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Preface

his book presents a comprehensive introduction to the principles of human

cytogenetics and provides examples of their applications, especially those
that are important in diagnostic and preventive medicine. The authors have each
worked in human cytogenetics for more than 40 years and have witnessed first-
hand the enormous strides made in the field during this time. The many advances
made since the third edition of this book reflect the rapidly growing application
of molecular biological techniques and concepts by human cytogeneticists.
Insertion of transposable elements, genomic imprinting, and expansion of tri-
nucleotide repeats are only a few of the important cytogenetic mechanisms that
have been discovered and shown to play a role in producing disease phenotypes.
Molecular cytogenetic methods have taken center stage in cancer studies with
the demonstration that cancers arise by chromosomal mechanisms such as gene
amplification, oncogene activation by chromosome rearrangement, ectopic
recombination leading to loss of heterozygosity, and multiple mechanisms
leading to genome destabilization.
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vi

We present a comprehensive and relatively brief overview of the principles of
cytogenetics, including the important new disease mechanisms previously men-
tioned. Examples are chosen that illustrate these principles and their application,
thus preparing the reader to understand the new developments that constantly
appear in the laboratory, the clinic, and the current literature of this very active
field. At many points in the book, important unsolved problems in cytogenetics
are mentioned with suggestions of how a solution might be sought, which acts
as a stimulus to the reader to come up with his or her own suggestions. The
book should be particularly useful for physicians who want to keep up with new
developments in this field and students interested in a career in medical genet-
ics or genetic counseling. It could easily serve as a text for a one-semester college
or graduate-level course in human cytogenetics, or, with some supplementation,
a course in general cytogenetics.

In this edition, the text has been extensively reorganized and almost com-
pletely rewritten to incorporate essential insights from cell and molecular genet-
ics, along with other advances in cytogenetics, and to present them in a
systematic way. Examples have been chosen that not only emphasize the under-
lying principles but also illustrate the growing clinical importance of molecular
cytogenetics. Most of the tables and the majority of the figures are new, and vir-
tually all are based on studies of human chromosomes. We are grateful to the
colleagues and copyright holders who have generously permitted the use of their
published and unpublished figures and tables.

Detroit, Michigan Orlando J. Miller
Madison, Wisconsin Eeva Therman
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Origins and Directions
of Human Cytogenetics

ytogenetics is the study of the structure, function, and evolution of chro-

mosomes, the vehicles of inheritance that reside in the cell nucleus. Cyto-
genetics deals with chromosome behavior during the divisions of the somatic
and early germline cells that produce identical daughter cells with two sets of
chromosomes (mitosis) or the final two germline cell divisions that produce germ
cells with a single set of chromosomes (meiosis). Human cytogenetics is particu-
larly concerned with how these processes may go wrong and how structural
changes arise, because changes in the number or structure of chromosomes are
major causes of mental retardation, multiple malformations, cancer, infertility,
and spontaneous abortions.

O.J. Miller et al., Human Chromosomes
© Springer-Verlag New York, Inc. 2001



1 Origins and Directions of Human Cytogenetics

Origins: Cytology, Genetics,
and DNA Chemistry

Human cytogenetics had its beginning in the nineteenth century, aided by the
development of the compound microscope, fixatives for preserving cell struc-
ture, and chemical dyes that preferentially stain nuclei and chromosomes. These
early studies in cytology (now called cell biology) led to the elaboration of the
cell theory, that all living cells come from pre-existing cells. The first study of
human chromosomes, by Fleming in 1889, provided limited information.
However, along with the work of van Beneden, Strasburger, Waldeyer, and
others, it led to a clear understanding that the behavior of chromosomes in
mitosis and meiosis is consistent and that their key features are virtually identi-
cal in animals and plants. The evidence was so impressive that Weissmann, in
1892, claimed that chromosomes were the physical basis of heredity. A method
of genetic analysis was needed to test this hypothesis. This was provided by the
rediscovery of the principles of Mendelian inheritance in 1901. Within a year,
Sutton and Boveri independently reported that the segregation of each pair of
homologous chromosomes and the independent assortment of nonhomologous
chromosomes in meiosis could account for the corresponding behavior of
Mendelian unit factors (genes), if these were carried by the chromosomes. This
was the first major theoretical contribution of cytogenetics to genetics, and it
led to the realization that each chromosome must carry many different genes.
Intensive efforts over the next 90 years showed that in each organism the genes
were arranged in linear arrays along the length of each chromosome, with each
gene having a unique location on a particular chromosome. But what was the
chemical nature of the gene? The pioneering work of Avery, Mcleod and
MacCarty, published in 1944, established that genes are composed of deoxyri-
bonucleic acid, or DNA, not protein.

The presence of DNA as a major component of cell nuclei had been known
since the work of Miescher, late in the nineteenth century. In 1924, Feulgen
developed a method for staining nuclei and chromosomes that was based on a
specific chemical modification of DNA. This Feulgen reaction, or stain, allowed
quantitative measurements of the DNA content of tissues and even of individual
nuclei after cytophotometric methods were developed. The cells of each
organism had a characteristic amount of DNA, with the amount of DNA in non-
dividing diploid somatic cells (2C) twice that in haploid germ cells (C). The
3.65 picograms of DNA in haploid sperm provided an estimate of the size of



The Midwives of Human Cytogenetics

the haploid genome, or complete set of human chromosomes: approximately 3.4
billion nucleotide base pairs of DNA.

The existence of nucleotide base pairing in DNA was unknown until 1953,
when Watson and Crick, aided by the X-ray crystallographic data of Wilkins
and Franklin, proposed that DNA is composed of two long, spiraling strands of
nucleotides that are held together by hydrogen bonds between pairs of bases.
Two hydrogen bonds linked each adenine (A) with a thymine (T), and three
hydrogen bonds linked each guanine (G) with a cytosine (C). These were the
only types of base pairs permitted by the proposed structure of DNA. As a con-
sequence, the sequence of bases in one strand determines the sequence of bases
in the complementary strand. Furthermore, the genetic information carried by
each chromosome could be specified by the sequence of bases in its long DNA
molecule. Crick showed that the information is, indeed, encoded in successive
triplets of bases in DNA and in the messenger RNA (mRNA) that is transcribed
from one strand of the DNA. Nirenberg, Mathai, and Ochoa worked out the
complete genetic code—the particular nucleotide triplets (codons) that specify
each amino acid in a growing polypeptide chain or protein and the stop codons
that terminate chain growth. This completed the logic of genetics and explained
the earlier fundamental discovery of Garrod, Beadle, and Tatum that each
enzyme protein is generally the product of one gene: the “one gene-one enzyme”
hypothesis.

The Midwives of Human Cytogenetics

The early cytological history of human cytogenetics has been reviewed com-
prehensively by Makino (1975). Few studies on human chromosomes were pub-
lished before 1952. That of Painter in 1923 was responsible for the notion that
the human chromosome number is 48, a mistake that went uncorrected for the
next 33 years. His report was worded quite cautiously; after all, it was based
almost entirely on the analysis of a few cells from one institutionalized individual!
That number may have been correct for that individual, as rare institution-
alized individuals with 48 chromosomes are now well known. However, it may
simply have been the result of the inadequate methods available to the early
investigators, who had to examine serial sections of testes because the badly
overlapping chromosomes were not even in one focal plane. Accurate studies of
human chromosomes became possible only after several technical developments.
Improved cell culture methods provided a ready source of individual dividing
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cells that could be squashed on a slide. Blakeslee and Eigsti showed in 1936 that
colchicine destroys the mitotic spindle and blocks cells in metaphase, facilitat-
ing their accumulation and study. Hsu discovered in 1952 that treatment of cells
with hypotonic salt solution before fixation gave a marked improvement in chro-
mosome spreading, especially when combined with the use of single-cell sus-
pensions and the addition of colchicine to the cells before hypotonic treatment.

Taking advantage of these new methods, Tjio and Levan (1956) established
that the correct human diploid chromosome number is 46, based on their study
of cultured embryonic lung cells from several individuals. The same year, Ford
and Hamerton confirmed this in spermatogonia and showed that cells in meiosis
have 23 paired chromosomes, or bivalents. Methods continued to improve. Air-
drying cell suspensions directly on microscope slides gave better spreading and
flattened the entire metaphase spread into a thin focal plane. An important inno-
vation in cell culture technique came with the discovery in 1960 by Moorhead
and his associates that peripheral blood lymphocytes can be induced to divide
after a few days in culture in the presence of phytohemagglutinin, a bean extract.
Because blood samples are so readily available, chromosome studies could be
carried out quickly and easily on virtually anyone. Such cultures are still one of
the most widely used sources of human chromosomes. An important additional
source is amniotic fluid. In 1966, Steele and Breg reported that cells cultured
from amniotic fluid could be used to determine the chromosome constitution of
the fetus. This is the technique that is still most widely used for prenatal chro-
mosome studies, although rapidly growing numbers of studies are now carried
out on cells cultured from biopsies of chorionic villi taken from the placenta
during the first trimester of pregnancy.

The Birth of Clinical Cytogenetics

The new techniques were soon applied to individuals who were mentally
retarded or had multiple malformations. Miller (1995) gives a short review of
this early phase, with extensive references. Lejeune et al. (1959) found that
Down syndrome in several subjects was caused by the presence of three copies
(trisomy), instead of the normal two, of number 21, one of the smallest human
nonsex chromosomes, or autosomes. The same year, Jacobs and Strong found a
male with Klinefelter syndrome who had an XXY complement, while Ford and
his collaborators reported females with Turner syndrome who had a single X

(XO or monosomy X) or were XO/XX mosaics, with both XO and XX cells. They
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also reported the first case of double aneuploidy: an extra sex chromosome and an
extra chromosome 21 (XXY-trisomy 21) in a man with 48 chromosomes who
had both Klinefelter and Down syndromes. These observations indicated that
sex determination in humans depends upon the presence or absence of a Y chro-
mosome and not on the ratio of X chromosomes to autosome sets, as it does in
Drosophila. The Y chromosome is male determining even in the presence of as
many as three or four X chromosomes, since XXXY and XXXXY individuals are
male. Individuals who have a Y chromosome in only a fraction of their cells,
such as XO/XY mosaics or XX/XY chimeras, which arise from fertilization by two
sperm, often show mixed, or intersexual, development (Chapters 19 and 21).
The presence of multiple malformations in 21 trisomic patients led to the
search for trisomy of other autosomes among patients with multiple malforma-
tions. Trisomy 13 and trisomy 18 were discovered in 1960 by groups headed by
Patau and Edwards, respectively (Chapter 12). No additional trisomies were
found in liveborns, so attention turned to a search for chromosome abnormali-
ties in spontaneously aborted embryos or fetuses, based on the assumption that
trisomy for these autosomes might act as embryonic lethals. Carr, and later Boue's
group, carried out extensive studies of spontaneous abortuses and found that
autosomal trisomies represented about 3% of all recognized pregnancies. In addi-
tion, XO and triploid (3n) abortuses were also extremely common: each made
up about 1% of recognized pregnancies. Clearly, these chromosome constitu-
tions were quite lethal, and human meiosis quite error-prone (Chapter 11).
Only structural aberrations that produced large changes in the length or arm
ratio of a chromosome could be detected with the methods available before
1970. These included Robertsonian translocations, which involve the long arms
of two acrocentric chromosomes, such as numbers 14 and 21. Their discovery
by Penrose, Fraccaro, and others was the result of studies of exceptional cases
of Down syndrome in which the mother was young or there was an affected
relative (Chapter 13). A number of deletions were also detected. Nowell and
Hungerford noted in 1960 the consistent presence of a deleted G group
(Philadelphia) chromosome in chronic myelogenous leukemia cells. Later, using
banded chromosomes, Rowley showed that the aberration was really a specific
translocation (Chapter 27). The first example of a deletion of a D group chro-
mosome was found in 1963 in a patient with retinoblastoma by Penrose's group,
who pointed out that if the deletion was responsible for the disease, a gene for
retinoblastoma must be in the deleted segment. Deletions were shown to cause
some characteristic and previously unrecognized clinical syndromes: Lejeune’s
cri du chat (cat cry) syndrome by a deletion of the short arm of chromosome 5
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and the Wolf-Hirschhorn syndrome by a deletion of chromosome 4 (Chapter
15). Characteristic phenotypes were also noted by de Grouchy and others in
patients with deletions of either the long arm or the short arm of chromosome
18. In some families, the presence of a chromosome rearrangement in one parent
was responsible for the deletion or other chromosome imbalance in one or more
children (Chapter 16).

