
netically but are really unbalanced at the molecular
level. Because of the high frequency of copy number
polymorphisms around the genome (see Chapter 4),
collectively adding up to differences of many megabases
between genomes of unrelated individuals, the concept
of what is balanced or unbalanced is subject to ongoing
investigation and continual refinement.

Even when structural rearrangements are truly
balanced, they can pose a threat to the subsequent gen-
eration because carriers are likely to produce a signifi-
cant frequency of unbalanced gametes and therefore
have an increased risk for having abnormal offspring
with unbalanced karyotypes; depending on the specific
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rearrangement, that risk can range from 1% to as high
as 20%. There is also a possibility that one of the chro-
mosome breaks will disrupt a gene, leading to mutation.
Especially with the use of whole-genome sequencing to
examine the nature of apparently balanced rearrange-
ments in patients who present with significant pheno-
types, this is an increasingly well-documented cause of
disorders in carriers of balanced translocations (see
Chapter 6); such translocations can be a useful clue to
the identification of the gene responsible for a particular
genetic disorder.

Translocations. Translocation involves the exchange
of chromosome segments between two chromosomes.
There are two main types: reciprocal and nonreciprocal.

Reciprocal Translocations. This type of rearrange-
ment results from breakage or recombination involv-
ing nonhomologous chromosomes, with reciprocal
exchange of the broken-off or recombined segments (see
Fig. 5-11). Usually only two chromosomes are involved,
and because the exchange is reciprocal, the total chro-
mosome number is unchanged. Such translocations are

A Chromosomes
A der(A)
B der(B)

usually without phenotypic effect; however, like other
balanced structural rearrangements, they are associated
with a high risk for unbalanced gametes and abnormal
progeny. They come to attention either during prenatal
diagnosis or when the parents of a clinically abnormal
child with an unbalanced translocation are karyotyped.
Balanced translocations are more commonly found in
couples who have had two or more spontaneous abor-
tions and in infertile males than in the general
population.

The existence of translocations presents challenges
for the process of chromosome pairing and homologous
recombination during meiosis (see Chapter 2). When
the chromosomes of a carrier of a balanced reciprocal
translocation pair at meiosis, as shown in Figure 5-12,
they must form a quadrivalent to ensure proper align-
ment of homologous sequences (rather than the typical
bivalents seen with normal chromosomes). In typical
segregation, two of the four chromosomes in the quad-
rivalent go to each pole at anaphase; however, the chro-
mosomes can segregate from this configuration in
several ways, depending on which chromosomes go to

C Segregation and gametes
Adjacent-1

B

Alternate Adjacent-2

B  Quadrivalent formation
in meiosis

L

v v

Unbalanced Unbalanced

Normal Balanced Unbalanced Unbalanced

Figure 5-12 A, Diagram illustrating a balanced translocation between two chromosomes, involv-
ing a reciprocal exchange between the distal long arms of chromosomes A and B. B, Formation
of a quadrivalent in meiosis is necessary to align the homologous segments of the two derivative
chromosomes and their normal homologues. C, Patterns of segregation in a carrier of the trans-
location, leading to either balanced or unbalanced gametes, shown at the bottom. Adjacent-1
segregation (in red, top chromosomes to one gamete, bottom chromosomes to the other) leads
only to unbalanced gametes. Adjacent-2 segregation (in green, left chromosomes to one gamete,
right chromosomes to the other) also leads only to unbalanced gametes. Only alternate segregation
(in gray, upper left/lower right chromosomes to one gamete, lower left/upper right to the other)

can lead to balanced gametes.
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which pole. Alternate segregation, the usual type of
meiotic segregation, produces balanced gametes that
have either a normal chromosome complement or
contain the two reciprocal chromosomes. Other segre-
gation patterns, however, always yield unbalanced
gametes (see Fig. 5-12).

Robertsonian Translocations. Robertsonian trans-
locations are the most common type of chromosome
rearrangement observed in our species and involve two
acrocentric chromosomes that fuse near the centromere
region with loss of the short arms (see Fig. 5-11). Such
translocations are nonreciprocal, and the resulting
karyotype has only 45 chromosomes, including the
translocation chromosome, which in effect is made up
of the long arms of two acrocentric chromosomes.
Because, as noted earlier, the short arms of all five pairs
of acrocentric chromosomes consist largely of various
classes of satellite DNA, as well as hundreds of copies
of ribosomal RNA genes, loss of the short arms of two
acrocentric chromosomes is not deleterious; thus, the
karyotype is considered to be balanced, despite having
only 45 chromosomes. Robertsonian translocations are
typically, although not always, pseudodicentric (see Fig.
5-11), reflecting the location of the breakpoint on each
acrocentric chromosome.

Although Robertsonian translocations can involve
all combinations of the acrocentric chromosomes,
two—designated rob(13;14)(q10;q10) and rob(14;21)
(q10;q10)—are relatively common. The translocation
involving 13q and 14q is found in approximately 1
person in 1300 and is thus by far the single most
common chromosome rearrangement in our species.
Rare individuals with two copies of the same type
of Robertsonian translocation have been described;
these phenotypically normal individuals have only
44 chromosomes and lack any normal copies of the
involved acrocentrics, replaced by two copies of the
translocation.

Although a carrier of a Robertsonian translocation is
phenotypically normal, there is a risk for unbalanced
gametes and therefore for unbalanced offspring. The
risk for unbalanced offspring varies according to the
particular Robertsonian translocation and the sex of
the carrier parent; carrier females in general have a
higher risk for transmitting the translocation to an
affected child. The chief clinical importance of this type
of translocation is that carriers of a Robertsonian trans-
location involving chromosome 21 are at risk for pro-
ducing a child with translocation Down syndrome, as
will be explored further in Chapter 6.

Insertions. An insertion is another type of nonrecip-
rocal translocation that occurs when a segment removed
from one chromosome is inserted into a different chro-
mosome, either in its usual orientation with respect
to the centromere or inverted. Because they require
three chromosome breaks, insertions are relatively rare.
Abnormal segregation in an insertion carrier can produce

offspring with duplication or deletion of the inserted
segment, as well as normal offspring and balanced car-
riers. The average risk for producing an abnormal child
can be up to 50%, and prenatal diagnosis is therefore
indicated.

Inversions. An inversion occurs when a single chromo-
some undergoes two breaks and is reconstituted with
the segment between the breaks inverted. Inversions are
of two types (Fig. 5-13): paracentric, in which both
breaks occur in one arm (Greek para, beside the centro-
mere); and pericentric, in which there is a break in each
arm (Greek peri, around the centromere). Pericentric
inversions can be easier to identify cytogenetically when
they change the proportion of the chromosome arms as
well as the banding pattern.

An inversion does not usually cause an abnormal
phenotype in carriers because it is a balanced rearrange-
ment. Its medical significance is for the progeny; a
carrier of either type of inversion is at risk for producing
abnormal gametes that may lead to unbalanced off-
spring because, when an inversion is present, a loop
needs to form to allow alignment and pairing of homol-
ogous segments of the normal and inverted chromo-
somes in meiosis I (see Fig. 5-13). When recombination
occurs within the loop, it can lead to the production of
unbalanced gametes: gametes with balanced chromo-
some complements (either normal or possessing the
inversion) and gametes with unbalanced complements
are formed, depending on the location of recombination
events. When the inversion is paracentric, the unbal-
anced recombinant chromosomes are acentric or dicen-
tric and typically do not lead to viable offspring (see Fig.
5-13); thus, the risk that a carrier of a paracentric inver-
sion will have a liveborn child with an abnormal karyo-
type is very low indeed.

A pericentric inversion, on the other hand, can lead
to the production of unbalanced gametes with both
duplication and deficiency of chromosome segments (see
Fig. 5-13). The duplicated and deficient segments are
the segments that are distal to the inversion. Overall,
the risk for a carrier of a pericentric inversion leading
to a child with an unbalanced karyotype is estimated to
be 5% to 10%. Each pericentric inversion, however, is
associated with a particular risk, typically reflecting the
size¢ and content of the duplicated and deficient
segments.

Mosaicism for Chromosome Abnormalities

When a person has a chromosome abnormality, whether
numerical or structural, the abnormality is usually
present in all of his or her cells. Sometimes, however,
two or more different chromosome complements
are present in an individual; this situation is called
mosaicism. Mosaicism is typically detected by conven-
tional karyotyping but can also be suspected on the
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Figure 5-13 Crossing over within inversion loops formed at meiosis I in carriers of a chromosome
with segment B-C inverted (order A-C-B-D, instead of the normal order A-B-C-D). A, Paracentric
inversion. Gametes formed after the second meiosis usually contain either a normal (A-B-C-D) or
a balanced (A-C-B-D) copy of the chromosome because the acentric and dicentric products of the
crossover are inviable. B, Pericentric inversion. Gametes formed after the second meiosis may be
balanced (normal or inverted) or unbalanced. Unbalanced gametes contain a copy of the chromo-
some with a duplication or a deficiency of the material flanking the inverted segment (A-B-C-A or

D-B-C-D).

basis of interphase FISH analysis or chromosomal
microarrays.

A common cause of mosaicism is nondisjunction in
an early postzygotic mitotic division. For example, a
zygote with an additional chromosome 21 might lose
the extra chromosome in a mitotic division and con-
tinue to develop as a 46/47,+21 mosaic. The effects of
mosaicism on development vary with the timing of the
nondisjunction event, the nature of the chromosome
abnormality, the proportions of the different chromo-
some complements present, and the tissues affected. It
is often believed that individuals who are mosaic for a
given trisomy, such as mosaic Down syndrome or mosaic
Turner syndrome, are less severely affected than nonmo-
saic individuals.

When detected in lymphocytes, in cultured cell lines
or in prenatal samples, it can be difficult to assess the
significance of mosaicism, especially if it is identified
prenatally. The proportions of the different chromo-
some complements seen in the tissue being analyzed
(e.g., cultured amniocytes or lymphocytes) may not

necessarily reflect the proportions present in other
tissues or in the embryo during its early developmental
stages. Mosaicism can also arise in cells in culture after
they were taken from the individual; thus, cytogeneti-
cists attempt to differentiate between true mosaicism,
present in the individual, and pseudomosaicism, which
has occurred in the laboratory. The distinction between
these types is not always easy or certain and can lead
to major interpretive difficulties in prenatal diagnosis
(see Box earlier and Chapter 17).

Incidence of Chromosome Anomalies

The incidence of different types of chromosomal aber-
ration has been measured in a number of large popula-
tion surveys and was summarized earlier in Figure
5-8. The major numerical disorders of chromosomes
observed in liveborns are three autosomal trisomies
(trisomy 21, trisomy 18, and trisomy 13) and four types
of sex chromosomal aneuploidy: Turner syndrome
(usually 45,X), Klinefelter syndrome (47,XXY), 47,XYY,
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TABLE 5-2 Outcome of 10,000 Pregnancies*

Spontaneous Live
Outcome Pregnancies  Abortions (%) Births
Total 10,000 1500 (15) 8500
Normal 9,200 750 (8) 8450
chromosomes
Abnormal 800 750 (94) 50
chromosomes
Specific Abnormalities
Triploid or 170 170 (100) 0
tetraploid
45,X 140 139 (99) 1
Trisomy 16 112 112 (100) 0
Trisomy 18 20 19 (95) 1
Trisomy 21 45 35 (78) 10
Trisomy, other 209 208 (99.5) 1
47,XXY, 19 4 (21) 15
47 XXX,
47.XYY
Unbalanced 27 23 (85) 4
rearrangements
Balanced 19 3 (16) 16
rearrangements
Other 39 37 (95) 2

*These estimates are based on observed frequencies of chromosome abnormali-
ties in spontaneous abortuses and in liveborn infants. It is likely that the
frequency of chromosome abnormalities in all conceptuses is much higher
than this, because many spontaneously abort before they are recognized
clinically.

and 47,XXX (see Chapter 6). Triploidy and tetraploidy
account for only a small percentage of cases, typically
in spontaneous abortions. The classification and inci-
dence of chromosomal defects measured in these surveys
can be used to consider the fate of 10,000 conceptuses,
as presented in Table 5-2.

Live Births

As mentioned earlier, the overall incidence of chromo-
some abnormalities in newborns has been found to be
approximately 1 in 154 births (0.65%) (see Fig. 5-8).
Most of the autosomal abnormalities can be diagnosed
at birth, but most sex chromosome abnormalities, with
the exception of Turner syndrome, are not recognized
clinically until puberty (see Chapter 6). Unbalanced
rearrangements are likely to come to clinical attention
because of abnormal appearance and delayed physical
and mental development in the chromosomally abnor-
mal individual. In contrast, balanced rearrangements
are rarely identified clinically unless a carrier of a re-
arrangement gives birth to a child with an unbalanced
chromosome complement and family studies are
initiated.

Spontaneous Abortions

The overall frequency of chromosome abnormalities in
spontaneous abortions is at least 40% to 50%, and the
kinds of abnormalities differ in a number of ways from
those seen in liveborns. Somewhat surprisingly, the

single most common abnormality in abortuses is 45,X
(the same abnormality found in Turner syndrome),
which accounts for nearly 20% of chromosomally
abnormal spontaneous abortuses but less than 1% of
chromosomally abnormal live births (see Table 5-2).
Another difference is the distribution of kinds of trisomy;
for example, trisomy 16 is not seen at all in live births
but accounts for approximately one third of trisomies
in abortuses.

CHROMOSOME AND GENOME ANALYSIS
IN CANCER

We have focused in this chapter on constitutional chro-
mosome abnormalities that are seen in most or all of
the cells in the body and derive from chromosome or
regional mutations that have been transmitted from a
parent (either inherited or occurring de novo in the
germline of a parent) or that have occurred in the zygote
in early mitotic divisions.

However, such mutations also occur in somatic cells
throughout life and are a hallmark of cancer, both in
hematological neoplasias (e.g., leukemias and lympho-
mas) and in the context of solid tumor progression. An
important area in cancer research is the delineation of
chromosomal and genomic changes in specific forms of
cancer and the relation of the breakpoints of the various
structural rearrangements to the process of oncogenesis.
The chromosome and genomic changes seen in cancer
cells are numerous and diverse. The association of cyto-
genetic and genome analysis with tumor type and with
the effectiveness of therapy is already an important part
of the management of patients with cancer; these are
discussed further in Chapter 15.

GENERAL REFERENCES

Gardner RJM, Sutherland GR, Shaffer LG: Chromosome abnormali-
ties and genetic counseling, ed 4, Oxford, England, 2012, Oxford
University Press.

Shaffer LG, McGowan-Jordan J, Schmid M, editors: ISCN 2013: an
international system for human cytogenetic nomenclature, Basel,
2013, Karger.

Trask B: Human cytogenetics: 46 chromosomes, 46 years and count-
ing, Nature Rev Genet 3:769-778, 2002.

REFERENCES FOR SPECIFIC TOPICS

Baldwin EK, May LE Justice AN, et al: Mechanisms and conse-
quences of small supernumerary marker chromosomes, Am | Hum
Genet 82:398-410, 2008.

Coulter ME, Miller DT, Harris DJ, et al: Chromosomal microarray
testing influences medical management, Genet Med 13:770-776,
2011.

Dan S, Chen F, Choy KW, et al: Prenatal detection of aneuploidy and
imbalanced chromosomal arrangements by massively parallel
sequencing, PLoS ONE 7:¢27835, 2012.

Debatisse M, Le Tallec B, Letessier A, et al: Common fragile sites:
mechanisms of instability revisited, Trends Gener 28:22-32, 2012.

Fantes JA, Boland E, Ramsay J, et al: FISH mapping of de novo appar-
ently balanced chromosome rearrangements identifies characteristics



74 THOMPSON & THOMPSON GENETICS IN MEDICINE

associated with phenotypic abnormality, Am ] Hum Genet 82:916—
926, 2008.

Firth HV, Richards SM, Bevan AP, et al: DECIPHER: database of
chromosomal imbalance and phenotype in humans using Ensembl
resources, Am | Hum Genet 84:524-533, 2009.

Green RC, Rehm HL, Kohane IS: Clinical genome sequencing. In
Ginsburg GS, Willard HE, editors: Genomic and personalized medi-
cine, ed 2, New York, 2013, Elsevier, pp 102-122.

Higgins AW, Alkuraya FS, Bosco AF, et al: Characterization of
apparently balanced chromosomal rearrangements from the Devel-
opmental Genome Anatomy Project, Am | Hum Genet 82:712-722,
2008.

Kearney HM, South ST, Wolff D], et al: American College of Medical
Genetics recommendations for the design and performance expecta-
tions for clinical genomic copy number microarrays intended for use
in the postnatal setting for detection of constitutional abnormalities,
Genet Med 13:676-679, 2011.

Ledbetter DH, Riggs ER, Martin CL: Clinical applications of whole-
genome chromosomal microarray analysis. In Ginsburg GS, Willard

HE, editors: Genomic and personalized medicine, ed 2, New York,
2013, Elsevier, pp 133-144.

Lee C: Structural genomic variation in the human genome. In Gins-
burg GS, Willard HFE, editors: Genomic and personalized medicine,
ed 2, New York, 2013, Elsevier, pp 123-132.

Miller DT, Adam MP, Aradhya S, et al: Consensus statement: chro-
mosomal microarray is a first-tier clinical diagnostic test for indi-
viduals with developmental disabilities or congenital anomalies, Am
J Hum Genet 86:749-764, 2010.

Nagaoka SI, Hassold TJ, Hunt PA: Human aneuploidy: mechanisms
and new insights into an age-old problem, Nat Rev Genet 13:493—
504, 2012.

Reddy UM, Page GP, Saade GR, et al: Karyotype versus microarray
testing for genetic abnormalities after stillbirth, N Engl | Med
367:2185-2193, 2012.

Talkowski ME, Ernst C, Heilbut A, et al: Next-generation sequencing
strategies enable routine detection of balanced chromosome rear-
rangements for clinical diagnostics and genetic research, Am | Hum
Genet 88:469-481, 2011.

PROBLEMS

1. You send a blood sample from a dysmorphic infant to the
chromosome laboratory for analysis. The laboratory’s
report states that the child’s karyotype is 46,XY,del(18)
(q12).

a. What does this karyotype mean?

b. The laboratory asks for blood samples from the clini-
cally normal parents for analysis. Why?

c. The laboratory reports the mother’s karyotype as
46,XX and the father’s karyotype as 46,XY,t(7;18)
(935;q912). What does the latter karyotype mean?
Referring to the normal chromosome ideograms in
Figure 5-2, sketch the translocation chromosome or
chromosomes in the father and in his son. Sketch these
chromosomes in meiosis in the father. What kinds of
gametes can he produce?

d. In light of this new information, what does the child’s
karyotype mean now? What regions are monosomic?
trisomic? Given information from Chapters 2 and 3,
estimate the number of genes present in the trisomic
Or MoNOsSoOmic regions.

2. A spontaneously aborted fetus is found to have trisomy
18.
a. What proportion of fetuses with trisomy 18 are lost
by spontaneous abortion?
b. What is the risk that the parents will have a liveborn
child with trisomy 18 in a future pregnancy?

3. A newborn child with Down syndrome, when karyo-
typed, is found to have two cell lines: 70% of her cells
have the typical 47,XX,+21 karyotype, and 30% are
normal 46,XX. When did the nondisjunctional event
probably occur? What is the prognosis for this child?

4. Which of the following persons is or is expected to be
phenotypically normal?

a. A female with 47 chromosomes, including a small
supernumerary chromosome derived from the centro-
meric region of chromosome 15

b. A female with the karyotype 47,XX,+13

c. A male with deletion of a band on chromosome 4

d. A person with a balanced reciprocal translocation

e. A person with a pericentric inversion of chromosome 6

What kinds of gametes can each of these individuals
produce? What kinds of offspring might result, assuming
that the other parent is chromosomally normal?

5. For each of the following, state whether chromosome or
genome analysis is indicated or not. For which family
members, if any? For what kind of chromosome abnor-
mality might the family in each case be at risk?

a. A pregnant 29-year-old woman and her 41-year-old
husband, with no history of genetic defects

b. A pregnant 41-year-old woman and her 29-year-old
husband, with no history of genetic defects

c. A couple whose only child has Down syndrome

d. A couple whose only child has cystic fibrosis

e. A couple who has two boys with severe intellectual
disability

6. Explain the nature of the chromosome abnormality and
the method of detection indicated by the following
nomenclature.

a. inv(X)(q21q26)

b. 46,XX,del(1)(1gter — p36.2:)

c. 46,XX.ish del(15)(q11.2q11.2)(SNRPN-,D15510-)

d. 46,XX,del(15)(q11q13).ishdel(15)(q11.2q11.2)
(SNRPN-,D15510-)

e. 46,XX.arrcgh1p36.3(RP11-319A11,RP11-58A11,

RP11-92017) x 1
f. 47,XY,+mar.ish r(8)(D8Z1+)
g. 46,XX,rob(13;21)(q10;q10),+21
h. 45,XY,rob(13;21)(q10;q10)

7. Using the nomenclature system in Table 5-1, describe the
“molecular karyotypes” that correspond to the microar-
ray data in Figures 5-6C and 5-9C.

a. Referring to Figure 5-6C, is the individual whose array
result is shown a male or a female? How do you
know?

b. Referring to Figure 5-9C, is the individual whose array
result is shown a male or a female? How do you
know?



CHAPTER §

The Chromosomal and Genomic
Basis of Disease: Disorders of the
Autosomes and Sex Chromosomes

In this chapter, we present several of the most common
and best understood chromosomal and genomic disor-
ders encountered in clinical practice, building on the
general principles of clinical cytogenetics and genome
analysis introduced in the previous chapter. Each of the
disorders presented here illustrates the principles of
dosage balance and imbalance at the level of chromo-
somes and subchromosomal regions of the genome.
Because a wide range of phenotypes seen in clinical
medicine involve chromosome and subchromosomal
mutations, we include in this chapter the spectrum of
disorders that are characterized by intellectual disability
or by abnormal or ambiguous sexual development.
Although many such disorders can be determined by
single genes, the clinical approach to evaluation of such
phenotypes frequently includes detailed chromosome
and genome analysis.

MECHANISMS OF ABNORMALITIES

In this section, we consider abnormalities that illustrate
the major chromosomal and genomic mechanisms that
underlie genetic imbalance of entire chromosomes or
chromosomal regions. Overall, we distinguish five dif-
ferent categories of such abnormalities, each of which
can lead to disorders of clinical significance:

¢ Disorders due to abnormal chromosome segregation
(nondisjunction)

e Disorders due to recurrent chromosomal syndromes,
involving deletions or duplications at genomic hot
spots

¢ Disorders due to idiopathic chromosomal abnormali-
ties, typically de novo

e Disorders due to unbalanced familial chromosomal
abnormalities

e Disorders due to chromosomal and genomic events
that reveal regions of genomic imprinting
The distinguishing features of the underlying mecha-

nisms are summarized in Table 6-1. Although the cat-

egories of defects that result from these mechanisms can
involve any chromosomes, we introduce them here in
the context of autosomal abnormalities.

ANEUPLOIDY

The most common mutation in our species involves
errors in chromosome segregation, typically leading to
production of an abnormal gamete that has two copies
or no copies of the chromosome involved in the nondis-
junction event. Notwithstanding the high frequency of
such errors in meiosis and, to a lesser extent, in mitosis,
there are only three well-defined nonmosaic chromo-
some disorders compatible with postnatal survival in
which there is an abnormal dose of an entire autosome:
trisomy 21 (Down syndrome), trisomy 18, and trisomy
13. It is surely no coincidence that these chromosomes
are the ones with the smallest number of genes among
all autosomes (see Fig. 2-7). Imbalance for more gene-
rich chromosomes is presumably incompatible with
long-term survival, and aneuploidy for some of these is
frequently associated with pregnancy loss (see Table
5-2).

Each of these autosomal trisomies is associated with
growth retardation, intellectual disability, and multiple
congenital anomalies (Table 6-2). Nevertheless, each has
a fairly distinctive phenotype that is immediately recog-
nizable to an astute clinician in the newborn nursery.
Trisomy 18 and trisomy 13 are both less common than
trisomy 21; survival beyond the first year is rare, in
contrast to Down syndrome, in which average life
expectancy is over 50 years of age.