The Lyon Hypothesis

In 1949, Barr and Bertram described what is called the sex chromatin, or Barr
body, which is visible in some cell nuclei in all mammalian females. Its frequently
bipartite form led to the hypothesis that it arose from pairing of highly con-
densed (beterochromatic) segments of the two X chromosomes. The finding of three
X chromosomes in individuals with two Barr bodies in some of their cells (for
example, Jacobs et al., 1959) provided a key piece of information and made an
alternative hypothesis more attractive: that a Barr body is a single heterochro-
matic X chromosome. This interpretation, first formulated by Ohno, played a
role in the development of the single-active-X, or Lyon, hypothesis (Lyon,
1961). The hypothesis states that in mammalian females one X chromosome is
inactivated in all the cells at an early embryonic stage. The original choice of
which X is inactivated is random, but the same X remains inactive in all the
descendants of that cell. If a cell has more than two X chromosomes, all but one
are inactivated, and each inactive X chromosome may form a Barr body (Chapter
18). The Lyon hypothesis remains one of the most important theoretical con-
cepts in human, and all mammalian, cytogenetics. It has directed research and
led to many key insights in developmental and cancer biology and to even more
in other areas of genetics, as described throughout later chapters.

Adolescence: The Chromosome
Banding Era

Until 1970, chromosome identification, and particularly the identification of
structural changes, was severely limited. Normal chromosomes could be sorted
into seven groups on the basis of length and arm ratio, but only a few chromo-
somes can be individually recognized. Autoradiographic DNA replication pat-
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terns helped identify a few more, but this was time-consuming and still of very
limited value. The introduction of chromosome banding techniques revolution-
ized human cytogenetics. In 1970, Caspersson et al. discovered that quinacrine
mustard produces consistent fluorescent banding patterns along each human
chromosome that are so distinctive that every chromosome can be individu-
ally identified. This discovery was followed by a flood of additional banding
techniques, whose use greatly simplified chromosome studies and made possi-
ble the identification of an enormous range of chromosome abnormalities, espe-
cially structural aberrations, such as translocations, inversions, deletions, and
duplications, that were previously undetectable. A fundamental discovery was
that the DNA in each chromosome band replicated during a specific part of the
DNA synthetic (S) phase of the cell cycle (Latt et al., 1973; see also Chapter
3). A standard system of chromosome nomenclature was developed through a
series of conferences and publication of their recommendations. A standing
committee now publishes comprehensive booklets incorporating the accepted
nomenclature and modifications necessitated by new developments in the field.
The most recent is ISCN (1995), an international system for human cytogenetic

nomenclature.

Somatic Cell Genetics and
Chromosome Mapping

Harris (1995) has published an excellent historical review of somatic cell genetics.
The initial goals of this field were the development of methods for analyz-
ing the segregation of mutant alleles and the recombination of linked genes using
cultured somatic cells. Segregation of homologous chromosomes and the alleles
they carry occurred in human-rodent somatic cell hybrids that had lost some of
their human chromosomes. Thousands of genes were mapped to chromosomes
using panels of these hybrids (Chapter 29). The linear order and physical dis-
tance separating these gene locations (loci) on a chromosome could be deter-
mined using hybrids carrying different segments of a particular chromosome.
The most precise mapping was achieved using a panel of radiation reduction bybrids
that contained different mixtures of the human chromosome complement
(genome) or of any particular chromosome, because the human chromosomes
were fragmented by massive irradiation of the cells before being hybridized with
rodent cells (Chapter 23). These approaches were so successful that they con-
tinue to dominate gene mapping.
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Maturity: The Molecular Era

The molecular era was ushered in by the development of methods for manipu-
lating DNA. Marmur, Doty, Spiegelman, and Gillespie showed that the two
strands of DNA fragments could be easily separated (denatured, or dissociated)
and that complementary strands could be reannealed (renatured, or reassoci-
ated), even in the presence of large amounts of noncomplementary DNA. Such
molecular hybridization became of fundamental importance in molecular biology,
and in situ bybridization of labeled DNA probes to the DNA in cytological prepa-
rations of chromosomes and nuclei became a powerful tool in human cytoge-
netics. Several thousand loci have been mapped by fluorescent in situ bybridization
(FISH), a faster, more reliable, and more precise method for mapping genes
than the autoradiographic detection of radioactively labeled DNA fragments
(Chapter 8). Autoradiographic in situ hybridization led to the fundamental dis-
covery that cytoplasmic mRNA molecules are much shorter than the genes that
encode them, because of the presence of intervening sequences (introns) that
break up the protein-coding portion of most genes into short segments called
exons. The invention of methods to determine the sequence of nucleotide bases
in DNA (DNA sequencing) by Gilbert and Sanger made it possible to characterize
precisely the genes and other parts of the genome. Another powerful tool
was the polymerase chain reaction (PCR), invented by Mullis. [t permitted rapid
amplification of any short fragment of DNA, yielding up to a million-
fold increase in the number of copies, and this revolutionized many aspects of
cytogenetics.

An important advance was the development of methods for cloning DNA
fragments, including genes. This was based on the discovery that bacterial
viruses are still infectious when they contain an inserted fragment of human
DNA. Plasmids would accept inserts up to about 5 kilobase pairs (kb) in length,
bacteriophages up to 15kb, and cosmids up to 50kb. A bacterial cell infected
with a single recombinant virus could be grown into a clone of millions of cells
each containing the same unique fragment of human DNA. Alternative tech-
niques were developed to clone larger DNA fragments. Yeast artificial chromo-
somes (YACs), with a yeast centromere and telomeres, could accept human
fragments of several hundred kb or rarely 1-2 megabase pairs (Mb) and func-
tioned as fairly stable chromosomes in yeast. Bacterial artificial chromosomes
(BACs), containing 160-235kb of human DNA, were even more useful, being
stable in bacteria and easier to purify. Any of these cloned fragments could be
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labeled to produce radioactive or fluorescent DNA probes. These could be used
in molecular hybridizations to detect complementary DNA that has been size-
separated by gel electrophoresis and transferred to nitrocellulose filters by a
simple method called Southern blotting. The hybridized probe could also be
detected in fixed cells or chromosome spreads by in situ hybridization (Chapter
8). For further information about molecular genetics, see Strachan and Read
(1996) and Lewin (1997).

Molecular hybridization was widely used to construct genetic linkage maps
(Chapter 29) and to determine the parent of origin of a deleted chromosome or
of the extra chromosome in a trisomic individual (Chapters 11 and 15). It was
also used to show that some individuals with a normal chromosome number
received both their copies of a particular chromosome from the same parent
(uniparental disomy). This led to the discovery of a previously unrecognized cause
of disease and a novel mechanism of gene regulation, called genomic imprinting:
the normal inactivation of either the maternal or the paternal copy of a gene
(Chapter 21). Molecular methods were instrumental in the identification of many
of the genes that regulate the cell cycle (Chapter 2) and clarification of the
mechanisms by which chromosome breakage can lead to cancer (Chapters
24-28). Molecular methods led to the discovery of abundant interspersed
sequence elements repeated many times in the genome. Many of these are still
capable of acting as transposable elements, that is, moving to new locations in the
genome, sometimes disrupting a gene or breaking a chromosome. Barbara
McClintock described this behavior nearly 50 years ago in maize, and it appears
to be universal in eukaryotes. For an interesting account of some of the funda-
mental discoveries made by this great cytogeneticist, see Federoff and Botstein
(1992).

The genetic basis of sex determination was advanced by the molecular char-
acterization of a gene on the Y chromosome, SRY, that is required for male sexual
development. A number of genes on the autosomes are also involved in the
complex process of male sex differentiation (Chapter 17). The molecular basis
of X inactivation was advanced by the discovery of the XIST gene and the
demonstration that it is expressed strongly only from the copy on the X chro-
mosome that is inactivated (Chapter 18). Surprisingly, the XIST gene does not
code for a protein; instead, its RNA product, or transcript, coats the X chromo-
some carrying it and mediates inactivation of this chromosome, in an unknown
manner {Brown et al., 1992).

Ohno (1967) suggested that the gene content of the X chromosome has
remained virtually unchanged throughout mammalian evolution—some 125
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million years—Dbecause the dosage compensation mechanism associated with X
inactivation would interfere with transfer of genes between the X chromosome
and an autosome. However, the X chromosome of marsupials and monotremes,
which split from placental mammals roughly 140-165 million years ago, is only
about 60% as large as that of placental mammals. Molecular cytogenetic studies
suggested that most of the short arm of the human X chromosome consists of
genes that are autosomal in marsupials and monotremes but have managed to
make the transition to the X chromosome and a dosage-compensated system
(Graves et al., 1998).

Molecular cytogenetic methods led to spectacular successes in understanding
cancer (Chapters 24-28). Major causes of genome destabilization were found,
and chromosome instability was shown to be a major factor in carcinogenesis
and tumor progression (Chapters 24 and 26). Molecular cytogenetic studies of
chromosome aberrations specifically associated with particular types of cancer
led to the discovery of many tumor suppressor genes (Chapter 28) and proto-
oncogenes {Chapter 27), providing key insights into the origin of cancer.

Despite the impressive growth of knowledge about human chromosomes in
the last 40 years, important questions remain unanswered. The enormous data-
bases generated by the Human Genome Project, and powerful new technolo-
gies to generate and analyze data, can be used to address these (Chapter 31).
Human cytogenetics promises to remain an exciting field, both for its scientific
challenges and for its rapidly growing applications in the diagnosis, treatment,
and prevention of human disease.