The developmental abnormalities characteristic of
any one trisomic state must be determined by the extra
dosage of the particular genes on the additional chro-
mosome. Knowledge of the specific relationship between
the extra chromosome and the consequent developmen-
tal abnormality has been limited to date. Current
research, however, is beginning to localize specific genes
on the extra chromosome that are responsible for spe-
cific aspects of the abnormal phenotype, through direct
or indirect modulation of patterning events during early
development (see Chapter 14). The principles of gene
dosage and the likely role of imbalance for individual
genes that underlie specific developmental aspects of the
phenotype apply to all aneuploid conditions; these are
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TABLE 6-1 Mechanisms of Chromosome Abnormalities and Genomic Imbalance

Category

Underlying Mechanism

Consequences/Examples

Abnormal chromosome segregation Nondisjunction

Recurrent chromosomal syndromes
duplications

Idiopathic chromosome abnormalities

De novo balanced translocations

Unbalanced familial abnormalities Unbalanced segregation

Syndromes involving genomic imprinting

Recombination at segmental

Sporadic, variable breakpoints

Any event that reveals imprinted gene(s)

Aneuploidy (Down syndrome, Klinefelter syndrome)
Uniparental disomy

Duplication/deletion syndromes
Copy number variation

Deletion syndromes (cri du chat syndrome, 1p36
deletion syndrome)
Gene disruption

Offspring of balanced translocations
Offspring of pericentric inversions

Prader-Willi/Angelman syndromes

TABLE 6-2 Features of Autosomal Trisomies Compatible with Postnatal Survival

Feature Trisomy 21

Trisomy 18

Trisomy 13

Incidence (live births) 1 in 850

Hypotonia, short stature, loose
skin on nape, palmar crease,
clinodactyly

Clinical presentation

Dysmorphic facial features  Flat occiput, epicanthal folds,

Brushfield spots

Intellectual disability Moderate to mild

Other common features Congenital heart disease
Duodenal atresia
Risk for leukemia

Risk for premature dementia

Life expectancy 55 yr

1 in 6,000-8,000

Hypertonia, prenatal growth
deficiency, characteristic fist
clench, rocker-bottom feet

Receding jaw, low-set ears

Severe

Severe heart malformations
Feeding difficulties

Typically less than a few months;
almost all <1 yr

1 in 12,000-20,000

Microcephaly, sloping forehead,
characteristic fist clench,
rocker-bottom feet, polydactyly

Ocular abnormalities, cleft lip and
palate

Severe

Severe CNS malformations
Congenital heart defects

50% die within first month, >90%
within first year

CNS, Central nervous system.

illustrated here in the context of Down syndrome,
whereas the other conditions are summarized in
Table 6-2.

Down Syndrome

Down syndrome is by far the most common and
best known of the chromosome disorders and is the
single most common genetic cause of moderate intel-
lectual disability. Approximately 1 child in 850 is born
with Down syndrome (see Table 5-2), and among
liveborn children or fetuses of mothers 35 years of age
or older, the incidence of trisomy 21 is far higher
(Fig. 6-1).

Down syndrome can usually be diagnosed at birth
or shortly thereafter by its dysmorphic features,
which vary among patients but nevertheless produce a
distinctive phenotype (Fig. 6-2). Hypotonia may be
the first abnormality noticed in the newborn. In addi-
tion to characteristic dysmorphic facial features (see
Fig. 6-2), the patients are short in stature and have
brachycephaly with a flat occiput. The neck is short,
with loose skin on the nape. The hands are short and
broad, often with a single transverse palmar crease
(“simian crease”) and incurved fifth digits (termed
clinodactyly).

12

117 ® At amniocentesis

10 - = At birth

Frequency of Down syndrome

I I I
0 20 25 30 35 40 45 50

Maternal age (years)

Figure 6-1 Maternal age dependence on incidence of trisomy
21 at birth and at time of amniocentesis. See Sources &
Acknowledgments.



CHAPTER 6 — THE CHROMOSOMAL AND GENOMIC BASIS OF DISEASE 77

Figure 6-2 Phenotype of Down syndrome. A, Young infant. The nasal bridge is flat; ears are
low-set and have a characteristic folded appearance; the eyes show characteristic epicanthal folds
and upslanting palpebral fissures; the mouth is open, showing a protruding tongue. B, Brushfield
spots around the margin of the iris (arrow). See Sources & Acknowledgments.

A major cause for concern in Down syndrome is
intellectual disability. Even though in early infancy the
child may not seem delayed in development, the delay
is usually obvious by the end of the first year. Although
the extent of intellectual disability varies among patients
from moderate to mild, many children with Down syn-
drome develop into interactive and even self-reliant
persons, and many attend local schools.

There is a high degree of variability in the phenotype
of Down syndrome individuals; specific abnormalities
are detected in almost all patients, but others are seen
only in a subset of cases. Congenital heart disease is
present in at least one third of all liveborn Down syn-
drome infants. Certain malformations, such as duode-
nal atresia and tracheoesophageal fistula, are much
more common in Down syndrome than in other
disorders.

Only approximately 20% to 25% of trisomy 21 con-
ceptuses survive to birth (see Table 5-2). Among Down
syndrome conceptuses, those least likely to survive are
those with congenital heart disease; approximately one
fourth of the liveborn infants with heart defects die
before their first birthday. There is a fifteen fold increase
in the risk for leukemia among Down syndrome patients
who survive the neonatal period. Premature dementia,

associated with the neuropathological findings charac-
teristic of Alzheimer disease (cortical atrophy, ventricu-
lar dilatation, and neurofibrillar tangles), affects nearly
all Down syndrome patients, several decades earlier
than the typical age at onset of Alzheimer disease in the
general population.

As a general principle, it is important to think of this
constellation of clinical findings, their variation, and
likely outcomes in terms of gene imbalance—the relative
overabundance of specific gene products; their impact
on various critical pathways in particular tissues and
cell types, both early in development and throughout
life; and the particular alleles present in a particular
patient’s genome, both for genes on the trisomic chro-
mosome and for the many other genes inherited from
his or her parents.

The Chromosomes in Down Syndrome

The clinical diagnosis of Down syndrome usually pre-
sents no particular difficulty. Nevertheless, karyotyping
is necessary for confirmation and to provide a basis for
genetic counseling. Although the specific abnormal
karyotype responsible for Down syndrome usually has
little effect on the phenotype of the patient, it is essential
for determining the recurrence risk.
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Trisomy 21. In at least 95% of all patients, the Down
syndrome karyotype has 47 chromosomes, with an
extra copy of chromosome 21 (see Fig. 5-9). This
trisomy results from meiotic nondisjunction of the chro-
mosome 21 pair. As noted earlier, the risk for having a
child with trisomy 21 increases with maternal age, espe-
cially after the age of 30 years (see Fig. 6-1). The meiotic
error responsible for the trisomy usually occurs during
maternal meiosis (approximately 90% of cases), pre-
dominantly in meiosis I, but approximately 10% of
cases occur in paternal meiosis, often in meiosis II.
Typical trisomy 21 is a sporadic event, and thus recur-
rences are infrequent, as will be discussed further later.

Approximately 2% of Down syndrome patients are
mosaic for two cell populations—one with a normal
karyotype and one with a trisomy 21 karyotype. The
phenotype may be milder than that of typical trisomy
21, but there is wide variability in phenotypes among
mosaic patients, presumably reflecting the variable pro-
portion of trisomy 21 cells in the embryo during early
development.

Robertsonian Translocation. Approximately 4% of
Down syndrome patients have 46 chromosomes, one of
which is a Robertsonian translocation between chromo-
some 21q and the long arm of one of the other acro-
centric chromosomes (usually chromosome 14 or 22)

Balanced L

Normal

(see Fig. 5-11). The translocation chromosome replaces
one of the normal acrocentric chromosomes, and the
karyotype of a Down syndrome patient with a Robert-
sonian translocation between chromosomes 14 and 21
is therefore 46,XX or XY,rob(14;21)(q10;q10),+21 (see
Table 5-1 for nomenclature). Despite having 46 chro-
mosomes, patients with a Robertsonian translocation
involving chromosome 21 are trisomic for genes on the
entirety of 21q.

A carrier of a Robertsonian translocation, involving,
for example, chromosomes 14 and 21, has only 45
chromosomes; one chromosome 14 and one chromo-
some 21 are missing and are replaced by the transloca-
tion chromosome. The gametes that can be formed by
such a carrier are shown in Figure 6-3, and such carriers
are at risk for having a child with translocation Down
syndrome.

Unlike standard trisomy 21, translocation Down syn-
drome shows no relation to maternal age but has a rela-
tively high recurrence risk in families when a parent,
especially the mother, is a carrier of the translocation.
For this reason, karyotyping of the parents and possibly
other relatives is essential before accurate genetic coun-
seling can be provided.

21q21q Translocation. A 21q21q translocation chro-
mosome is seen in a few percent of Down syndrome

e

N

Unbalanced

Figure 6-3 Chromosomes of gametes that theoretically can be produced by a carrier of a Robert-
sonian translocation, rob(14;21). A, Normal and balanced complements. B, Unbalanced, one
product with both the translocation chromosome and the normal chromosome 21, and the recipro-
cal product with chromosome 14 only. C, Unbalanced, one product with both the translocation
chromosome and chromosome 14, and the reciprocal product with chromosome 21 only. Theoreti-
cally, there are six possible types of gamete, but three of these appear unable to lead to viable
offspring. Only the three shaded gametes at the left can lead to viable offspring. Theoretically, the
three types of gametes will be produced in equal numbers, and thus the theoretical risk for a Down
syndrome child should be 1 in 3. However, extensive population studies have shown that unbal-
anced chromosome complements appear in only approximately 10% to 15% of the progeny of
carrier mothers and in only a few percent of the progeny of carrier fathers who have translocations

involving chromosome 21.
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patients and is thought to originate as an isochromo-
some. It is particularly important to evaluate if a parent
is a carrier because all gametes of a carrier of such a
chromosome must either contain the 21g21q chromo-
some, with its double dose of chromosome 21 genetic
material, or lack it and have no chromosome 21 repre-
sentative at all. The potential progeny, therefore, inevi-
tably have either Down syndrome or monosomy 21,
which is rarely viable. Mosaic carriers are at an increased
risk for recurrence, and thus prenatal diagnosis should
be considered in any subsequent pregnancy.

Partial Trisomy 21. Very rarely, Down syndrome is
diagnosed in a patient in whom only a part of the long
arm of chromosome 21 is present in triplicate. These
patients are of particular significance because they can
show what region of chromosome 21 is likely to be
responsible for specific components of the Down syn-
drome phenotype and what regions can be triplicated
without causing that aspect of the phenotype. The most
notable success has been identification of a less than
2-Mb region that is critical for the heart defects seen
in approximately 40% of Down syndrome patients.
Sorting out the specific genes crucial to the expression
of the Down syndrome phenotype from those that
merely happen to be syntenic with them on chromosome
21 is critical for determining the pathogenesis of the
various clinical findings.

Risk for Down Syndrome

A frequent problem in genetic counseling is to assess the
risk for the birth of a Down syndrome child. The risk
depends chiefly on the mother’s age but also on both
parents’ karyotypes, as discussed previously. Down syn-
drome can be detected prenatally by karyotyping, by
chromosomal microarray analysis, or by genome-wide
sequencing of chorionic villus or amniotic fluid cells (see
Fig. 5-9). Screening for Down syndrome is also possible
now by noninvasive prenatal screening (NIPS) of cell-
free fetal DNA in maternal plasma. As will be discussed
in more detail in Chapter 17, although all pregnancies
should be offered prenatal diagnosis, a decision to
undergo invasive methods of prenatal testing balances
the risk that a fetus has Down syndrome and the risk
that the procedure of amniocentesis or chorionic villus
sampling used to obtain fetal tissue for chromosome
analysis will lead to fetal loss. However, with NIPS
emerging as a screening test for Down syndrome and
other relatively common aneuploid conditions, this par-
adigm and counseling considerations are likely to change
in the years ahead (see Chapter 17).

The population incidence of Down syndrome in live
births is currently estimated to be approximately 1 in
850, reflecting the maternal age distribution for all
births and the proportion of older mothers who make
use of prenatal diagnosis and selective termination. At
approximately the age of 30 years, the risk begins to

rise sharply, approaching 1 in 10 births in the oldest
maternal age-group (see Fig. 6-1). Even though younger
mothers have a much lower risk, their birth rate is much
higher, and therefore more than half of the mothers of
all Down syndrome babies are younger than 35 years.
The risk for Down syndrome due to translocation or
partial trisomy is unrelated to maternal age. The pater-
nal age appears to have no influence on the risk.

Recurrence Risk

The recurrence risk for trisomy 21 or any other autoso-
mal trisomy, after one such child has been born in a
family, is approximately 1% overall. The risk is approx-
imately 1.4% for mothers younger than 30 years, and
it is the same as the age-related risk for older mothers;
that is, there is a slight but significant increase in risk
for the younger mothers but not for the older mothers,
whose risk is already elevated. The reason for the
increased risk for the younger mothers is not known. A
history of trisomy 21 elsewhere in the family, although
often a cause of maternal anxiety, does not appear to
significantly increase the risk for having a Down syn-
drome child.

The recurrence risk for Down syndrome due to a
translocation is much higher, as described previously.

UNIPARENTAL DISOMY

Chromosome nondisjunction most commonly results in
trisomy or monosomy for the particular chromosome
involved in the segregation error. However, less com-
monly, it can also lead to a disomic state in which both
copies of a chromosome derive from the same parent,
rather than one copy being inherited from the mother
and the other from the father. This situation, called
uniparental disomy, is defined as the presence of a
disomic cell line containing two chromosomes, or por-
tions thereof, that are inherited from only one parent
(see Table 6-1). If the two chromosomes are derived
from identical sister chromatids, the situation is
described as isodisomy; if both homologues from one
parent are present, the situation is heterodisomy.

The most common explanation for uniparental
disomy is trisomy “rescue” due to chromosome nondis-
junction in cells of a trisomic conceptus to restore a
disomic state. The cause of the originating trisomy is
typical meiotic nondisjunction in one of the parental
germlines; the rescue results from a second nondisjunc-
tion event, this one occurring mitotically at an early
postzygotic stage, thus “rescuing” a fetus that otherwise
would most likely be aborted spontaneously (the most
common fate for any trisomic fetus; see Table 5-2).
Depending on the stage and parent of the original non-
disjunction event (i.e., maternal or paternal meiosis I or
II), the location of meiotic recombination events, and
which chromosome is subsequently lost in the postzy-
gotic mitotic nondisjunction event, the resulting fetus or
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liveborn can have complete or partial isodisomy or het-
erodisomy for the relevant chromosome.

Although it is not known how common uniparental
disomy is overall, it has been documented for most
chromosomes in the karyotype by demonstrating unipa-
rental inheritance of polymorphisms in a family. Clinical
abnormalities, however, have been demonstrated for
only some of these, typically in cases when an imprinted
region is present in two copies from one parent (see the
section on genomic imprinting later in this chapter) or
when a typically recessive condition (which would ordi-
narily imply that both parents are obligate carriers; see
Chapter 7) is observed in a patient who has only one
documented carrier parent. It is important to stress that,
although such conditions frequently come to clinical
attention because of mutations in individual genes or in
imprinted regions, the underlying pathogenomic mecha-
nism in cases of uniparental disomy is abnormal chro-
mosome segregation.

GENOMIC DISORDERS: MICRODELETION
AND DUPLICATION SYNDROMES

Dozens of syndromes characterized by developmental
delay, intellectual disability, and a specific constellation
of dysmorphic features and birth defects are known
to be associated with recurrent subchromosomal or
regional abnormalities (see Table 6-1). These small but
sometimes cytogenetically visible deletions and/or dupli-
cations lead to a form of genetic imbalance referred to
as segmental aneusomy. These deletions (and, in some
cases, their reciprocal duplications) are typically detected
by chromosomal microarrays. The term contiguous
gene syndrome has been applied to many of these condi-
tions, because the phenotype is often attributable to
extra or deficient copies of multiple, contiguous genes
within the deleted or duplicated region. For other such
disorders, however, the phenotype is apparently due to
deletion or duplication of only a single gene within the
region, despite being associated typically with a chro-
mosomal abnormality that encompasses several genes.

For many of these syndromes, although the clinical
phenotype in different patients can be quite variable, the
nature of the underlying genomic abnormality is highly
similar. Indeed, for the syndromes listed in Table 6-3,
high-resolution genomic studies have demonstrated that
the centromeric and telomeric breakpoints cluster
among different patients, suggesting the existence of
genomic sequences that predispose to the rearrange-
ments. Fine mapping in a number of these disorders
has shown that the breakpoints localize to low-copy
repeated sequences in the genome termed segmental
duplications (see Chapter 4). Aberrant recombination
between nearby copies of the repeats causes the dele-
tions and/or duplications, which typically span several
hundred to several thousand kilobase pairs. Extensive
analysis of over 30,000 patients worldwide has now
implicated this general sequence-dependent mechanism
in 50 to 100 syndromes involving contiguous gene rear-
rangements, which collectively are sometimes referred
to as genomic disorders.

It is this mechanistic association with segmental
duplications that distinguishes this subgroup of deletion
and duplication syndromes from others whose break-
points are highly variable and are not associated with
any identifiable genomic feature(s), and whose mecha-
nistic basis appears idiopathic (see Table 6-1). Here we
focus on syndromes involving chromosome 22 to
illustrate underlying genomic features of this class of
disorders.

Deletions and Duplications Involving
Chromosome 22q11.2

Several deletions and duplications mediated by unequal
recombination between segmental duplications have
been documented within the proximal long arm of chro-
mosome 22 and illustrate the general concept of genomic
disorders (Fig. 6-4). A particularly common microdele-
tion involves chromosome 22q11.2 and is associated
with diagnoses of DiGeorge syndrome, velocardiofacial
syndrome, and conotruncal anomaly face syndrome. All

TABLE 6-3 Examples of Genomic Disorders Involving Recombination between Segmental Duplications

Genomic Rearrangement

Disorder Location Type Size (Mb)
1921.1 deletion/duplication syndrome 1q21.1 Deletion/duplication =0.8
Williams syndrome 7q11.23 Deletion =1.6
Prader-Willi/Angelman syndrome 15q11-q13 Deletion =3.5
16p11.2 deletion/duplication syndrome 16p11.2 Deletion/duplication =0.6
Smith-Magenis syndrome 17p11.2 Deletion =3.7
dup(17)(p11.2p11.2) Duplication

DiGeorge syndrome/velocardiofacial syndrome 22q11.2 Deletion =3.0, 1.5
Cat eye syndrome/22q11.2 duplication syndrome Duplication

Azoospermia (AZFc) Yql1.2 Deletion =3.5

Based on Lupski JR, Stankiewicz P: Genomic disorders: the genomic basis of disease, Totowa, NJ, 2006, Humana Press; Cooper GM, Coe BP, Girirajan S, et al: A
copy number variation morbidity map of developmental delay. Nat Genet 43:838-846, 2011; and Weischenfeldt J, Symmns O, Spitz F, et al: Phenotypic impact
of genomic structural variation: insights from and for human disease. Nat Rev Genet 14:125-138, 2013.
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Segmental
duplications
Gene A A
Gene B B
Gene C C
Deletions of _ Unequal Unequal Duplication of
genes A, B, and C crossing over crossing over genes A, B,and C
A A
B B
C C

Figure 6-4 Model of rearrangements underlying genomic disorders. Unequal crossing over between
misaligned sister chromatids or homologous chromosomes containing highly homologous copies
of segmentally duplicated sequences can lead to deletion or duplication products, which differ in
the number of copies of genes normally located between the repeats. The copy number of any gene
or genes (e.g., A, B, and C) that lie between the copies of the repeat will change as a result of these
genome rearrangements. For examples of genomic disorders, segmental duplications, and the size

of the deleted or duplicated region, see Table 6-3.

three clinical syndromes are autosomal conditions with
variable clinical expression, caused by a deletion of
approximately 3 Mb within 22q11.2 on one copy of
chromosome 22. The microdeletion and other re-
arrangements of this region shown in Figure 6-5 are
each mediated by homologous recombination between
segmental duplications in the region. The deletions are
detected in approximately 1 in 4000 live births, making
this one of the most common genomic rearrangements
associated with important clinical phenotypes.

Patients show characteristic craniofacial anomalies,
intellectual disability, immunodeficiency, and heart
defects, likely reflecting haploinsufficiency for one or
more of the several dozen genes that are normally
found in this region. Deletion of the TBX1 gene in
22q11.2 deletion syndrome is thought to play a role
in as many as 5% of all congenital heart defects and
is a particularly frequent cause of left-sided outflow
tract abnormalities.

Compared to the relatively common deletion of
22q11.2, the reciprocal duplication of 22q11.2 is much
rarer and leads to a series of distinct dysmorphic mal-
formations and birth defects called the 22q11.2 duplica-
tion syndrome (see Fig. 6-5). Diagnosis of this duplication
generally requires analysis by fluorescence in situ

LESSONS FROM GENOMIC DISORDERS

Genomic disorders collectively illustrate a number of con-
cepts of general importance for considering the causes and
consequences of chromosomal or genomic imbalance.

e First, with few exceptions, altered gene dosage for any
extensive chromosomal or genomic region is likely to
result in a clinical abnormality, the phenotype of which
will, in principle, reflect haploinsufficiency for or over-
expression of one or more genes encoded within the
region. In some cases, the clinical presentation appears
to be accounted for by dosage imbalance for just a
single gene; in other syndromes, however, the pheno-
type appears to reflect imbalance for multiple genes
across the region.

e Second, the distribution of these duplication/deletion
disorders around the genome appears not to be random,
because the location of families of segmental duplica-
tions, especially in pericentromeric and subtelomeric
regions, predisposes particular regions to the unequal
recombination events that underlie these syndromes.

e And third, even patients carrying what appears to be
the same chromosomal deletion or duplication can
present with a range of variable phenotypes. Although
the precise basis for this variability is unknown, it
could be due to nongenetic causes, to underlying
genetic variation in the region on the non-deleted
chromosome, or to differences elsewhere in the genome
among unrelated individuals.

81
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22q11.2 Cat-eye
Normal DGS/VCFS duplication syndrome
No. copies 2 1 3

of 22q11.2
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Figure 6-5 Chromosomal deletions, duplications, and rearrangements in 22q11.2 mediated by
homologous recombination between segmental duplications. A, Normal karyotypes show two
copies of 22q11.2, each containing multiple copies of a family of related segmental duplications
within the region (dark blue). In DiGeorge syndrome (DGS) or velocardiofacial syndrome (VCES),
a 3-Mb region is deleted from one homologue, removing approximately 30 genes; in approximately
10% of patients, a smaller 1.5-Mb deletion (nested within the larger segment) is deleted. The
reciprocal duplication is seen in patients with dup(22)(q11.2q11.2). Tetrasomy for 22q11.2 is seen
in patients with cat eye syndrome. Note that the duplicated region in the cat eye syndrome chro-
mosome is in an inverted orientation relative to the duplication seen in dup(22) patients, indicating
a more complex genomic rearrangement involving these segmental duplications. B, Expanded view
of the 22q11.2 genomic region, indicating the common DGS/VCEFS deletions (red) and more distal
deletions (also mediated by recombination involving segmental duplications) that are seen in
patients with other phenotypes (orange). Genes in the region (from www.genome.ucsc.edu browser)
are indicated above the region. C, Two-color fluorescence in situ hybridization analysis of proband
with DGS, demonstrating deletion of 22q11.2 on one homologue. Green signal is hybridization
to a control region in distal 22q. Red signal shows hybridization to a region in proximal 22q that
is present on one copy of the chromosome but deleted from the other (arrow). See Sources &
Acknowledgments.

IDIOPATHIC CHROMOSOME

hybridization (FISH) on interphase cells or by chromo-
somal microarray.

The general concepts illustrated for disorders associ-
ated with 22q11.2 also apply to many other chromo-
somal and genomic disorders, some of the most common
or more significant of which are summarized in Table
6-3. Together, these recurrent syndromes emphasize
several important principles in human and medical
genetics (see Box).

ABNORMALITIES

Whereas the abnormalities just described are mediated
by the landscape of specific genomic features in particu-
lar chromosomal regions, many other chromosome
abnormalities are due to deletions or rearrangements
that have no definitive mechanistic basis (see Table 6-1).
There are many reports of cytogenetically detectable
abnormalities in dysmorphic patients involving events
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such as deletions, duplications, or translocations of one
or more chromosomes in the karyotype (see Fig. 5-11).
Overall, cytogenetically visible autosomal deletions
occur with an estimated incidence of 1 in 7000 live
births. Most of these have been seen in only a few
patients and are not associated with recognized clinical
syndromes. Others, however, are sufficiently common
to allow delineation of clearly recognizable syndromes
in which a series of patients have similar abnormalities.