References

Brown CJ, Hendrick BD, Rupert JL, et al. (1992) The human XIST gene: analysis
of a 17kb inactive X-specific RNA that contains conserved repeats and
is highly localized within the nucleus. Cell 71:527-542

Caspersson T, Zech L, Johansson C (1970) Differential banding of alkylating
fluorochromes in human chromosomes. Exp Cell Res 60:315-319

Federoff N, Botstein D (1992) The dynamic genome. Barbara McClintock's ideas
in the century of genetics. Cold Spring Harbor Laboratory, Plainview

Graves JAM, Disteche CM, Toder R (1998) Gene dosage in the evolution and
function of mammalian sex chromosomes. Cytogenet Cell Genet
80:94-103



Harris, H (1995) The cells of the body. A history of somatic cell genetics. Cold
Spring Harbor Laboratory, Plainview

ISCN (1995) An international system for human cytogenetic nomenclature
(1995). Mitelman F (ed) Karger, Basel

Jacobs PA, Baikie AG, Court Brown WM (1959) Evidence for the existence of a
human “superfemale.” Lancet ii:423-425

Latt SA (1973) Microfluorometric detection of deoxyribonucleic acid replication
in human metaphase chromosomes. Proc Natl Acad Sci USA
70:3395-3399

Lejeune J, Gautier M, Turpin R (1959) Etude des chromosomes somatiques de
neuf enfants mongoliens. Compt Rend 248:1721-1722

Lewin B (1997) Genes VI. Oxford, New York

Lyon MF (1961) Gene action in the X-chromosome of the mouse (Mus musculus
L.). Nature 190:372—-373

Makino S (1975) Human chromosomes. Igaku Shoin, Tokyo

Miller OJ (1995) The fifties and the renaissance in human and mammalian cyto-
genetics. Genetics 139:489-494

Ohno S (1967) Sex chromosomes and sex-linked genes. Springer, Heidelberg
Strachan T, Read AP (1996) Human molecular genetics. Wiley-Liss, New York

Tjio JH, Levan A (1956) The chromosome number in man. Hereditas 42:1-6

References



The Mitotic Cell Cycle

P roliferating cells go through a regular cycle of events, the mitotic cell cycle, in
which the genetic material is duplicated and divided equally between two
daughter cells. This is brought about by the duplication of each chromosome to
form two closely adjacent sister chromatids, which separate from each other to
become two daughter chromosomes. These, along with the other chromosomes of
each set, are then packaged into two genetically identical daughter nuclei. The mo-
lecular mechanisms underlying the cell cycle are highly conserved in all organ-
isms with a nucleus (eukaryotes). Many of the genes and proteins involved in the
human cell cycle have been identified because of their high degree of nucleotide
and amino acid sequence similarity to homologous genes and proteins in the
more easily studied budding yeast, Saccharomyces cerevisiae, in which the cell cycle
is more fully understood.

O.J. Miller et al., Human Chromosomes
© Springer-Verlag New York, Inc. 2001



2 The Mitotic Cell Cycle

The Cell Cycle: Interphase,
Mitosis, and Cytokinesis

The interphase of the cell cycle (Fig. 2.1) is generally divided into three phases:
G1 (Gap1), S (DNA synthetic), and G2 (Gap2). The mitotic part of the cycle
(M) is divided into five phases: prophase, prometaphase, metaphase, anaphase,
and telophase. Mitosis is followed by cytokinesis, the division of cytoplasm and
cell membrane required to complete the formation of two daughter cells. All
phases of the cell cycle are marked by an orderly progression of metabolic
processes. Cell differentiation is generally associated with a loss of proliferative
capacity (for example, in neurons or in muscle, kidney, or liver cells); these cells
are in a resting state, called GO. Some GO cells, such as lymphocytes or liver
cells, can be induced by a mitogen or growth factor to enter the cell cycle and
divide. Usually, extracellular mitogens bind to a membrane-bound receptor and
trigger the “immediate early response” genes, JUN, FOS, and MYC (Fig. 2.2).
These in turn trigger the sequential synthesis of cyclins and activation of spe-
cific cyclin-dependent kinases. These proteins (Fig. 2.1) and their genes (Table
2.1) regulate the cell cycle. They are also important in carcinogenesis, because
cell cycle regulatory genes can function as oncogenes (or cease functioning as

cyclin D/CDK4 or 6

cyclin B/CDK1

cyclin E/CDK2

cyclin A/CDK1 a

cyclin A/ICDK2

Figure 2.1. The cell cycle involves sequential activation of cyclin-dependent
kinases (CDKs) by binding to cyclins. Cyclin D activates CDKs 4 and 6. The cycle
can be blocked at G1 and G2 DNA damage checkpoints (a and b) or at a spindle
assembly checkpoint (c).
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Figure 2.2. Changes in gene expression levels during the cell cycle. FOS, JUN, and
MYC are immediate early response genes whose expression is triggered by extracel-
lular stimuli. The ensuing sequential expression of cyclins D1, E, A, and B drives the
cell cycle (Roussel, 1998, with permission, Academic Press).

Table 2.1. Major Cell Cycle Regulatory Proteins and the Genes That

Encode Them

Activators Inhibitors

Protein/gene Location* Protein Gene Location

Cyclin A 4q26-q27 RB1 RB1 13q13

Cyclin B1 5q13—qter HDAC1 HDAC1

Cyclin D1 11q13 p53 TPs3 17p13

Cyclin D2 12pi3

Cyclin D3 6p21 General Cyclin/CDK inhibitors

Cyclin E 19q12—q13 p21 CIP1/WAF1 6p21.2

CDK1/CDC2 10q21 p27 KIP1¢ 12p12—p13

CDK2 12q13 p57 KIP2 11p15.5

CDK4 12q13

CDK6 7p13—cen Specific Cyclin/CDK4 and 6 inhibitors

CDC25A 3p21 pl5 INK4B 9p21-p22
p16, p19 INK4A 9p21-p22
p18 INK4 1p32

* Nomenclature of ISCN (1995)
*An imprinted gene (Chapter 21)
Source: Adapted from Hall and Peters (1997), with permission, Academic Press
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tumor suppressor genes) when activated (or inactivated) by specific transloca-
tions, deletions, or other types of genetic change (Chapters 27-28). Their aber-
rant function can also destabilize the genome and lead to multiple numerical and
structural chromosome changes (Chapter 26).

Cell Cycle Progression: Cyclins
and Cyclin-Dependent Kinases

The cell cycle is driven by the sequential activation of key proteins by phospho-
rylation, the addition of phosphate groups to specific amino acid residues in the
proteins. Proteins that are called cyclins, because their synthesis is restricted to
particular parts of the cell cycle, play an important role (Figs. 2.1 and 2.2). They
activate a series of cyclin-dependent kinases (CDKs), the enzymes that carry out the
phosphorylations. Cyclins D1, D2, and D3 activate CDK4 and CDX6 and drive
GO and G1 cells through G1. The cyclin E/CDK2 complex then drives the cells
through early S, cyclin A/CDK2 through mid-S, cyclin A/CDK1 (also called
CDC2, cell division cycle protein 2) through late S-early G2, and cyclin
B/CDK to the G2/M transition (Roussel, 1998). During cell differentiation, cell
lineages arise that are responsive to specific mitogenic signals, such as lym-
phokines in certain classes of lymphocytes and hormones in specific endocrine
tissues. Specific cell cycle proteins are involved in this process. Thus, ovarian
follicle cells proliferate in response to follicle stimulating hormone, but this is
dependent upon the presence of a specific cyclin, D2, which activates the nec-
essary CDK4 or CDKé (Sicinski et al., 1996). Mitogens of many types lead to
cell proliferation by binding to specific receptors and activating a cell cycle
signaling pathway (Fig. 2.3).

How does this cascade of phosphorylations lead to cell proliferation? Very
simply, the activated cyclin-dependent kinases add a few phosphate groups to
the retinoblastoma tumor suppressor protein, pRB (or RB). This reduces its
binding affinity for the E2F transcription factor, which is released in an active
form (Fig. 2.3). The underphosphorylated form of RB binds E2F blocking its
function by a mechanism that was only recently discovered. Underphosphory-
lated RB in the RB/E2F complex binds a histone deacetylase (HDAC1), which
removes acetyl groups from the protruding tails of the adjacent nucleosomal his-
tones H3 and H4 (Chapter 5), creating a localized region of heterochromatin
(Fig. 2.4). This reduces the access of transcription factors to the promoters of
the genes in this region and actively represses their transcription (Magnagni-
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Figure 2.3. Signal transduction pathway from extracellular mitogen to the release
of active E2F transcription factor. This step can be blocked by the inhibitory protein
p16, a product of the INK4A gene (Roussel, 1998, with permission, Academic Press).

Jaulin et al., 1998). Other protein complexes with HDACT1 are involved in the
tissue-specific repression of genes (Chapter 5), in X inactivation (Chapter 18),
and in imprinting (Chapter 21).

E2F site

Figure 2.4. Model of repression of the transcription factor E2F1 in its E2F1/DP1
complex. RB binds to E2F and recruits HDACT1 to E2F sites in promoters. This allows
HDAC1 to deacetylate a target protein (X) locally, blocking transcription

(Magnagni-Jaulin et al., 1998, reprinted with permission from Nature, copyright
1998, Macmillan Magazines Limited).
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When activated CDK4 and CDKé6 phosphorylate RB, it releases E2F which
then activates the synthesis of genes required for cell proliferation. One of these,
cyclin E, activates CDK2 kinase, leading to phosphorylation of still more pro-
teins and the initiation of the DNA synthetic (S) phase. DNA replication is so
important and has so many applications in cytogenetics that it is discussed more
fully in Chapter 3. Progression from S to G2 is marked by phosphorylation of
cyclin E, marking it for destruction by ubiquitin-mediated proteolysis. The same
fate is met by other short-lived regulatory proteins, including E2A, p53, topoi-
somerase II, and the other cyclins in activated cyclin/CDK complexes, at the
appropriate times (Murray, 1995). This ensures that DNA is replicated only once
during each cell cycle.

Entry into mitosis (the G2/M transition) is mediated by the activation of a
cyclin-dependent kinase, the cyclin B/CDK1 complex, which is also known as
maturation factor or mitosis promoting factor (MPF). MPF was discovered when
fusion of cells from different phases of the cell cycle revealed that cells in mitosis
contain a factor (MPF) that can drive interphase cells into mitosis, producing
premature chromosome condensation, or PCC (Fig. 23.3). G1 cells display long single
chromosome fibers, G2 cells (in which the DNA strands have replicated) have
long paired chromatids, and S-phase cells have fragmented chromosomes. MPF
is activated by removal of phosphate groups by a phosphatase, CDC25, which
appears in late S and peaks in G2. Microinjection of antibodies to CDC25 blocks
the cell's entry into mitosis (Lammer et al., 1998).

The activated kinase, cyclin B/CDK1, as MPF is now called, is a component of
mitotic chromatin that phosphorylates many proteins and thus triggers several
independent mitotic processes: breakdown of the nuclear envelope, chromosome
condensation, and spindle assembly. Phosphorylation of nuclear lamins leads to
disassembly of the nuclear envelope (Gerace and Blobel, 1980); phosphorylation
of histones H1 and H3 leads to chromosome condensation; and phosphorylation
of stathmin, also called oncoprotein 18, leads to spindle assembly (Marklund
et al., 1996). At the metaphase-anaphase transition, an evolutionarily highly
conserved multi-protein complex called ubiquitin-protein ligase, or simply the
anaphase-promoting complex (APC), catalyzes the conjugation of cyclin B and
related regulatory proteins to ubiquitin, targeting them for proteolysis (King et
al., 1995). In the absence of activated cyclin-dependent kinases to keep it phos-
phorylated, the RB protein loses its extra phosphate groups and again binds E2F
inactivating it and completing the cycle. Table 2.1 lists key cell cycle regulatory
proteins and their gene loci. Many of these have been mapped by fluorescence in
situ hybridization (Chapter 8; Demetrick, 1995). Mutation, disruption, and dele-
tion of these genes play a major role in carcinogenesis (Chapters 26-28).