The defining mechanistic feature of this class of
abnormalities is that the underlying chromosomal event
is idiopathic (see Table 6-1); most of them occur de novo
and have highly variable breakpoints in the particular
chromosomal region, thus distinguishing them as a class
from those discussed in the previous section.

Autosomal Deletion Syndromes

One long-recognized syndrome is the cri du chat syn-
drome, in which there is either a terminal or interstitial
deletion of part of the short arm of chromosome 5. This
deletion syndrome was given its common name because
crying infants with this disorder sound like a mewing
cat. The facial appearance, shown in Figure 6-6, is dis-
tinctive and includes microcephaly, hypertelorism, epi-
canthal folds, low-set ears, sometimes with preauricular
tags, and micrognathia. The overall incidence of the
deletion is estimated to be as high as 1 in 15,000 live
births.

Most cases of cri du chat syndrome are sporadic; only
10% to 15% of the patients are the offspring of trans-
location carriers. The breakpoints and extent of the
deleted segment of chromosome Sp is highly variable
among different patients, but the critical region missing
in all patients with the phenotype has been identified as
band 5p15. Many of the clinical findings have been
attributed to haploinsufficiency for a gene or genes
within specific regions; the degree of intellectual impair-
ment usually correlates with the size of the deletion,
although genomic studies suggest that haploinsuffi-
ciency for particular regions within 5p14-p15 may con-
tribute disproportionately to severe intellectual disability
(see Fig. 6-6).

Although many large deletions can be appreciated by
routine karyotyping, detection of other idiopathic dele-
tions requires more detailed analysis by microarrays;
this is particularly true for abnormalities involving sub-
telomeric bands of many chromosomes, which can be
difficult to visualize well by routine chromosome
banding. For example, one of the most common idio-
pathic abnormalities, the chromosome 1p36 deletion
syndrome, has a population incidence of 1 in 5000 and
involves a wide range of different breakpoints, all within
the terminal 10 Mb of chromosome 1p. Approximately
95% of cases are de novo, and many (e.g., the case
illustrated in Fig. 6-6) are not detectable by routine
chromosome analysis.

Detailed genomic analysis of various autosomal dele-
tion syndromes underscores the idiopathic nature of
these abnormalities. Typically, and in contrast to the
genomic disorders presented in Table 6-3, the break-
points are highly variable and reflect a range of different
mechanisms, including terminal deletion of the chromo-
some arm with telomere healing, interstitial deletion of
a subtelomeric segment, or recombination between
copies of repetitive elements, such as Alu or L1 elements
(see Chapter 2).

Balanced Translocations with
Developmental Phenotypes

Reciprocal translocations are relatively common (see
Chapter 5). Most are balanced and involve the precise
exchange of chromosomal material between nonhomol-
ogous chromosomes; as such, they usually do not have
an obvious phenotypic effect. However, among the
approximately 1 in 2000 newborns who has a de novo
balanced translocation, the risk for a congenital abnor-
mality is empirically elevated several-fold, leading to the
suggestion that some balanced translocations involve
direct disruption of a gene or genes by one or both of
the translocation breakpoints.

Detailed analysis of a number of such cases by FISH,
microarrays, and targeted or whole-genome sequencing
has identified defects in protein-coding or noncoding
RNA genes in patients with various phenotypes, ranging
from developmental delay to congenital heart defects to
autism spectrum disorders. Although the clinical abnor-
malities in these cases can be ascribed to mutations in
individual genes located at the site of the translocations,
the underlying mechanism in each case is the chromo-
somal rearrangement itself (see Table 6-1).

SEGREGATION OF FAMILIAL
ABNORMALITIES

Although most of the idiopathic abnormalities just
described are sporadic, other clinical presentations can
occur because of unbalanced segregation of familial
chromosome abnormalities. In these cases, the underly-
ing mechanism for the clinical phenotype is not the
chromosomal abnormality itself, but rather its transmis-
sion in an unbalanced state from a parent who is a
balanced carrier to the subsequent generation (see
Table 6-1).

The mechanism of pathogenesis here is distinguished
from the mechanism of nondisjunction described earlier
in this chapter. In contrast to aneuploidy or unipa-
rental disomy, it is not the process of segregation that
is abnormal in these cases; rather, it is the random
nature of events during segregation that leads to unbal-
anced karyotypes and thus to offspring with abnormal
phenotypes.
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Figure 6-6 Idiopathic deletion syndromes. A-C, Three different children with cri du chat syn-
drome, which results from deletion of part of chromosome 5p. Note, even among unrelated
individuals, the characteristic facies with hypertelorism, epicanthus, and retrognathia. D, Phenotype-
karyotype map of chromosome Sp, based on chromosomal microarray analysis of a series

of del(5p) patients. E, Chromosomal microarray
band 1p36.3 (red), which is undetectable by
Acknowledgments.

In the case of balanced translocations, for example,
because the chromosomes involved form a quadrivalent
in meiosis, the particular combination of chromosomes
transmitted to a given gamete can lead to genomic
imbalance (see Fig. 5-12), even though the segregation
is itself normal.

Another type of familial structural abnormality that
illustrates this mechanism involves inversion chromo-
somes. In this case, segregation of the inverted

analysis of approximately 5-Mb deletion in
conventional karyotyping. See Sources &

chromosome and its normal homologue during meiosis
is typically uneventful; however, unbalanced gametes
can be produced as a result of the process of recombina-
tion occurring within the inverted segment, in particular
for pericentric inversions (see Fig. 5-13). Different inver-
sion chromosomes carry different risks for abnormal
offspring, presumably reflecting both the likelihood that
a recombination event will occur within the inverted
segment and the likelihood that an unbalanced gamete
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can lead to viable offspring. This overall risk must be
determined empirically for use in genetic counseling.
Several well-described inversions illustrate this point.

A pericentric inversion of chromosome 3 is one
of the few for which sufficient data have been obtained
to allow an estimate of the transmission of the inver-
sion chromosome to the offspring of carriers. The
inv(3)(p25g21) originated in a couple from Newfound-
land in the early 1800s and has since been reported in
a number of families whose ancestors can be traced to
the Atlantic provinces of Canada. Carriers of the inv(3)
chromosome are normal, but some of their offspring
have a characteristic abnormal phenotype associated
with the presence of a recombinant chromosome 3, in
which there is duplication of the segment distal to 3q21
and deficiency of the segment distal to 3p25. The other
predicted unbalanced gamete, with a duplication of
distal 3p and deficiency of distal 3q, does not lead to
viable offspring. The empirical risk for an abnormal
pregnancy outcome in inv(3) carriers is greater than
40% and indicates the importance of family chromo-
some studies to identify carriers and to offer genetic
counseling and prenatal diagnosis.

Not all pericentric inversions have a risk for abnor-
mal offspring, however. One of the most common inver-
sions seen in human chromosomes is a small pericentric
inversion of chromosome 9, which is present in up to
1% of all individuals. The inv(9)(p11q12) has no known
deleterious effect on carriers and does not appear to be
associated with a significant risk for miscarriage or
unbalanced offspring; the empirical risk is not different
from that of the population at large, and it is therefore
generally considered a normal variant.

DISORDERS ASSOCIATED WITH
GENOMIC IMPRINTING

For some disorders, the expression of the disease pheno-
type depends on whether the mutant allele or abnormal
chromosome has been inherited from the father or from
the mother. As we introduced in Chapter 3, such parent-
of-origin effects are the result of genomic imprinting.

The effect of genomic imprinting on inheritance pat-
terns in pedigrees will be discussed in Chapter 7. Here,
we focus on the relevance of imprinting to clinical cyto-
genetics, as many imprinting effects come to light because
of chromosome abnormalities. Evidence of genomic
imprinting has been obtained for a number of chromo-
somes or chromosomal regions throughout the genome,
as revealed by comparing phenotypes of individuals car-
rying the same cytogenetic abnormality affecting either
the maternal or paternal homologue. Although estimates
vary, it is likely that as many as several hundred genes
in the human genome show imprinting effects. Some
regions contain a single imprinted gene; others contain
clusters of multiple imprinted genes, spanning in some
cases well over 1 Mb along a chromosome.

The hallmark of imprinted genes that distinguishes
them from other autosomal loci is that only one allele,
either maternal or paternal, is expressed in the relevant
tissue. The effect of such mechanisms on the clinical
phenotype will necessarily depend on whether a muta-
tional event occurred on the maternal or paternal homo-
logue. Among the best-studied examples of the role of
genomic imprinting in human disease are Prader-Willi
syndrome (Case 38) and Angelman syndrome, and we
discuss these next to illustrate the genetic and genomic
features of imprinting conditions. An additional
example, Beckwith-Wiedemann syndrome, is presented
in Case 6.

Prader-Willi and Angelman Syndromes

Prader-Willi syndrome is a relatively common dysmor-
phic syndrome characterized by neonatal hypotonia fol-
lowed by obesity, excessive and indiscriminate eating
habits, small hands and feet, short stature, hypogonad-
ism, and intellectual disability (Fig. 6-7). Prader-Willi
syndrome results from the absence of a paternally
expressed imprinted gene or genes. In approximately
70% of cases of the syndrome, there is a cytogenetic
deletion of the proximal long arm of chromosome 15
(15q11.2-q13); the deletion is mediated by recombina-
tion involving segmental duplications that flank a region
of approximately 5 to 6 Mb and in that sense is mecha-
nistically similar to other genomic disorders described
earlier (see Table 6-3). However, within this region lies
a smaller interval that contains a number of monoalleli-
cally expressed genes, some of which are normally
expressed only from the paternal copy and others of
which are expressed only from the maternal copy (see
Fig. 6-7). In Prader-Willi syndrome, the deletion is found
only on the chromosome 15 inherited from the patient’s
father (Table 6-4). Thus the genomes of these patients
have genomic information in 15q11.2-q13 that derives

TABLE 6-4 Genomic Mechanisms Causing Prader-Willi and
Angelman Syndromes

Prader-Willi Angelman
Mechanism Syndrome Syndrome
15q11.2-q13 ~70% (paternal) =~70% (maternal)
deletion
Uniparental ~20-30% (maternal) ~7% (paternal)
disomy
Imprinting center =2.5% ~3%
mutation

Gene mutations Rare (small deletions ~10% (UBE3A

within snoRNA mutations)
gene cluster)
Unidentified <1% =10%

snoRNA, Small nucleolar RNA.

Data from Cassidy SB, Schwartz S, Miller JL, et al: Prader-Willi syndrome.
Genet Med 14:10-26, 2012; Dagli Al, Williams CA: Angelman syndrome. In
Pagon RA, Adam MP, Bird TD, et al, editors: GeneReviews [Internet], Seattle,
1993-2013, University of Washington, Seattle, http://www.ncbi.nlm.nih.gov/
books/NBK1144/.
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Figure 6-7 Prader-Willi syndrome (PWS) and Angelman syndrome (AS). A, PWS in a 9}-year-old
boy with obesity, hypogonadism, and small hands and feet who also has short stature and develop-
mental delay. B, Angelman syndrome in a 4-year-old girl. Note wide stance and position of arms.
C, Chromosomal microarray detection of approximately 5-Mb deletion in 15q11.2-q13.1 (red). D,
Schematic of the 15q11.2-q13 region. The PWS region (shaded in blue) contains a series of
imprinted genes (blue) that are expressed only from the paternal copy. The AS region (shaded in
pink) contains two imprinted genes that are expressed only from the maternal copy, including the
UBE3A gene, which is imprinted in the central nervous system and mutations in which can cause
AS. The region is flanked by nonimprinted genes (purple) that are expressed from both maternal
and paternal copies. Common deletions of the PWS/AS region, caused by recombination between
pairs of segmental duplications, are shown in green at the bottom. Smaller deletions of the imprint-
ing center (IC; orange) and of a subset of genes in the small nucleolar RNA (snoRNA) gene cluster
can also lead to PWS. cen, Centromere; tel, telomere. See Sources & Acknowledgments.

only from their mothers, and the syndrome results from
the loss of expression of one or more of the normally
paternally expressed genes in the region.

Notably, the low-copy repeats that flank the Prader-
Willi and Angelman syndrome regions have also been

implicated in other disorders, including duplication or
triplication of the region or inverted duplication of chro-
mosome 15. This underscores that although imprinting
is responsible for the inheritance and specific clinical
findings in Prader-Willi and Angelman syndromes, the
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underlying pathogenomic mechanism of all these disor-
ders involves unequal recombination of the segmental
duplications in the region.

In contrast, in most patients with the rare Angelman
syndrome, which is characterized by unusual facial
appearance, short stature, severe intellectual disability,
spasticity, and seizures (see Fig. 6-7), there is a deletion
of the same chromosomal region, but, now on the chro-
mosome 15 inherited from the mother. Patients with
Angelman syndrome therefore have genetic information
in 15q11.2-q13 derived only from their fathers. This
unusual circumstance demonstrates strikingly that the
parental origin of genetic material (in this case, in a
segment of chromosome 15) can have a profound effect
on the clinical expression of a defect.

Some patients with Prader-Willi syndrome do not
have cytogenetically detectable deletions; instead, they
have two cytogenetically normal chromosome 135s, both
of which were inherited from the mother (see Table 6-4).
This situation illustrates uniparental disomy, introduced
previously in this chapter in the section on abnormal
chromosome segregation. A smaller percentage of
patients with Angelman syndrome also have uniparental
disomy, but in their case with two intact chromosome
15s of paternal origin (see Table 6-4). These patients
add further emphasis that, although genomic imprinting
is responsible for bringing such cases to clinical atten-
tion, the underlying defect in a proportion of cases is
one of chromosome segregation, not one of imprinting
per se, which is completely normal in these cases.

Primary defects in the imprinting process are seen,
however, in a few patients with Prader-Willi syndrome
and Angelman syndrome, who have abnormalities in
the imprinting center itself (see Fig. 6-7). As a result, the
switch from female to male imprinting during spermato-
genesis or from male to female imprinting during oogen-
esis (see Fig. 3-12) fails to occur. Fertilization by a sperm
carrying an abnormally persistent female imprint would
produce a child with Prader-Willi syndrome; fertiliza-
tion of an egg that bears an inappropriately persistent
male imprint would result in Angelman syndrome (see
Table 6-4).

Finally, there is evidence that the major features of
the Prader-Willi and Angelman syndrome phenotypes
can be accounted for by defects at particular genes
within the imprinted region. Mutations in the maternal
copy of a single gene, the ubiquitin-protein ligase E3A
gene (UBE3A), have been found to cause Angelman
syndrome (see Table 6-4). The UBE3A gene is located
within the 15q11.2-q13 imprinted region and is nor-
mally expressed only from the maternal allele in the
central nervous system. Maternally inherited single-gene
mutations in UBE3A account for approximately 10%
of Angelman syndrome cases. In Prader-Willi syndrome,
several patients have been described with deletions of a
much smaller region on the paternally inherited chro-
mosome 135, specifically implicating the noncoding small

nucleolar RNA (snoRNA)116 gene cluster in the etiol-
ogy of the syndrome (see Fig. 6-7).

Other Disorders due to Uniparental Disomy of
Imprinted Regions

Although it is unclear how common uniparental disomy
is, it may provide an explanation for a disease when an
imprinted region is present in two copies from one
parent. Thus physicians and genetic counselors must
keep imprinting in mind as a possible cause of genetic
disorders.

For example, a few patients with cystic fibrosis and
short stature have been described with two identical
copies of most or the entirety of their maternal chromo-
some 7. In these cases, the mother happened to be
a carrier for cystic fibrosis (Case 12), and because
the child received two maternal copies of the mutant
cystic fibrosis gene and no paternal copy of the normal
allele at this locus, the child developed the disease. The
growth failure was unexplained but might be related
to loss of unidentified paternally imprinted genes on
chromosome 7.

THE SEX CHROMOSOMES AND
THEIR ABNORMALITIES

The X and Y chromosomes have long attracted interest
because they differ between the sexes, because they have
their own specific patterns of inheritance, and because
they are involved in primary sex determination. They
are structurally distinct and subject to different forms
of genetic regulation, yet they pair in male meiosis. For
all these reasons, they require special attention. In this
section, we review the common sex chromosome abnor-
malities and their clinical consequences, the current
state of knowledge concerning the control of sex deter-
mination, and abnormalities of sex development.

The Chromosomal Basis of Sex Determination

The different sex chromosome constitution of normal
human male and female cells has been appreciated for
more than 50 years. Soon after cytogenetic analysis
became feasible, the fundamental basis of the XX/XY
system of sex determination became apparent. Males
with Klinefelter syndrome have 47 chromosomes with
two X chromosomes as well as a Y chromosome (karyo-
type 47,XXY), whereas most Turner syndrome females
have only 45 chromosomes with a single X chromosome
(karyotype 45,X). These findings unambiguously estab-
lish the crucial role of the Y chromosome in normal
male development. Furthermore, compared with the
dramatic consequences of autosomal aneuploidy, these
karyotypes underscore the relatively modest effect of
varying the number of X chromosomes in either males
or females. The basis for both observations can be
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explained in terms of the unique biology of the Y and
X chromosomes.
The process of sex determination can be thought of
as occurring in distinct but interrelated steps (Fig. 6-8):
¢ Establishment of chromosomal sex (i.e., XY or XX)
at the time of fertilization
e Initiation of alternate pathways to differentiation of
one or the other gonadal sex, as determined normally
by the presence or absence of the testis-determining
gene on the Y chromosome

e Continuation of sex-specific differentiation of inter-
nal and external sexual organs

e Especially after puberty, development of distinctive
secondary sexual characteristics to create the corre-
sponding phenotypic sex, as a male or female

Whereas the sex chromosomes play a determining
role in specifying chromosomal and gonadal sex, a
number of genes located on both the sex chromosomes
and the autosomes are involved in sex determination
and subsequent sexual differentiation. In most instances,
the role of these genes has come to light as a result of
patients with various conditions known as disorders of

sex development, and many of these are discussed later
in this chapter.

The Y Chromosome

The structure of the Y chromosome and its role in sex
development has been determined at both the molecular
and genomic levels (Fig. 6-9). In male meiosis, the X and
Y chromosomes normally pair by segments at the ends
of their short arms (see Chapter 2) and undergo recom-
bination in that region. The pairing segment includes
the pseudoautosomal region of the X and Y chromo-
somes, so called because the X- and Y-linked copies of
this region are essentially identical to one another and
undergo homologous recombination in meiosis I, like
pairs of autosomes. (A second, smaller pseudoautoso-
mal segment is located at the distal ends of Xq and Yq.)
By comparison with autosomes and the X chromosome,
the Y chromosome is relatively gene poor (see Fig. 2-7)
and contains fewer than 100 genes (some of which
belong to multigene families), specifying only approxi-
mately two dozen distinct proteins. Notably, the

Sex-specific
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phenotypic sex
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Figure 6-8 The process of sex determination and development: establishment of chromosomal sex
at fertilization; commitment to the male or female pathway of gonadal differentiation; sex-specific
differentiation of internal and external genitalia and development of secondary sexual character-
istics (phenotypic sex). Whereas the sex chromosomes play a determining role in specifying chro-
mosomal sex, many genes located on both the sex chromosomes and the autosomes are involved
in sex determination and subsequent sexual differentiation (see Table 6-8).



CHAPTER 6 — THE CHROMOSOMAL AND GENOMIC BASIS OF DISEASE 89

region present in XX testicular DSD

region deleted in XY gonadal dysgenesis

——Yp pseudoautosomal
SRY region

11.3
P112 -
Centromere
11.21
1122 USP9Y :| AZFa
q 11.23 DDX3Y

12 regions deleted in
azoospermia

"] AzFb
| AzFc

“]DAZ genes
=

> Heterochromatic region

-/
\Yq pseudoautosomal
region

Figure 6-9 The Y chromosome in sex determination and in disorders of sex development (DSDs).
Individual genes and regions implicated in sex determination, DSDs, and defects of spermatogenesis

are indicated, as discussed in the text.

functions of a high proportion of these genes are
restricted to gonadal and genital development.

Embryology of the Reproductive System

The effect of the Y chromosome on the embryological
development of the male and female reproductive
systems is summarized in Figure 6-10. By the sixth week
of development in both sexes, the primordial germ cells
have migrated from their earlier extraembryonic loca-
tion to the paired genital ridges, where they are sur-
rounded by the sex cords to form a pair of primitive
gonads. Up to this time, the developing gonad is ambi-
potent, regardless of whether it is chromosomally XX
or XY.

Development into an ovary or a testis is determined
by the coordinated action of a sequence of genes in
finely balanced pathways that lead to ovarian develop-
ment when no Y chromosome is present but tip to the
side of testicular development when a Y is present.
Under normal circumstances, the ovarian pathway is
followed unless a particular Y-linked gene, originally
designated testis-determining factor (TDF), diverts
development into the male pathway.

If no Y chromosome is present, the gonad begins to
differentiate to form an ovary, beginning as early as the
eighth week of gestation and continuing for several

Ambipotent
gonad

Paramesonephric duct

Mesonephric duct

Y chromosome
absent

Y chromosome
present

(TDF/SRY)

Testis

Spermatogenesis
(AZF genes)

Androgens
Male Female
internal/external internal/external
genitalia genitalia

Figure 6-10 Scheme of developmental events in sex determina-
tion and differentiation of the male and female gonads from the
ambipotent gonad. See text for discussion.
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weeks; the cortex develops, the medulla regresses, and
oogonia begin to develop within follicles (see Fig. 6-10).
Beginning at approximately the third month, the oogonia
enter meiosis I, but (as described in Chapter 2) this
process is arrested at dictyotene until ovulation occurs
many years later.

In the presence of a normal Y chromosome (with the
TDF gene), however, the medullary tissue forms typical
testes with seminiferous tubules and Leydig cells that,
under the stimulation of chorionic gonadotropin from
the placenta, become capable of androgen secretion (see
Fig. 6-10). Spermatogonia, derived from the primordial
germ cells by successive mitoses, line the walls of the
seminiferous tubules, where they reside together with
supporting Sertoli cells, awaiting the onset of puberty
to begin spermatogenesis.

While the primordial germ cells are migrating to the
genital ridges, thickenings in the ridges indicate the
developing genital ducts, the mesonephric (also called
wolffian) and paramesonephric (also called miillerian)
ducts, under the influence of hormones produced by
specific cell types in the developing gonad. Duct forma-
tion is usually completed by the third month of
gestation.

In the early embryo, the external genitalia consist of
a genital tubercle, paired labioscrotal swellings, and
paired urethral folds. From this undifferentiated state,
male external genitalia develop under the influence of
androgens, beginning at around 12 weeks of gestation.
In the absence of a testis (or, more specifically, in the
absence of androgens), female external genitalia are
formed regardless of whether an ovary is present.

SRY is the Major Testis-Determining Gene

The earliest cytogenetic studies established the male-
determining function of the Y chromosome. In the
ensuing three decades, chromosomal and genomic anal-
ysis of individuals with different submicroscopic abnor-
malities of the Y chromosome and well-studied disorders
of sex development allowed identification of the primary
testis-determining region on Yp.

Whereas the X and Y chromosomes normally
exchange in meiosis I within the Xp/Yp pseudoautoso-
mal region, in rare instances, genetic recombination
occurs outside of the pseudoautosomal region (Fig.
6-11). This leads to two rare but highly informative
abnormalities—males with a 46,XX karyotype and
females with a 46,XY karyotype—that involve an
inconsistency between chromosomal sex and gonadal
sex, as we will explore in greater detail later in this
chapter.