Cell Cycle Checkpoints

Cenome integrity and the fidelity of mitosis are enhanced by a series of check-
points that monitor the successful completion of the successive phases of the cell
cycle and block further progression until each phase is completed (Fig. 2.1). Cells
arrest in G1 and G2 if their DNA has been damaged (by ionizing radiation, say),
and progression is delayed until DNA repair has occurred or cell death ensues.
DNA damage triggers the sequential activation of proteins (Fig. 2.5), first the
mutated in ataxia-telangiectasia (ATM) protein (Kastan et al., 1992), then the p53
tumor suppressor protein, and then the GADD45 protein, which binds to the
proliferating cell nuclear antigen (PCNA) and blocks DNA replication (Chapter
3; Levine, 1997). There is also a spindle assembly checkpoint (Fig. 2.1). Cells
arrest in G2 and delay their exit from mitosis in response to spindle microtubule
disruption by spindle poisons such as colchicine, nocodazole, or benzimidazole.

A series of CDK inhibitors are involved in normal and genotoxic
damage—induced checkpoint regulation of the cell cycle (Table 2.1). The
INK4A gene product, p16, and two other proteins, p15 and p18, specifically
inhibit the cyclin D-dependent kinases CDK4 and CDKé6 and can lead to G1
arrest. The KIP1 gene product, p27, as well as p21 and the KIP2 gene product,
p57, inhibit all cyclin/CDK kinases and can arrest the cycle at various points.
The amount of the p27 protein is high in GO cells but is reduced by mitogens.
The tumor suppressor protein, p53, stimulates production of p21 and thus
blocks cell proliferation (Levine, 1997). Mutation of the p53 gene is extremely

DNA damage

l

ATM (activated kinase)
v
'

p53 (activated)

GADD45 (activated)

J_ (inhibitory)

PCNA — DNA replication

Figure 2.5. A signaling pathway by which DNA damage activates a cell cycle
checkpoint and blocks DNA replication.
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important in carcinogenesis because of its key role both in DNA damage
checkpoints and at spindle assembly checkpoints. These checkpoints are dis-
cussed more fully in Chapter 26 because of the critical role they play in genome
stability.

Prophase

In interphase nuclei, chromosomes are invisible except for occasional clumps of
chromatin, called chromocenters, which vary in size and shape. One or more
nucleoli are usually visible. At prophase, the chromosomes become visible as
long thin threads that gradually shorten and thicken (condense) as mitosis pro-
gresses (Fig. 2.6). Chromosome condensation at the onset of prophase requires
topoisomerase Il (TOPO 1), as shown by immunodepletion and complementa-
tion studies. TOPO 11 (scaffold protein 1, or SCI) is the most abundant com-
ponent of the chromosome scaffold (Chapter 5). It reaches its peak level and
activity at the G2/M transition. It binds to DNA at AT-rich sites called scaffold
attachment regions (SARs) and appears to aggregate these, aiding in chromosome
condensation (Adachi et al., 1991). As its name implies, TOPO 11 also intro-
duces transient double-strand nicks that permit separation of the intertwined
newly replicated DNA of sister chromatids. The second most abundant chro-
mosome scaffold protein, SCII, is also involved in chromosome condensation.
It belongs to the highly conserved SMC (stability of minichromosomes)
family of proteins found in all eukaryotes. Their structure resembles that of
mechanochemical (motor) proteins like myosin and kinesin, suggesting that
chromosome condensation involves a motor function to bring chromosome
regions more tightly together (Koshland and Strunnikov, 1996).

During mitosis, RNA synthesis is completely shut down, as first shown autora-
diographically in the 1960s by the absence of incorporation of radioactively
labeled [*H]uridine, which is a specific precursor of RNA. The mechanism of
shutdown involves displacement of all the sequence-specific transcription factors
from the promoter sequences of the genes, perhaps due in part to the action of
the SMC protein complex, which can bring about renaturation of any single
stranded regions in DNA (Sutani and Yanaguta, 1997). The SMC complex is
also associated with the deacetylation and phosphorylation of the core histones
that accompany chromosome condensation (Chapter 5). Nucleoli diminish in
size as a result of the near cessation of ribosomal RNA synthesis, which is absent
from prometaphase to late anaphase (Chapter 4).
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Prometaphase, Centrosomes,
and the Mitotic Spindle

Prometaphase is associated with the breakdown of the nuclear membrane and the
disappearance of nucleoli. The chromosomes continue their condensation, and
a new structure, the mitotic spindle, is organized between the two centrosomes.
The centrosome is the major microtubule organizing center MTOC) in both inter-
phase and mitotic cells. It consists of the highly structured centriole and its sur-
rounding proteinaceous matrix, and contains specific proteins such as y-tubulin
and centrosomins A and B (Petzelt et al., 1997). The y-tubulin anchors the minus
(slow-growing) end of microtubules to the pericentriolar material of the centro-
some. The plus (fast-growing) end of each microtubule projects into the cyto-
plasm during interphase and into the spindle during mitosis (Zheng et al., 1995).

The centrosome duplicates itself once per cell cycle, starting at the G1/S tran-
sition. Cyclin E/CDK2 is essential for centrosome duplication in S, ensuring
proper coordination of spindle assembly with other events of the cell cycle (Fig.
2.1; Hinchcliffe et al., 1999). At the G2/M transition (prophase), the duplicated
centrosomes separate and go to opposite poles of the nucleus. A kinesin-related
motor protein, Eg5, is essential for this process, as microinjection of antibodies
to Eg5 arrests cells in mitosis with a monopolar spindle. To act as a motor
protein, Eg5 must first be phosphorylated by the cyclin-dependent kinase
CDK(1; this coordinates its activity with other events at the G2/M transition
(Blangy et al., 1995). The separated centrosomes reorganize the microtubules of
the cell by the coordinated dissolution of all the cytoplasmic microtubular appa-
ratus and assembly of the mitotic spindle, with one centrosome at each pole. A
complex of the nuclear mitotic apparatus protein (NuMA) and the cytoplasmic
motor protein, dynein, is essential for assembly of the spindle. NuMA tethers
bundles of microtubules and anchors them to the spindle poles. At telophase,
NuMA is released from each pole as part of the dissolution of the spindle
(Merdes et al., 1996).

Metaphase, Anaphase, and Telophase

The chromosomes reach their maximal state of compaction during metaphase.
The spindle apparatus mediates the orchestrated movement of chromosomes
during mitosis. Microtubules emanating from the spindle pole are captured by a
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special structure, the kinetochore (Chapter 4), which forms at the centromere of
each chromatid and attaches it to the mitotic spindle. The kinetochore protein
CENP-E belongs to the kinesin family of motor proteins. After phosphorylation
by activated CDK1, it participates in the chromosome movements at metaphase
and early anaphase (Liao et al, 1994). CENP-E and other motor proteins of the
spindle fibers pull the kinetochores to a plane, called the metaphase plate, that is
midway between the two poles of the spindle. The chromosomes reach their
maximum condensation, 10,000-fold shorter than the DNA molecule itself, as
anaphase begins.

The onset of anaphase is controlled by a specific mitotic spindle assembly check-
point (Chapter 26) that monitors kinetochore attachment to the spindle and is
mediated by an inhibitory signal produced by kinetochores that have not yet
captured the necessary spindle microtubules (Wells, 1996). Apparently, it is the
tension produced at the kinetochore by the bipolar attachment of spindle fibers
that is monitored (Nicklas, 1997). The proteins required for proper checkpoint
function and the genes that encode them are highly conserved during evolution.
Mutations that enable cells to proceed through mitosis despite depolymeriza-
tion of the spindle by nocodazole or benzimidazole have recently defined three
MAD (mitosis arrest deficient) and three BUB (budding uninhibited by benz-
imidazole) spindle assembly checkpoint genes in budding yeast, and several of
their human homologs have already been identified. One of them, MAD2, forms
a complex with APC and the mitotic regulator CDC20 to block the activation
of APC (Fang et al., 1998). Another, BUB1, may be the tension-sensitive kinase
that provides the signal for anaphase to begin.

Once the spindle is assembled and attachment of each chromosome to spindle
fibers from both poles is completed, producing tension, the transition from
metaphase to anaphase occurs. The process is still very poorly understood. Two
cell division cycle (CDC) proteins that co-localize to the spindle, CDC16 and
CDCQC27, are required. When antibodies to human CDC27 are injected into
HeLa (human cervical cancer) cells, the transition from metaphase to anaphase
is blocked (Tugendreich et al., 1995).

During anaphase, the kinetochores of sister chromatids separate and the
movement of motor proteins along the shortening spindle microtubules drags
the daughter chromosomes towards opposite poles of the elongating spindle
(Fig. 2.6). One motor protein, MKLP-1 (mitotic kinesin-like protein-1), associ-
ates specifically with the mitotic spindle. It bundles antiparallel microtubules and
moves them apart at about the same speed as spindle elongation, suggesting that
it provides the force for anaphase B, spindle elongation (Nislow et al., 1992).
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The separation of sister chromatids requires ubiquitin-mediated breakdown of
proteins by APC. It also requires topoisomerase [ (TOPO II), to untangle the
tangled, or catenated, strands of newly replicated DNA, and the TOPO II-
interacting protein, BRRN1, the human homologue of the barren protein in
Drosophila (Bhat et al., 1996). Inhibitors of TOPO II block sister chromatid
separation; partial inhibition can lead to nondisjunction (Downes et al., 1991).

The regulation of anaphase is still rather poorly understood, but study of
further mutations should be helpful. Two families have been described in which
sister chromatids frequently separated prematurely in two unrelated infants,
leading to nondisjunction, multiple mosaic trisomies and monosomies, and
severe malformations. All four parents had a milder form of premature chromatid
separation and were presumably heterozygous for the mutation that was
homozygous in their severely affected offspring (Kajii et al., 1998).

During telophase, the mitosis-to-interphase transition, the chromosomes
decondense, the mitotic spindle dissipates, the microtubules reorganize into a
cytoplasmic microtubule network, the nuclear envelope reassembles, and nucle-
oli reappear. Nucleoli tend to fuse, but the largest number observed at telophase
indicates the number and chromosomal location of active ribosomal RNA gene
clusters, the nucleolus organizers (Chapter 4). Telophase is usually followed by cyto-
plasmic division (cytokinesis), after which the cells are once more in interphase.
A novel human protein, PRC1, associates with the mitotic spindle and localizes
to the cell midbody during cytokinesis. Microinjection of anti-PRC1 antibodies
into human Hela cells does not affect nuclear division (mitosis) but blocks
cytokinesis and cell cleavage (Jiang et al., 1998).

Nondisjunction, Loss of
Chromosomes, and Mosaicism

The orderly segregation of daughter chromosomes in anaphase may fail for
various reasons, such as mutation of one of the many genes required for mitosis
or advancing maternal age, which has a profound effect of unknown cause. The
inclusion of both daughter chromosomes in the same nucleus, by whatever
mechanism, is called nondisjunction. In this process, one daughter cell receives an
extra copy of a chromosome, becoming trisomic for this chromosome, and the
other daughter cell loses a copy, becoming monosomic for this chromosome. One
or both daughter chromosomes may lag behind at anaphase and reach neither
pole. Such laggards form micronuclei in telophase. Micronuclei usually do not



enter mitosis, and consequently any chromosomes included in a micronucleus
are lost from the complement.

If the trisomic and monosomic cells that arise in somatic tissues through
mitotic nondisjunction or chromosome loss are viable, the result is chromosomal
mosaicism, the presence in one individual of clones of cells with differing chro-
mosome constitutions. Mosaicism may be found in a single tissue, multiple
tissues, or the entire organism, depending on the time in development at which
nondisjunction occurred. Given the frequencies of nondisjunction and chromo-
some loss throughout life, we are all mosaics to some degree.
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DNA Replication and

Chromosome Reproduction

Replication Is Semiconservative

I n each DNA synthetic (S) phase, the two strands of the DNA double helix
separate by unwinding. Each strand serves as a template for synthesis of a com-
pletely new complementary strand from the deoxyribonucleotides dA, dG, dC,
and dT, hereafter called A, G, C, and T. Since the new DNA double helix con-
sists of one conserved strand and one newly synthesized strand, replication is
called semi-conservative. This was first demonstrated at the chromosomal level
by autoradiography, growing cells in the presence of [*H]thymidine during one
cell cycle and in the absence of this radioactive DNA precursor during the next
cycle. If replication is semi-conservative and each chromatid contains a single
DNA molecule, label will be incorporated into the newly replicated strand of
DNA in each chromatid at the first cycle but into neither new strand of DNA

O.J. Miller et al., Human Chromosomes
© Springer-Verlag New York, Inc. 2001
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at the second cycle. The result will be a radiolabeled strand in only one of the
two sister chromatids. This was confirmed autoradiographically by placing a
photographic emulsion on metaphase chromosome preparations. Electrons
produced by radioactive decay of the tritium (*H) produced silver grains in the
emulsion, mostly within 1 micrometer {m) of the source, and these were
concentrated over one of the two chromatids (Fig. 3.1). Occasionally, however,

G, S Gymetaph.  Anaphase-G, S Gr-metaph.  Anaphase-G,
H3present (1st after H 3 no H3presem (2nd after H 3
incorporation) incorporation)
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Observed in = <}
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Conclusions: 1. at least one double helix per chromatid; replication is semiconservative
2. strand continuity is not interrupted at the centromere
3. in diplochromosomes, the “oldest” strands are in the inner pair of chromatids

Figure 3.1. Semiconservative replication of chromosomes demonstrated with
tritiated thymidine and autoradiography.



The Chemistry of Replication

a region of the second chromatid would be labeled while the corresponding
region of the other chromatid lacked label. This reciprocal labeling pattern is
the result of breakage and rejoining of sister chromatids, resulting in an exchange
between them (Taylor, 1963).

Sister chromatid exchanges (SCEs) can be induced by radioactivity, but they also
occur spontaneously, as shown by the formation of double-sized dicentric ring
chromosomes from simple ring chromosomes (Wolff, 1977, see also Chapter 15).
In diplochromosomes, which have undergone two rounds of DNA replication
without an intervening mitosis, there are four chromatids (see, for example, Fig.
15.2). The outer two chromatids are radioactive (Fig. 3.1). This shows that the
diplochromosomes are ordered in some as yet unknown way, with the older,
template DNA strands in the two inner chromatids and the newly replicated
strands in the two outer chromatids. While semi-conservative replication and
SCEs were first visualized autoradiographically, they can be visualized more
quickly and the exchange points determined with higher resolution using bro-
modeoxyuridine (BrdU) incorporation into newly synthesized DNA strands and
a non-radioactive detection system (Fig. 24.1). For this approach, one can use
enzyme- or fluorescein-labeled antibodies to BrdU. Alternatively, on can use
ultraviolet (UV)-enhanced photolysis (degradation) of the BrdU-containing
DNA strands, which reduces the amount of DNA and thus the intensity of stain-
ing with DNA-binding fluorochromes or Giemsa stain. SCE frequencies are
widely used as a test for exogenous or endogenous genotoxic, or chromosome-
breaking, agents (clastogens).

The Chemistry of Replication

Replication of each new strand of DNA proceeds only in a 5" to 3" direction
(Fig. 3.2). That is, single nucleotide monophosphates, attached to the 5 OH of
the deoxyribose sugar, are added sequentially to the 3" end by forming a cova-
lent chemical bond with a 3> OH. When the 3’ to 5’ strand serves as template,
its complementary strand is synthesized from a single short RNA primer in one
continuous 5” to 3’ process. However, when the 5" to 3’ strand serves as tem-
plate, a series of thousands of short sequences (Okazaki fragments) are synthesized
5" to 3, each from a short RNA primer (dotted line in Figs. 3.2 and 3.3), which
is then removed. The adjacent fragments are ligated together by an enzyme
called DNA ligase. The stepwise addition of nucleotides to a growing (nascent)
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Figure 3.2. A DNA replication fork and components of a replication factory. Note that replication along
the leading strand moves continuously towards the fork, whereas replication along the lagging strand
proceeds from the fork along a short Okazaki fragment. See text for further explanation (Jénsson and
Hiibscher, 1997, BioEssays, Vol. 19, p 968, copyright 1997, John Wiley & Sons; reprinted by permission
of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.).
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Figure 3.3. Diagram showing synchronous replication in two adjacent units of replication (replicons).
DNA synthesis begins at an origin (OR!) and proceeds in both directions, always 5’ to 3’. Synthesis is
continuous along the leading strand and discontinuous (occurring in Okazaki fragments) along the trail-
ing strand. Adjacent replication bubbles coalesce to yield two identical double helices of DNA.
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Initiation at Many Sites: Origins of Replication

DNA strand is an error-prone process. Several error-correcting mechanisms have
evolved and been incorporated into the replication machinery, resulting in
remarkably, though not completely, accurate duplication of the DNA molecule
in each chromosome of the genome.

DNA replication takes place in nuclear foci called replication factories (Fig.
3.2). These are anchored to the nuclear matrix (Chapter 4) and are enormous
multiprotein complexes. They contain DNA polymerases o and 8, DNA ligase,
several nucleotide mismatch repair proteins, a DNA methylase, and a fascinat-
ing protein called proliferating cell nuclear antigen (PCNA), which plays a key
role in DNA replication and its control (Jénsson and Hiibscher, 1997). The ini-
tiation of DNA replication requires the activation of cyclin-dependent kinases
(CDKs) by binding to cyclins. When CDK2 is bound to cyclin E or A, it can
phosphorylate CDC6 (cell division cycle protein 6), which is essential for the
initiation of replication (Chapter 2). RCC1, a DNA-binding protein that regu-
lates chromosome condensation, is also essential. It forms a complex with the
Ran/TC4 protein and targets it to the nucleus, where the complex somehow
monitors the progress of replication and couples its completion to the onset of
mitosis (Ren et al., 1993).

Figure 3.2 presents a diagrammatic model of the key workers in a replication
factory at a replication fork. Two molecules of PCNA join to form a doughnut-
shaped homodimer through which DNA is threaded during replication. This
requires the interaction of PCNA with a protein complex called replication
factor C (RF-C). The two sides of the PCNA doughnut have different features,
which may provide the basis for distinguishing the newly replicated strand from
the conserved strand. This is essential in order that nucleotide mismatches pro-
duced by replication errors in the new strand can be correctly repaired by the
mismatch repair proteins, MSH2 and MLH1. PCNA is also important for cell
cycle regulation. The WAF1 gene product, p21, is a cell cycle inhibitor that acts
by binding to PCNA and blocking DNA replication, thus arresting the cell cycle
(Chuang et al., 1997).

Initiation at Many Sites:
Origins of Replication

When cells are incubated with [*H]thymidine for very short intervals during the
S phase, many sites of DNA synthesis are seen by autoradiography, both in inter-
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phase nuclei and along the length of metaphase chromosomes. That is, the
single giant DNA molecule in each chromosome is not replicated continuously
from one end to the other, which would take months, but from a large number
of initiation sites, called origins of replication (Fig. 3.3). Fiber autoradiography,
the analysis of DNA fibers isolated on microscope slides from cells grown for
varying periods in [*H]thymidine, has shown that replication proceeds in both
directions from almost every origin. The replication fork progresses at a rate of
about 0.6 um, or 2 kilobases (kb), per minute. Fiber autoradiography has shown
that units of replication (replicons) range in size from about 15 to 100im, or 50
to 330kb, with an average of about 100kb (Edenberg and Huberman, 1975).
More recent technological developments enabled Tomilin et al. (1995) to visu-
alize the elementary units of DNA replication and show that they correspond
in size to the DNA loop domains described in Chapter 5. Since replication of
the roughly 3.4 billion base pairs of DNA in the haploid genome proceeds at
about 2kb per minute, or 120kb per hour, and takes approximately eight hours
(S phase), there must be about 34,000 replicons. Replicons that initiate synthe-
sis at the same time are clustered in linear tandem arrays of four or more, as
shown by the apparent continuity of adjacent silver grain tracks in fiber autora-
diographs. In fact, these clusters can contain 10-25 or more replicons, or 1-3
megabases (Mb) of DNA, each perhaps representing an entire chromosome band
(Chapter 6).

The nature of human origins of replication is still unclear. Some origins appear
to be very short DNA sequences, while in other regions of the genome replica-
tion may begin anywhere within a long stretch of DNA. Methods to define
origins are still limited. Vassilev and Johnson (1990) used PCR (polymerase chain
reaction) amplification of very short, newly replicated (nascent) strands of DNA
to localize the origin of replication of the cellular oncogene c-MYC. This fell
within a 2-kb region centered about 1.5kb upstream of the first coding region,
exon 1, and replication from this origin was bidirectional. Using the same tech-
nique, Kumar et al. (1996) localized an origin on chromosome 19 within a
500-bp segment at the 5’ end of the gene for the nuclear envelope protein, lamin
B2. They showed that the same origin was used in six different cell types, of
myeloid, neural, epithelial, and connective tissue origin. Aladjem et al. (1995)
similarly localized the B-globin origin. An alternative approach using DNA fibers
from yeast artificial chromosomes (YACs) and fluorescence in situ hybridization
(fiber-FISH; see Chapter 8) allowed identification of two origins in a 400-kb
region of the huge 2.4-Mb dystrophin (Duchenne muscular dystrophy, or DMD)
gene on the X chromosome (Rosenberg et al., 1995).
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Replication Is Precisely Ordered:
Replication Banding

DNA replication follows a precise order, with a corresponding progression
and arrangement of replication foci and a consistent pattern of replication along
each chromosome. Some origins consistently initiate replication early in S and
others late in S; the mechanism underlying this is not clear. The initial autora-
diographic studies of human DNA replication by Morishima, Grumbach, and
Taylor showed that one X chromosome in XX cells and two in XXX cells
terminate replication much later than do the autosomes and the other X chro-
mosome. This indicates that the heteropycnotic, Barr body—forming X chromo-
somes are late replicating. With the development of a simple method
(C-banding) to recognize constitutive heterochromatin, it became clear that
constitutive as well as facultative heterochromatin is consistently late replicat-
ing. Even with the limited resolution of tritium autoradiography, the distinctive
patterns of replication of a few autosomes permitted a distinction to be made
between morphologically similar chromosomes, such as numbers 4 and 5, as
demonstrated in patients with 5p- and 4p- deletion syndromes by German and
Wolf, respectively.