The SRY gene (sex-determining region on the Y) lies
near the pseudoautosomal boundary on the Y chromo-
some. It is present in many males with an otherwise
normal 46,XX karyotype (Case 41) and is deleted or
mutated in a proportion of females with an otherwise
normal 46,XY karyotype, thus strongly implicating SRY
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Figure 6-11 Etiological factors of phenotypic males with a 46,XX
karyotype or phenotypic females with a 46,XY karyotype by
aberrant exchange between X- and Y-linked sequences. X and Y
chromosomes normally recombine within the Xp/Yp pseudoauto-
somal segment in male meiosis. If recombination occurs below the
pseudoautosomal boundary, between the X-specific and Y-specific
portions of the chromosomes, sequences responsible for male
gonadal sex determination (including the SRY gene) may be trans-
located from the Y to the X. Fertilization by a sperm containing
such an X chromosome leads to a phenotypic male with XX
testicular DSD. In contrast, fertilization by a sperm containing a
Y chromosome that has lost SRY will lead to a phenotypic female
with XY complete gonadal dysgenesis.

in normal male sex determination (see Fig. 6-11). SRY
is expressed only briefly early in development in cells of
the germinal ridge just before differentiation of the
testis. SRY encodes a DNA-binding protein that is likely
to be a transcription factor, which up-regulates a key
autosomal gene, SOX9, in the ambipotent gonad,
leading ultimately to testes differentiation. Thus, by all
available genetic and developmental criteria, SRY is
equivalent to the TDF gene on the Y chromosome. If
SRY is absent or not functioning properly, then the
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female sex differentiation pathway ensues (see Fig.
6-10).

Although there is clear evidence demonstrating the
critical role of SRY in normal male sexual development,
the presence or absence of SRY/TDF does not explain
all cases of abnormal sex determination. Other genes
are involved in the sex determination pathway and are
discussed later in this chapter.

Y-Linked Genes in Spermatogenesis

The prevalence of Y chromosome deletions and micro-
deletions in the general male population is reported to
be approximately 1 in 2000 to 3000 males. However,
microdeletions in the male-specific portion of Yq are
found in a significant proportion of men with low
sperm count, ranging from cases of nonobstructive
azoospermia (no sperm detectable in semen) to severe
oligospermia (<5 million/mL; normal range, 20 to
40 million/mL). These findings suggest that one or more
genes, termed azoospermia factors (AZF), are located
on the Y chromosome, and three such regions on
Yq (AZFa, AZFb, and AZFc) have been defined (see
Fig. 6-9).

Genomic analysis of these microdeletions led to iden-
tification of a series of genes that appear to be important
in spermatogenesis. For example, the 3.5-Mb-long
AZFc deletion region contains seven different families
of genes that are expressed only in the testis, including
four copies of the DAZ genes (deleted in azoospermia)
that encode nearly identical RNA-binding proteins
expressed only in the premeiotic germ cells of the testis.
De novo deletions of AZFc arise in approximately 1 in
4000 males and account for approximately 12% of
azoospermic males and approximately 6% of males
with severe oligospermia. Deletion of only two of the
four DAZ genes has been associated with milder oligo-
spermia. Similar to the other genomic disorders described
earlier in this chapter, they are mediated by recombina-
tion between segmentally duplicated sequences (see
Table 6-3). AZFa and AZFb deletions, although less
common, also involve recombination. The Yq microde-
letions are not syndromic, however; they are responsible
only for a defect in spermatogenesis in otherwise normal
males. The explanation is that all of the genes involved
in the AZF deletions are expressed only in the testis and
have no functions in other tissues or cell types.

Overall, approximately 2% of otherwise healthy
males are infertile because of severe defects in sperm
production, and it appears likely that de novo deletions
or mutations of genes on Yq account for a significant
proportion of these. Thus men with idiopathic infertility
should be karyotyped, and Y chromosome molecular
testing and genetic counseling may be appropriate
before the initiation of assisted reproduction by intra-
cytoplasmic sperm injection for such couples, mostly
because of the risk for passing a Yq microdeletion
responsible for infertility to the infertile couple’s sons.

The X Chromosome

Aneuploidy for the X chromosome is among the most
common of cytogenetic abnormalities. The relative tol-
erance of human development for X chromosome
abnormalities can be explained in terms of X chromo-
some inactivation, the process by which most genes on
one of the two X chromosomes in females are silenced
epigenetically, introduced in Chapter 3. X inactivation
and its consequences in relation to the inheritance of
X-linked disorders are discussed in Chapter 7. Here we
discuss the chromosomal and genomic mechanisms of
X inactivation and their implications for human and
medical genetics (see Box at the end of this section).

X Chromosome Inactivation

The principle of X inactivation is that in somatic cells
in normal females (but not in normal males), one X
chromosome is inactivated early in development, thus
equalizing the expression of X-linked genes in the two
sexes. In normal female development, because the choice
of which X chromosome is to be inactivated is a random
one that is then maintained clonally, females are mosaic
with respect to X-linked gene expression (see Fig. 3-13).

There are many epigenetic features that distinguish
the active and inactive X chromosomes in somatic cells
(Table 6-5). These features can be useful diagnostically
for identifying the inactive X chromosome(s) in clinical
material. In patients with extra X chromosomes (whether
male or female), any X chromosome in excess of one is
inactivated (Fig. 6-12). Thus all diploid somatic cells in
both males and females have a single active X chromo-
some, regardless of the total number of X or Y chromo-
somes present.

TABLE 6-5 Epigenetic and Chromosomal Features of X Chromosome Inactivation in Somatic Cells

Feature Active X Inactive X
Gene expression Yes; similar to male X Most genes silenced; =15% expressed to some degree
Chromatin state Euchromatin Facultative heterochromatin; Barr body

Noncoding RNA

DNA replication timing
Histone variants
Histone modifications

XIST gene silenced

Synchronous with autosomes
Similar to autosomes and male X
Similar to autosomes and male X

XIST RNA expressed from Xi only; associates with Barr body
Late-replicating in S phase

Enriched for macroH2A

Enriched for heterochromatin marks; deficient in euchromatin marks

Xi, Inactive X.
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Sexual No. of No. of
phenotype Karyotype active X’'s  inactive X's
Male 46,XY; 47,XYY 1 0
47 XXY; 48, XXYY 1 1
48 XXXY; 49, XXXYY 1 2
49 XXXXY 1 3
Female 45X 1 0
46,XX 1 1
47 XXX 1 2
48,XXXX 1 3
49 XXXXX 1 4

47 XXX
No. Xi: 1 2

48, XXXX 49, XXXXX
3 4

Figure 6-12 Sex chromosome constitution and X chromosome inactivation. Top, In individuals
with extra X chromosomes, any X in excess of one is inactivated, regardless of sex and regardless
of the number of Y chromosomes present. Thus the number of inactive X chromosomes in diploid
cells is always one less than the total number of X chromosomes. Bottom, Detection of inactive
X chromosomes (Xi) in interphase nuclei from females with 46,XX, 47,XXX, 48,XXXX, and
49,XXXXX karyotypes. Regions of bright fluorescence indicate the presence of the histone variant
macroH2A associated with inactive X chromosomes (see Table 6-5).

The X chromosome contains approximately 1000
genes, but not all of these are subject to inactivation.
Notably, the genes that continue to be expressed, at least
to some degree, from the inactive X are not distributed
randomly along the X chromosome; many more genes
“escape” inactivation on distal Xp (as many as 50%)
than on Xq (just a few percent). This finding has impor-
tant implications for genetic counseling in cases of
partial X chromosome aneuploidy, because imbalance
for genes on Xp may have greater clinical significance
than imbalance for genes on Xq, where the effect is
largely mitigated by X inactivation.

Patterns of X Inactivation. X inactivation is normally
random in female somatic cells and leads to mosaicism
for two cell populations expressing alleles from one or
the other X (Fig. 6-13). Where examined, most females
have approximately equal proportions of cells express-
ing alleles from the maternal or paternal X (i.e.,
approximately 50:50), and approximately 90% of

phenotypically normal females fall within a distribution
that extends from approximately 25:25 to approxi-
mately 75:25 (see Fig. 6-13). Such a distribution pre-
sumably reflects the expected range of outcomes for a
random event (i.e., the choice of which X will be the
inactive X) involving a relatively small number of cells
during early embryogenesis. For individuals who are
carriers for X-linked single-gene disorders (see Chapter
7), this X inactivation ratio can influence the clinical
phenotype, depending on what proportion of cells in
relevant tissues or cell types express the deleterious
allele on the active X.

However, there are exceptions to the distribution
expected for random X inactivation when the karyotype
involves a structurally abnormal X chromosome. For
example, in nearly all patients with unbalanced struc-
tural abnormalities of an X chromosome (including
deletions, duplications, and isochromosomes), the struc-
turally abnormal chromosome is always the inactive X.
Because the initial inactivation event early in embryonic
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Figure 6-13 X chromosome inactivation in karyotypes with normal or abnormal X chromosomes
or X;autosome translocations. A, Normal female cells (46,XX) undergo random X inactivation,
resulting in a mosaic of two cell populations (left) in which either the paternal or maternal X is
the inactive X (Xi, indicated by shaded box). In phenotypically normal females, the ratio of the
two cell populations has a mode at 50:50, but with variation observed in the population (right),
some with an excess of cells expressing alleles from the paternal X and others with an excess of
cells expressing alleles from the maternal X. B, Individuals carrying a structurally abnormal X
(abn X) or X;autosome translocation in a balanced or unbalanced state show nonrandom X inac-
tivation in which virtually all cells have the same X inactive. The other cell population is inviable
or at a growth disadvantage because of genetic imbalance and is thus underrepresented or absent.
der(X) and der(A) represent the two derivatives of the X;autosome translocation. See Sources &
Acknowledgments.
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development is likely random, the patterns observed
after birth probably reflect secondary selection against
genetically unbalanced cells that are inviable (see
Fig. 6-13). Because of this preferential inactivation
of the abnormal X, such X chromosome anomalies
have less of an impact on phenotype than unbalanced
abnormalities of similar size or gene content involving
autosomes.

Nonrandom inactivation is also observed in most
cases of X;autosome translocations (see Fig. 6-13). If
such a translocation is balanced, the normal X chromo-
some is preferentially inactivated, and the two parts of
the translocated chromosome remain active, again likely
reflecting selection against cells in which critical auto-
somal genes have been inactivated. In the unbalanced
offspring of a balanced carrier, however, only the trans-
location product carrying the X inactivation center is
present, and this chromosome is invariably inactivated;
the normal X is always active. These nonrandom pat-
terns of inactivation have the general effect of minimiz-
ing, but not always eliminating, the clinical consequences
of the particular chromosomal defect. Because patterns
of X inactivation are strongly correlated with clinical
outcome, determination of an individual’s X inactiva-
tion pattern by cytological or molecular analysis (see
Table 6-5) is indicated in all cases involving X;autosome
translocations.

The X Inactivation Center. Inactivation of an X chro-
mosome depends on the presence of the X inactivation
center region (XIC) on that chromosome, whether it
is a normal X chromosome or a structurally abnormal
X. Detailed analysis of structurally abnormal, inacti-
vated X chromosomes led to the identification of the
XIC within an approximately 800-kb candidate region
in proximal Xq, in band Xq13.2 (Fig. 6-14), which
coordinates many, if not all, of the critical steps
necessary to initiate and promulgate the silenced chro-
matin state along the near-entirety of the X chosen
to become the inactive X. As introduced in Chapter 3,
this complex series of events requires a noncoding
RNA gene, XIST, that appears to be a key master regu-
latory locus for the onset of X inactivation. It is one of
a suite of noncoding RNA genes in the interval, others
of which may operate in the regulation of XIST expres-
sion and in other early events in the X inactivation
process.

Cytogenetic Abnormalities of
the Sex Chromosomes

Sex chromosome abnormalities are among the most
common of all human genetic disorders, with an overall
incidence of approximately 1 in 400 live births. Like
abnormalities of the autosomes, they can be either
numerical or structural and can be present in all cells or
in mosaic form. As a group, disorders of the sex

SIGNIFICANCE OF X INACTIVATION IN MEDICAL GENETICS

Many of the underlying details of X inactivation are
mechanistically similar to other, more localized epigenetic
silencing systems (see Table 3-2). Nonetheless, there are
a number of features of X inactivation that are of central
importance to human and medical genetics:

e Its chromosomal nature reduces the impact of segmen-
tal- or whole-chromosome genetic imbalance, such
that many numerical and structural abnormalities of
the X chromosome are relatively less deleterious than
comparable abnormalities of the autosomes.

e Its random nature and the resulting clonal mosaicism
greatly influence the clinical phenotype of females who
carry X-linked single-gene mutations on one of their
X chromosomes (see Chapter 7).

e Its dependence on the XIC is required for normal XX
female development, because even very small frag-
ments of the X chromosome separated from the XIC
can lead to severe phenotypic anomalies as a result of
their expression from both copies of genes contained
on the X fragment (see Fig. 6-14).

chromosomes tend to occur as isolated events without
apparent predisposing factors, except for an effect of
late maternal age in the cases that originate from errors
of maternal meiosis I. There are a number of clinical
indications that raise the possibility of a sex chromo-
some abnormality and thus the need for chromosomal
or genomic studies. These indications include delay in
onset of puberty, primary or secondary amenorrhea,
infertility, and ambiguous genitalia.