BrdU incorporation makes DNA sensitive to photolysis in the presence
of DNA-binding fluorochromes, enabling sites of replication to be visualized
at high resolution. Latt et al. (1976) grew cells for 40 to 44 hours in a medium
containing BrdU and then substituted thymidine for BrdU during the last 6
to 7 hours before fixation. After this treatment, the late-replicating X was
more intensely stained with the fluorochromes Hoechst 33258 or coriphos-
phine O than was the other X (Fig. 3.4). More important, this procedure
produced highly consistent and detailed replication banding patterns along
metaphase and prometaphase chromosomes (Dutrillaux et al., 1976). These
replication banding patterns closely resemble Q-, G-, and R-banding patterns
(Figs. 3.4 and 6.4). Limiting the incorporation of BrdU to narrow windows
(fractions) of the S phase has allowed detailed analyses of the replication tim-
ing of individual bands to be carried out. These indicate that the DNA in
each band is replicated independently of the DNA in the adjacent bands
and that chromosomes are replicated in 8—10 or more successive waves of re-
plication, with each band always replicated in the same wave (Drouin et al.,
1991). Dutrillaux et al. (1976) recognized as many as 18 successive replication
times.
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Replication Is Precisely Ordered: Replication Banding

These results fit well with the earlier demonstration, using fiber autoradi-
ography, of the synchronous replication of long tandem arrays of replicons
(Edenberg and Huberman, 1975). They also fit with more recent findings using
confocal laser-scanning microscopy to examine sites of replication in interphase
nuclei throughout the S phase. These sites, called replication factories, are
anchored to the nuclear matrix, whose structure and functions are reviewed by
Berezny et al. (1995). The sites can be identified by the incorporation of BrdU
during a limited fraction of S and by staining of the metaphase spreads with
fluorescein isothiocyanate (FITC)-labeled antibodiés to BrdU. At the beginning
of S, about 150 sites, or factories, are visible. Replication proceeds for 45-60
minutes in these sites, and then secondary replication sites appear, to be replaced
in another 45-60 minutes by tertiary sites, and so on throughout the roughly
8-hour S phase (Jackson and Pombo, 1998). Fluorescence laser-scanning confo-

Figure 3.5. Fluorescence in situ hybridization (FISH) with a plasmid XIST probe
(left) or a cosmid FMRI probe (right). Each nucleus shows a doublet signal (fully
replicated) and a singlet signal (not fully replicated). This indicates the asynchro-
nous replication of the two XIST alleles (left) and the two FMR1 alleles (right) in
XX cells (reproduced from the Am ] Hum Genet, Torchia et al., copyright 1994,
the American Society of Human Genetics, with permission of the University of
Chicago Press).
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cal microscopy has revealed that individual sites of replication appear to be
grouped into some 22 higher-order domains, each containing many of the indi-
vidual sites (Wei et al., 1998).
Methods have been developed to determine the time of replication of
specific genes. The standard method for this is filter hybridization. DNA is
isolated from cells that had incorporated BrdU at different intervals of S using
flow cytophotometry to separate cells that completed a different fraction of S
in the presence of BrdU. Antibodies to BrdU can be used to isolate the BrdU-
containing (newly replicated) strand of DNA and determine its genic content.
Alternatively, photolysis can destroy the BrdU-containing strand and single-
strand-specific nuclease used to digest the exposed regions of the other strand.
The remaining DNA, which was not replicating during the BrdU exposure inter-
val, is digested with a restriction endonuclease; the fragments are separated
by size by gel electrophoresis and transferred to a nitrocellulose filter. Gene
probes are hybridized to these Southern blots. These studies have shown that
most housekeeping genes (those that are expressed in all cell types) are replicated
early, while genes whose expression is tissue specific are replicated early in the
tissues in which they can be expressed and replicated late in other tissues
(Chapter 7).

It is still unclear just how large a segment of DNA is involved in such devel-
opmental switches in replication timing, although it may be considerably less
than a standardsized band. In the case of the B-globin gene cluster, more than
200kb of DNA, encompassing the entire gene cluster, is early replicating in ery-
throid cells and late replicating in other cells. A more recent technique takes
advantage of the fact that after a gene has been replicated, a copy will be present
on each chromatid. In later S or G2 nuclei, these may appear by FISH (Chapter
8) as paired dots instead of the single dot seen in earlier S or G1 nuclei (Fig. 3.5;
Selig et al., 1992).

The Control of DNA Replication

There are various levels of control of DNA replication, most of them not
well understood. For example, what mediates the synchronous initiation of
replication of all the replicons in a band> How are all the bands organized
into 8—10 or more cohorts that initiate sequentially? What determines which
cohort will initiate first? How does the completion of replication by each syn-
chronous group of replicons trigger the initiation of replication in the next
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group? How is cell cycle regulation mediated, so that every replicon is repli-
cated once, and only once, in each cycle? What happens when these controls
break down?

Cell fusion studies by Johnson and Rao in 1970 provided the first major step
in understanding how DNA replication is controlled. Fusion of a G1-phase cell
with an S-phase cell leads to rapid initiation of replication in the G1 nucleus.
Fusion of a G2-phase cell with an S-phase cell has no such effect. Thus, cells in
G1, but not cells in G2, are competent to initiate replication. This competence
is gained late in mitosis, when a replication licensing complex containing seven
MCM (minichromosome maintenance) proteins and the CDC6 protein binds to
the six-protein origin of replication complex (ORC) that is permanently associ-
ated with each origin to form an even larger pre-replication complex, or pre-
RC. CDC6 expression is turned on by the transcription factor E2F when this is
released from its inactive complex with the RB protein (Chapter 2). Phospho-
rylation of the CDC6 protein by cyclin E/CDK2 or cyclin A/CDK?2 and of the
MCM proteins by the CDC7 protein kinase leads to activation of an origin.
After an origin is activated (fires), the CDC6 and MCM proteins dissociate from
the origin, leaving it unable to fire again until a new pre-RC is assembled late in
mitosis. This may be the mechanism ensuring that each origin fires once, and
only once, in each cycle (Stillman, 1996).

Povirk (1977) provided one of the earliest clues to the mechanism of syn-
chronous replication of a group of adjacent replicons. Taking advantage of the
fact that ultraviolet (UV) irradiation damages DNA that contains BrdU and
suppresses the initiation of replication, Povirk demonstrated that one UV-
induced lesion per 100-500 um of DNA could suppress initiation in a region
500-750 um (1.6-2.4Mb) long, or about 10-15 replicons. This suggests that
a single critical site may control the initiation of replication of all the replicons
in a synchronized cluster, or band. Using more precise methods, Aladjem et al.
(1995) showed that, while replication in the B-globin gene cluster in erythroid
cells is initiated in the 8-f region 50kb downstream of the locus control region
(LCR), deletion of the LCR abolished initiation within this cluster. This indi-
cates that the LCR controls replication in this region, which is replicated
early in erythroid cells in which the genes are transcriptionally competent
and late in cells in which the globin genes cannot be expressed. The L.CR also
controls the transcription and chromatin structure of the entire gene cluster
(Chapter 5).

Previous studies support the view that sites of early initiation of replication
tend to be close to transcribed sequences and that the earliest sites of replica-
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tion in interphase nuclei are adjacent to sites of transcription (Jackson and
Pombo, 1998). [t is possible that the more open chromatin conformation in these
regions facilitates access by the massive replication factory. If so, sequential alter-
ations in the chromatin structure of the various replication cohorts might play
a role in the temporal regulation of replication. It is not clear how such alter-
ations might be triggered.

Replication of Chromosome Ends:
Telomerase and Cell Aging

DNA replication proceeds 5’ to 3" from a short RNA primer. When this primer
is removed after replication is completed, it leaves an unreplicated stretch about
50-200 nucleotides long at the 5" end of each new strand. Therefore, one might
expect that DNA synthesis at the very end of the chromosome would be incom-
plete, and it is. In fact, chromosome duplication in normal somatic cells leads to
progressive shortening of the chromosome ends (telomeres; Chapter 4), until the
chromosomes begin to fuse after a number of cell divisions and the cell dies.
However, in early embryonic cells and in the stem cells that provide a constant
supply of bone marrow, gut and skin epithelium, spermatogonia, and so on,
telomeres compensate for this limitation of DNA end-replication.

Telomeres consist of a tandemly repetitive six-base-pair unit, TTAGGG in the
G-rich strand and CCCTAA in the complementary C-rich strand. The G-rich
strand is oriented 5 to 3’ toward the end of the chromosome. The C-rich strand
ends somewhat short of the G-rich strand, so that the latter forms a single-
stranded tail at the end of the chromosome. Telomeres are synthesized not by
the usual replication mechanism but by a special ribonucleoprotein complex
called telomerase, which can add new repeat units to the 3’-end of the G-rich
strand. The enzyme is a reverse transcriptase, synthesizing DNA from an RNA rather
than a DNA template, in this case the RNA oligonucleotide, CUAACCCUAAC,
which is an intrinsic part of this multisubunit enzyme (Harrington et al., 1997).
The enzyme uses the end of the G-rich strand as its primer, thus replacing the
DNA repeat units that are lost during chromosome replication.

Telomerase is abundant in embryonic and cancer cells but is absent from non-
embryonic cells other than stem cells. Consequently, telomeric shortening
occurs in diploid fibroblasts, which lose 50-200bp of telomeric DNA per cell
doubling (Levy et al., 1992). This may account for the well-known phenome-
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non of cell senescence, with diploid cells losing their ability to divide and ulti-
mately dying after a certain number of cell doublings, as first noted in 1961 by
Hayflick and Moorhead. This number, about 50, is sufficient for the cell to lose
all its telomeric repeats from a few chromosomes and for telomeric fusions to
lead to chromosome loss or cell death. Evidence that telomere shortening does
trigger cell senescence has come from studies in which a telomerase gene was
introduced into telomerase-negative normal human cells and the transfected cells
were able to grow in culture for many more cell doublings than usual (Bodnar
et al., 1998).

Certain viruses or chemical mutagens can transform diploid, telomerase-
deficient cells with a limited life span into aneuploid cells that have reactivated
their telomerase, have stable telomeres, and are immortal, being able to grow
indefinitely. Cancer cells are also immortal, and more than 90% of them show
a high level of telomerase activity compared to adjacent normal cells (Kim et
al., 1994). The product of the MYC oncogene induces expression of the catalytic
subunit of telomerase in cultured human epithelial cells and fibroblasts and
extends their proliferative life span (Wang et al., 1998; see also Chapter 27).

Postreplication Steps: DNA Methylation
and Chromatin Assembly

DNA methylation occurs almost immediately after replication of each DNA
segment. DNA (cytosine 5) methyltransferase (MCMT, or DNA methylase) is
part of the PCNA replication complex referred to earlier in this chapter. MCMT
methylates newly replicated DNA only at CpG sites where the CpG in the com-
plementary (template) strand is methylated. In this way, the pattern of DNA
methylation can be maintained without change through successive mitotic cell
divisions, and even throughout life. When the cell cycle is arrested by p21, the
product of the WAF1 gene, the MCMT-PCNA complex is also disrupted and
DNA methylation is inhibited (Chuang et al., 1997).

Chromosomal proteins are added to the newly replicated DNA so as to repro-
duce the chromatin conformation present before mitosis began. Chromatin
assembly factor 1 (CAF-1) assembles nucleosomes in a replication-dependent
manner. CAF-1 has three protein subunits: p150, p60, and p48; the last is a
histone acetylase. This protein complex acts on histones H3 and H4, which are
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added first (Verreault et al., 1996). Histones H2A and H2B are then added, with
histone H1 and the nonhistone proteins following. Histones can be acetylated
or phosphorylated. This maintains the tissue-specific chromatin structure (and
thus the state of differentiation) unchanged throughout successive mitotic divi-
sions, except during the differentiation process itself. DNA methylation and
chromosomal protein acetylation and phosphorylation are called epigenetic
processes because they can be maintained through a series of mitotic divisions
but do not involve an alteration of the basic nucleotide sequence.
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General Features of
Mitotic Chromosomes

Metaphase Chromosomes

hromosomes are most often studied at mitotic metaphase, when the chro-

mosomes are shortest and thickest, or most condensed. To obtain suitable
metaphases, cells are grown in culture, treated with colcemid to destroy the
highly viscous spindle (preventing anaphase), and treated with a hypotonic
saline solution to swell the cells. The cell suspension is fixed with methanol-
acetic acid, air-dried on a glass microscope slide to achieve optimal spreading
and flattening of the chromosomes, and stained with a dye that binds to DNA.
At metaphase the duplicated chromosomes each consist of two sister chromatids,
which become daughter chromosomes after their separation at anaphase
(Chapter 2). Each chromatid has two arms separated by a primary constriction, or
unstained gap (Fig. 4.1). This marks the location of the centromere, the site of spindle
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Figure 4.1. (I) Unbanded normal male karyotype from a lymphocyte. (II) Chro-
mosomes 1 and 9 have fuzzy regions of heterochromatin (III) Chromosomes 1, 9,
and 16, with fuzzy regions. (IV) G group and Y chromosomes from a father (above)
and son (orcein staining) (courtesy of E. Therman).

microtubule attacbment, which is essential for the normal movements of the chro-
mosomes during mitotic and meiotic cell divisions. A chromosome without a
centromere is acentric and either is lost or drifts passively towards a pole of the
spindle. Some chromosomes have a secondary constriction, called a nucleolus orga-
nizer. A segment of variable size, a cytological satellite, is sometimes visible distal
to a secondary constriction.

Each chromosome has a characteristic length (1-10 um or so) and position of
the centromere, which divides the chromosome into a short arm, designated p
(petite) at the Paris Conference: 1971 (1972), and a long arm, designated q (since
all geneticists know that p + q = 11). That is, if a gene exists in only two forms
(alleles), the fraction of each type, specified by “p" and “q,” must together equal

1 (100%). A metacentric chromosome has its centromere near the middle. A telo-
centric chromosome has its centromere at the very end and is found only as a
result of a structural change. Submetacentric chromosomes are intermediate
between these two types. Acrocentric chromosomes have markedly unequal arms.
The arm ratio (q/p) is the length of the long arm divided by that of the short arm.
The centromere index is the length of the short arm divided by the total chromo-
some length. The length and arm ratio or centromeric index are rarely sufficient
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to permit unambiguous identification of a chromosome, whether it is normal or
abnormal. Chromosome identification is therefore almost always based on the

use of chromosome banding or in situ hybridization with chromosome-specific
DNA probes (Chapters 6 and 8).

The Chromosome Complement
and Karyotype

Somatic cells have two complete sets of chromosomes, so the chromosome
number, 46, is referred to as diploid, or 2n. The gametes have one complete set
of 23 chromosomes, with the baploid number, n. The chromosome complement
consists of 22 pairs of autosomes (non-sex chromosomes) and one pair of sex chro-
mosomes (XX in females, XY in males). Their analysis is aided by constructing
a karyotype, a display in which the chromosomes of a single metaphase spread
are aligned in pairs, generally from longest to shortest, with the short arm of
each chromosome at the top. The chromosome constitution of an individual is
referred to as his or her karyotype. A diagrammatic karyotype, or ideogram, is
usually based on the analysis of multiple cells. Figure 4.1 shows a karyotype pre-
pared from an unbanded metaphase spread from a normal male. Chromosomes
that can sometimes be individually distinguished by their length and arm ratio
are so listed in the figure. Chromosome 9 can sometimes be identified by the
presence of a less-stained region on the long arm near the centromere. The rest
of the chromosomes can be classified only as belonging to one or another group.
The X chromosome belongs to the large C group of eight chromosome pairs.
Chromosomes 1 and 3 are metacentric; chromosome 2 and the chromosomes in
the B, C, and E groups are submetacentric. The D and G group chromosomes
are acrocentric and all have a nucleolus organizer (NOR) on the short arm.

Human chromosome banding was discovered by Caspersson et al. (1970).
Banding techniques (Chapter 6) enable each chromosome to be distinguished
by its pattern of darker and lighter bands. Consequently, an enormous number
of structural changes undetectable by the earlier methods became identifiable.
A G-banded karyotype is presented in Fig. 4.2. The chromosomes are arranged
numerically according to length, with one exception; chromosome 22 is actu-
ally longer than 21. Since the chromosome that in the trisomic state causes
Down syndrome had long been called 21, this number has been retained. The
overwhelming importance of chromosome banding in human cytogenetics is
amply demonstrated in many chapters of this book.
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Figure 4.2. Normal female karyotype by G-banding.

DNA Content and DNA-Based
Flow Cytometric Karyotypes

The DNA content of Feulgen-stained nuclei or fluorochrome-stained chromo-
somes (Mayall et al., 1984) and chromosome bands (Caspersson et al., 1970)
can be determined by cytophotometry; automated scanning methods facilitate
such measurements. However, for many purposes flow cytometry has replaced
cytophotometry. The flow cytometer is an instrument that can be used to
measure the DNA content of single chromosomes at a rate of several thousand
per minute. The flow cytometer converts a suspension of chromosomes that have



Centromeres and Kinetochores

been doubly stained with two fluorochromes into microdrops and shoots these
through a detector that measures the intensity of fluorescence of each micro-
drop at two wavelengths and prepares a statistical profile of all the measure-
ments. The suspension is made so dilute that virtually no droplet contains more
than one chromosome. The thousands of individual measurements of the DNA
content of each droplet then fall into rather sharply defined clusters, forming
what is called a flow karyotype (Fig. 4.3). A fluorescence-activated cell sorter is
able to isolate one class of microdrops, based on DNA content, and this tech-
nique has been used to prepare chromosome fractions so enriched for a single
chromosome that quite workable PCR-amplified libraries can be constructed for
use as chromosome-specific painting probes (Chapter 8). These techniques have
exciting phylogenetic and clinical diagnostic applications (Ferguson-Smith,
1997).

Centromeres and Kinetochores

Centromeres, or kinetochores, are essential to attach chromosomes to the
spindle so they can be distributed correctly to-the daughter cells in mitosis and
meiosis. Centromere malfunction leads to nondisjunction or other maldistribu-
tion of chromosomes. The terms centromere and kinetochore are sometimes
used interchangeably. To avoid ambiguity, we shall use centromere to refer to the
chromatin core (DNA plus histones) at the primary constriction and kinetochore
to refer to the complex proteinaceous structure at the centromere that mediates
attachment of spindle microtubules and chromosome movement in metaphase
and anaphase. Choo (1997) and Lee et al. (1997) have reviewed the kinds of
DNA sequences found at human centromeres, which contain large amounts of
simple-sequence DNA, just like other constitutive heterochromatin. The most
abundant, and the only one found on every chromosome, is called o-satellite
DNA. It is made up of long tandem repeats of a basic monomeric sequence that
is approximately 170bp long. Its total length varies from chromosome to chro-
mosome, but the amounts at all centromeres are very large, ranging from about
300 to 5000kb. Thus, the 170-bp sequence is repeated over and over some 1700
to 29,000 times at a centromere. This satellite can serve as a molecular probe
for centromeric sequences in intact chromosomes. Most cloned o.-satellite frag-
ments hybridize preferentially to the centromeric region of a specific chromo-
some. In fact, chromosome-specific o-satellite probes for every chromosome
except 13 and 21 are now in common use for rapid analysis, by fluorescence in
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Figure 4.3. Two-fluorochrome bivariate flow cytometric karyotypes. (top) In this individual, all the chro-
mosomes except numbers 9—12 differ in their DNA content or GC richness, and so do the homologues
of chromosomes 15 and 16. (bottom) In this individual, a reciprocal 2; 17 translocation has produced
derivative der 2 and der 17 chromosomes of novel sizes (Ferguson-Smith, 1997, reproduced with per-
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Figure 4.4. Model of an active centromere, or kinetochore; see text for details
(courtesy of William Earnshaw).

situ hybridization (FISH), of the chromosome content of cells (Choo, 1997; see
also Chapter 8). For examples, see Figures 8.1 and 9.6.

The kinetochore can be visualized by electron microscopy as a trilaminar
structure resting on the surface of the heterochromatin at the primary constric-
tion. Heterochromatin protein 1 (HP1) binds firmly to centromeric hete-
rochromatin and serves to bind other specific proteins to the site. For example,
the inner centromeric protein, INCENP, has a 13-amino-acid sequence that
targets it to HP1 (Ainsztein et al., 1998). The molecular structure of the cen-
tromere/kinetochore is beginning to be understood in considerable detail
(reviewed by Pluta et al., 1995). Figure 4.4 is a model showing the location of
the major functional components. Most of these are described in the following
paragraphs. The kinetochore has dense outer and inner plates separated by a less
dense plate (interzone). Spindle microtubules insert into the outer plate or the
fibrous corona surrounding it, which contains the motor protein dynein. Almost
half the microtubules insert into the outer plate, the rest into the surrounding
region or the inner plate. The inner plate contains chromatin, as shown by
its disruption by DNAse and its abundant phosphate, detectable by electron
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spectroscopic imaging (Rattner and Bazell-Jones, 1989). Kinetochores form
attachments to the spindle fibers and contain the cytoplasmic motor protein
dynein, which is involved in propelling kinetochores and their attached chro-
mosomes to the spindle poles.

Kinetochores can be divided into subunits that retain the essential functions
of the intact structure (Zinkowski et al., 1991). When DNA replication is
blocked with hydroxyurea, cells blocked at the transition from the Gl to the S
phase accumulate. When caffeine, an inhibitor of the DNA damage checkpoint
discussed in Chapters 2 and 26, is added to these cells, they undergo mitosis
even though the chromosomes have not replicated, and the chromosomes fall
to pieces. The kinetochores break up into fragments, but these are still able to
function as kinetochores. They line up on the metaphase plate, form attachments
to the spindle fibers, and migrate to the spindle poles despite the absence of
attached chromosomes. Kinetochores vary in size, with large sizes more
common. Chromosomes with small kinetochores are more likely to be involved
in nondisjunction than chromosomes with large kinetochores; that is, there
appears to be a lower size limit for effective kinetochore function (Cherry and
Johnston, 1987).