The most common sex chromosome abnormalities
involve aneuploidy for the X and/or Y chromosomes.
The phenotypes associated with these chromosomal
defects are, in general, less severe than those associated
with comparable autosomal disorders because, as dis-
cussed earlier, X chromosome inactivation, as well as
the low gene content of the Y, minimize the clinical
consequences of sex chromosome imbalance. By far the
most common sex chromosome defects in liveborn
infants and in fetuses are the trisomic types (XXY,
XXX, and XYY), but all three are rare in spontaneous
abortions. In contrast, monosomy for the X (Turner
syndrome) is less frequent in liveborn infants but is the
most common chromosome anomaly reported in spon-
taneous abortions (see Table 5-2).

Sex Chromosome Aneuploidy

The incidence and major features of the four conditions
associated with sex chromosome aneuploidy are com-
pared in Tables 6-6 and 6-7. These well-defined syn-
dromes are important causes of infertility, abnormal
development, or both, and thus warrant a more detailed
description. The effects of these chromosome abnor-
malities on development have been studied in long-term
multicenter studies of hundreds of affected individuals,
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Figure 6-14 X chromosome inactivation and dependence on X inactivation center (XIC). A, On
normal X chromosomes, XIC lies within an approximately 800-kb candidate region in Xq13.2
that contains a number of noncoding RNA (ncRNA) genes, including XIST, the master X inactiva-
tion control gene. In early development in XX embryos, the XIST RNA spreads along the length
of one X, which will become the inactive X (Xi), with epigenetic silencing of most genes on that
X chromosome, resulting in monoallelic expression of most, but not all X-linked genes. B, On
structurally abnormal X chromosomes that lack the XIC, X inactivation cannot occur and genes
present on the abnormal X are expressed biallelically. Although a fairly large abnormal X is shown
here for illustrative purposes, in fact only very small such fragments are observed in female patients,
who invariably display significant congenital anomalies, suggesting that biallelic expression of
larger numbers of X-linked genes is inconsistent with normal development and is likely inviable.

some of whom have been monitored for more than
40 years. As a group, those with sex chromosome
aneuploidy show reduced levels of psychosocial adapta-
tion, educational achievement, occupational perfor-
mance, and economic independence, and on average
they score slightly lower on intelligence (IQ) tests than
their peers. However, each group shows high variability,
making it impossible to generalize to specific cases. In
fact, the overall impression is a high degree of normalcy,
particularly in adulthood, which is remarkable among
those with major chromosomal anomalies. Because
almost all patients with sex chromosome abnormalities
have only mild developmental abnormalities, a parental

decision regarding potential termination of a pregnancy
in which the fetus is found to have this type of defect
can be a very difficult and even controversial one.
Here, we use Klinefelter syndrome to illustrate the
major principles of sex chromosome aneuploidy. A
more detailed presentation of Turner syndrome (45,X
and its variants) can be found in the Cases (Case 47).

Klinefelter Syndrome (47,XXY). The phenotype of
typical patients with Klinefelter syndrome is shown in
Figure 6-15. Klinefelter patients are almost always infer-
tile because of the failure of germ cell development, and
patients are often identified clinically for the first time
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TABLE 6-6 Incidence of Sex Chromosome Abnormalities

Sex Disorder Karyotype Approximate Incidence
Male Klinefelter syndrome 47, XXY 1/600 males
48, XXXY 1/25,000 males
Others (48,XXYY; 49,XXXYY; mosaics) 1/10,000 males
47,XYY syndrome 47,XYY 1/1000 males
Other X or Y chromosome abnormalities 1/1500 males
XX testicular DSD 46,XX 1/20,000 males
Ovwerall incidence: 1/300 males
Female Turner syndrome 45,X 1/4000 females
46,X,i(Xq) 1/50,000 females
Others (deletions, mosaics) 1/15,000 females
Trisomy X 47,XXX 1/1000 females
Other X chromosome abnormalities 1/3000 females
XY gonadal dysgenesis 46,XY 1/20,000 females
Androgen insensitivity syndrome 46,XY 1/20,000 females

Overall incidence: 1/650 females

DSD, Disorder of sex development.

Data updated from Robinson A, Linden MG, Bender BG: Prenatal diagnosis of sex chromosome abnormalities. In Milunsky A,

fetus, ed 4, Baltimore, 1998, Johns Hopkins University Press, pp 249-285.

TABLE 6-7 Features of Sex Chromosome Aneuploidy Conditions

editor: Genetic disorders of the

47,XXY 47, XXX 45,X
Feature Klinefelter Syndrome  47,XYY Trisomy X Turner Syndrome
Prevalence 1 in 600 male births 1 in 1000 male births 1 in 1000 female births 1 in 2500 to 4000

Clinical phenotype

Cognition/intelligence

Behavioral phenotype

Sex development/fertility

Variant karyotypes

Tall male; see Figure
6-15 and text

Verbal IQ reduced to
low-normal range;
educational difficulties

No major disorders;
tendency to poor
social adjustments,
but normal adult
relationships

Hypogonadism,
azoospermia,
infertility

See Table 6-6

Tall, but otherwise
typical male
appearance

Verbal IQ reduced to
low-normal range;
language delay;
reading difficulties

Subset with specific
behavioral problems
likely associated
with lower IQ

Normal

Hypotonia, delayed
milestones; language
and learning difficulties;
tend to be taller than
average

Normal to low-normal
range (both verbal and
performance IQ
decreased)

Typically, no behavioral
problems; some anxiety
and low self-esteem;
reduced social skills

?Reduced fertility in some
?Premature ovarian failure

48,XXXX; 49,XXXXX
Increased severity with
additional X’s

female births

Short stature, webbed
neck, lymphedema;
risk for cardiac
abnormalities

Typically normal, but
performance 1Q lower
than verbal IQ

Typically normal, but
impaired social
adjustment

Gonadal dysgenesis,
delayed maturation,
infertility

46,Xi(Xq); 45,X/46,XX
mosaics; other mosaics

Summarized from Ross JL, Roeltgen DP, Kushner H, et al: Behavioral and social phenotypes in boys with 47,XYY syndrome or 47,XXY Klinefelter syndrome.
Pediatrics 129:769-778, 2012; Pinsker JE: Turner syndrome: updating the paradigm of clinical care. | Clin Endocrinol Metab 97:E994-E1003, 2012; and AXYS,

http: www.genetic.org.

because of infertility; as such, Klinefelter syndrome is
classified among disorders of sex development, as we
shall see in the next section. Klinefelter syndrome is
relatively common among infertile males (approxi-
mately 4%) or males with oligospermia or azoospermia
(approximately 10%). In adulthood, persistent andro-
gen deficiency may result in decreased muscle tone, a
loss of libido, and decreased bone mineral density.

mately 15%

The incidence of Klinefelter syndrome is estimated to
be as high as 1 in 600 male births. Approximately half
the cases result from nondisjunction in paternal meiosis
I because of a failure of normal Xp/Yp recombination
in the pseudoautosomal region. Among cases of mater-
nal origin, most result from errors in maternal meiosis
I; maternal age is increased in such cases. Approxi-
of Klinefelter patients have mosaic
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Figure 6-15 Phenotype of males with 47,XXY Klinefelter syndrome. The patients are tall and thin
and have relatively long legs. They appear physically normal until puberty, when signs of hypo-
gonadism become obvious. Puberty occurs at a normal age, but the testes remain small, and sec-
ondary sexual characteristics remain underdeveloped. Note narrow shoulders and chest.
Gynecomastia is a feature of some Klinefelter males and is visible in the 16-year-old patient in A.
See Sources & Acknowledgments.

karyotypes, most commonly 46,XY/47,XXY. As a
group, such mosaic patients have variable phenotypes,
and some may have normal testicular development.
Although there is wide phenotypic variation among
patients with this and other sex chromosome aneuploi-
dies, some consistent phenotypic differences have been
identified between patients with Klinefelter syndrome
and chromosomally normal males (see Table 6-7).
Verbal comprehension and ability are below those of
46,XY males. Patients with Klinefelter syndrome have
a several-fold increased risk for learning difficulties,
especially in reading, that may require educational inter-
vention. Language difficulties may lead to shyness,

unassertiveness, apparent immaturity, and an increased
risk for depression. Although most Klinefelter males
form normal adult relationships, many of the affected
boys have relatively poor psychosocial adjustment.
Because of the relatively mild yet variable phenotype,
many cases are presumed to go undetected.

DISORDERS OF SEX DEVELOPMENT

Earlier in this chapter, we discussed the primary sex-
determining role of the Y chromosome and the SRY
gene. In this section, we examine the role of various
genes in ovarian and testicular development and in the
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development of male and female external genitalia. Dis-
orders of gonadal and sexual development can arise
from errors at any of the major steps of normal sex
determination outlined earlier (see Fig. 6-8). These con-
ditions, ranging from gonadal abnormalities to com-
plete incompatibility between chromosomal and
phenotypic sex, are now collectively termed disorders
of sex development (DSD). They are among the most
common birth defects; worldwide, 1 in 4500 babies are
born with significant ambiguous genitalia, and DSDs
are estimated to account for over 7% of all birth defects.

Although the chromosomal sex of an embryo is
established at the time of fertilization, for some newborn
infants, assignment of sex is difficult or impossible
because the genitalia are ambiguous, with anomalies
that tend to make them resemble in part those of the
opposite chromosomal sex. Such anomalies may vary
from mild hypospadias in males (a developmental
anomaly in which the urethra opens on the underside
of the penis or on the perineum) to an enlarged clitoris
in females. In some patients, as we discuss later, both
ovarian and testicular tissue is present. Abnormalities
of either external or internal genitalia do not necessarily
indicate a cytogenetic abnormality of the sex chromo-
somes but may reflect chromosomal changes elsewhere
in the karyotype, single-gene defects, or nongenetic
causes. Nonetheless, determination of the child’s karyo-
type, frequently accompanied by chromosomal micro-
array, is an essential part of the investigation of such
patients and can help guide both surgical and psycho-
social management, as well as genetic counseling.

The detection of cytogenetic abnormalities, especially
when seen in multiple patients, can also provide impor-
tant clues about the location and nature of genes
involved in sex determination and sex differentiation,
some of which are listed in Table 6-8. DSDs can be
classified into several major phenotypic and mechanistic
groups, examples of which are discussed in the follow-
ing sections. We focus on a few examples to illustrate

the critical balance among various genes and their prod-
ucts that is necessary for normal gonadal and genital
development in both males and females (see Box). These
examples also reinforce the wide range of cytogenetic
and genomic approaches—from standard karyotypes to
FISH to microarrays to direct mutation analysis—
needed for diagnosis, clinical and psychosocial manage-
ment, and genetic counseling in these conditions.

GENE BALANCE AND DISORDERS OF SEX DEVELOPMENT

The discovery of different Y-linked, X-linked, and auto-
somal, chromosomal, genomic, and single-gene abnor-
malities in different patients underscores the finely tuned
nature of the network of dosage-sensitive genes that
control gonadal development. The right genes and their
products have to be expressed in the right amounts at
precisely the right time and in the right place in the devel-
oping embryo.

Imbalance in the expression of major genes in the sex
development pathways can override the signals typical of
the chromosomal sex, leading to testis formation, even in
the absence of a Y chromosome, or to ovarian develop-
ment, even in the presence of the Y. Mutations and/or
dosage imbalance (duplications or deletions) of critical
genes in these pathways can overcome chromosomal sex
and lead to a mismatch between chromosomal and
gonadal sex or between gonadal and phenotypic sex
(Fig. 6-16).

Disorders of Gonadal Development

Gonadal dysgenesis refers to a progressive loss of germ
cells, typically leading to underdeveloped and dysfunc-
tional (“streak”) gonads, with consequent failure to
develop mature secondary sex characteristics. Gonadal
dysgenesis is typically categorized according to the
k