Antibodies in the serum of patients with the CREST form of an autoimmune
disease called scleroderma bind specifically to the centromere and kinetochore.
Consequently, fluorescent CREST antibodies will “light up” the centromeric
regions of both metaphase and interphase chromosomes. These antibodies iden-
tify at least seven centromeric proteins (CENPs). In addition, there are inner
centromeric proteins (INCENPs) that may play a role in holding sister chro-
matids together until the beginning of anaphase, and other proteins that may
just be passengers. The known CENPs include the following:

1. CENP-A, a homologue of histone H3, has been immunolocalized to the inner
kinetochore plate. CENP-A is present in centromeric nucleosomes in place
of histone H3 and alters the chromatin structure. How is this achieved despite
the high affinity of histone H3 for DNA? The answer appears to be that
histone H3 synthesis is limited to the S phase and none is available when
centromeric heterochromatin is replicated in very late S, whereas CENP-A
is available even into early G2 (Shelby et al., 1997).

2. CENP-B binds to a conserved 17-bp DNA sequence, the "CENP-B box," that
is present in many .-satellite repeats (Masumoto et al., 1989).

3. CENP-C binds to DNA and localizes to the inner kinetochore plate (Yang
et al., 1996). In a dicentric chromosome in which one centromere has been
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inactivated, immunostaining shows that CENP-B is present at both the active
and the inactive centromeres, whereas CENP-C is present only at the active
centromere and is thus diagnostic of active centromeres (Page et al., 1995).
Microinjection of antibodies to CENP-C during interphase causes the tri-
laminar kinetochore at the next metaphase to be smaller and unable to bind
microtubules. CENP-C is thus necessary for kinetochore function (Tomkiel
et al., 1994). Cells from some scleroderma patients who produce antibodies
to CENP-C appear to have a somewhat increased incidence of aneuploid cells
(Jabs et al., 1993).

4. CENP-D may be the RCC1 protein, a regulator of chromosome condensa-
tion (Bischoff et al., 1990).

5. CENP-E is also found at active but not inactive centromeres (Page et al.,
1995). Like dynein, it is close to the surface of the outer kinetochore plate
(Wordeman and Mitchison, 1995). Its role is to cross-link microtubules (Liao
et al., 1994).

6. CENP-F (mitosin) has a poorly understood role in microtubule binding to
the outer kinetochore plate.

7. CENP-G binds to the same -1 satellite family as CENP-B (He et al., 1998).

Additional proteins that are present in kinetochores include tubulin (the
monomer from which microtubules are assembled) and cytoplasmic dynein (an
ATPase that provides the motive force for moving materials along microtubules
in cells). Another motor protein, mitotic centromere-associated kinesin
(MCAK), is found throughout the centromeric region and between the kineto-
chore plates from prophase through telophase (Wordeman and Mitchison,
1995). The 3F3/2 antigen is in the interzone between the two kinetochore plates.
It may function in sensing tension and in the cell cycle signaling that initiates
anaphase (Chapter 2).

The assembly of the kinetochore proceeds by unknown mechanisms. It usually
occurs at sites of large arrays of tandemly repetitive ot-satellite DNA. The for-
mation of a kinetochore at only one of the two o-satellite arrays on dicentric
chromosomes with one inactive centromere (Chapter 22) indicates that this
repetitive centromeric DNA is not sufficient for kinetochore assembly. s it even
necessary? The o-satellite sequences vary from chromosome to chromosome,
although the short 17-bp CENP-B box, which binds the CENP-B protein, does
seem to be conserved in at least some of the 170-bp repeats of this satellite on
each chromosome. The strongest evidence that o.-satellite is not essential for
centromeric function is the occurrence of neocentromeres that contain no o-
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satellite (Tyler-Smith et al., 1999). CENP-C and CENP-E, which are present at
active but not inactive centromeres, are also present at these neocentromeres
(Depinet et al., 1997). What is unclear is whether potential neocentromeres.are
restricted to sequences that share some higher-order structure with the normal
centromeric DNA that enables it to bind HP1 protein so that CENP-C and
INCENTP can bind and thus anchor the inner kinetochore plate. Much more work
is needed to understand kinetochore assembly and function.

Another function of centromeres is to carry passenger proteins into the daugh-
ter nuclei. Some proteins that are centromeric during mitotic prophase are later
found attached to spindle fibers. Other proteins move from the chromosome and
become concentrated under the cell membrane in the region where the cleav-
age furrow (for cytokinesis) will appear. Some of the passengers are nucleolar
proteins, which are involved in ribosomal RNA synthesis and processing in the
nucleolus. The storage of nucleolar proteins on the chromosomes may be nec-
essary for the very rapid reconstitution of nucleoli and reinitiation of ribosomal
RNA synthesis in late anaphase. Ribosomal RNA synthesis is still active in
prophase and is absent only from prometaphase to late anaphase. Some of the
ribosomal RNA genes remain decondensed throughout mitosis and are still asso-
ciated with the nucleolar transcription factor, upstream binding factor (UBF)
(Gebrane-Younes et al., 1997). This accounts for the presence of secondary con-
strictions and the silver staining capability of nucleolus organizer regions,
described below.

Telomeres

Both ends of every chromosome are capped by special structures called
telomeres. The tandemly repetitive telomeric unit, TTAGGG in one strand
and CCCTAA in the other, is repeated several thousand times to give a
stretch of DNA about 10kb long at each end of each chromosome (Moyzis
et al., 1988). Telomeres are critical for the complete replication of chromo-
some ends, as described in Chapter 3. They also play an essential role in the
pairing of homologous chromosomes in prophase of meiosis (Chapter 10).
Telomeres are protected from exonucleases that attack free ends of DNA by a
protein that binds specifically to the single-stranded tail. Other telomere-
specific proteins may play a role during meiosis in the association of telomeres
with the nuclear envelope, and with each other, and may have additional
functions (Broccoli et al., 1997).
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Nucleolus Organizers and

Ribosomal RNA Genes

The nucleolus is a nuclear organelle that is not bounded by a membrane. It is
the site of transcription and processing of the 45S ribosomal RNA (rRNA) pre-
cursor into 28S, 18S, and 5.8S rRNAs and the site of the assembly of these
rRNAs and over 80 different proteins into the two ribosomal subunits. These
join to form the cytoplasmic ribocomes that play a key role in translating mRNAs
into proteins. Nucleoli, which disappear during mitosis, are formed at telophase
at specific chromosome sites called nucleolus organizer regions (NORs).
Telophase is the time that rRNA synthesis starts up again after having been shut
down from prometaphase to late anaphase (Gebrane-Younes et al., 1997). NORs
can be strongly stained with a silver nitrate solution (Goodpasture and Bloom,
1975), because a specific nucleolar protein quickly reduces the silver ions to
native silver. NORs are located on the short arms of the acrocentric chromo-
somes of the D and G groups, numbers 13, 14, 15, 21, and 22 (Fig. 20.3).

Immunofluorescence studies have shown that the proteins of the rRNA tran-
scriptional machinery remain associated with active NORs, but not inactive
NORs, throughout mitosis (Roussel et al., 1996). As interphase progresses, the
number of nucleoli decreases, because nucleoli tend to fuse together into larger
nucleoli, by an unknown mechanism and for unknown reasons. Even at
metaphase there is a residual trace of this fusion, called satellite association, in which
the short arms of 2—10 acrocentric chromosomes are touching or very close to
one another. The tandemly repetitive ribosomal RNA gene clusters (rDNA) are
heteromorphic, showing variations in the length of the secondary constrictions,
the amount of silver staining of the NORs, and the amount of fDNA. The fre-
quency with which a chromosome is involved in satellite association is strongly
correlated with the size of its silver-stained NOR and less strongly with its
number of rRNA genes, reflecting the importance of rRNA gene activity for
nucleolar fusion (Miller et al., 1977).

NOREs are usually visible either as secondary constrictions or as faintly stained
regions, depending upon the amount of chromatin distal to the NOR. However,
any rRNA gene clusters that have been inactivated, either as a result of the
absence of a species-specific transcription factor or by intense methylation of
the rRNA genes, do not form secondary constrictions or stain with silver nitrate
(Miller et al., 1976, Tantravahi et al., 1981). The number of rRNA genes in the
cluster on each acrocentric chromosome is variable, usually ranging from
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perhaps 10 to 100 copies, although accurate estimates are few. Srivastava et al.
(1993) isolated DNA from a human-rodent somatic cell hybrid (Chapter 23) that
contained a single chromosome 22 as its only human acrocentric chromosome.
They digested the DNA with the restriction enzyme EcoRV, which does not cut
rDNA, and size-separated the resulting DNA fragments by pulsed-field gel elec-
trophoresis. The human rDNA fragment was 1.6 Mb in size. Since each rRNA
gene is 43kb long, the cluster contained, at most, 39 contiguous rRNA genes.
The chromatin distal to an NOR may be visible as a cytological satellite. This
appears to consist solely of short, tandemly repetitive sequences called satellite
DNA, or constitutive heterochromatin, which contains no genes and is highly
variable in amount. Much of it appears to consist of long runs of (GACA)n (Fig.
20.3; Guttenbach et al., 1998).

Constitutive and Facultative
Heterochromatin

In any type of cell, only a fraction of the genes are transcribed. The rest of
the genome is maintained in an inactive configuration, called beterochromatin, in
which transcription cannot take place (Hennig, 1999). Heterochromatin
tends to be clumped in interphase nuclei and is replicated late in the S phase
(Chapter 3). Its generally out-of-phase behavior throughout the cell cycle,
or allocycly, has long been known. One type, consiitutive heterochromatin, can
be visualized by C-banding techniques (Chapter 6) and consists of satellite
DNA. The other type of transcriptionally silent chromatin is called facultative
beterochromatin. It contains potentially transcribable sequences that are specifically
inactivated in certain cell types or at certain phases of development. The
best-known example of facultative heterochromatin is the inactive X chromo-
some (Chapter 18).
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The Chemistry and

Packaging of Chromosomes

M icroscopists of the late nineteenth century observed that material in
the nucleus and chromosomes stained avidly with certain dyes, and
they called this material chromatin. Chromatin is a highly structured complex
of DNA and various histone and nonhistone proteins, including the rather
insoluble scaffold proteins. The analytical methods of molecular biology and
the discovery of model systems in which to study chromosome function
have greatly expanded our understanding of the structural organization of
chromatin and chromosomes. (For reviews, see Alberts et al., 1994; Lewin,
1997).
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DNA Content and the Estimated Number

of Base Pairs in the Genome

Quantitative measurements of the amount of DNA in sperm heads provide the
best estimates of the size of the haploid nuclear genome, because somatic cells
contain several thousand cytoplasmic mitochondria, each containing one or
more circular DNA molecules over 18kb in size, whereas sperm heads have
none. The nuclear genome of a haploid human cell consists of approximately
3.65 picograms of DNA, which is equivalent to about 3.4 billion base pairs (3.4
million kb, or 3400 Mb). Since 3kb of DNA is about 1um in length, a diploid
cell contains about 2 meters of DNA and an average chromosome about 5cm
of DNA. An average chromatid in a human cell is approximately 5um long
and contains a single continuous DNA double helix. Two central questions
concerning chromosome structure are how a 5-cm-long strand of DNA is pack-
aged into a 10,000-fold shorter metaphase chromosome, and how this is selec-
tively unfolded to allow hundreds and sometimes thousands of genes to be
expressed in a particular type of cell. This appears to be mediated by a
variety of chromosomal proteins. The main features of this remarkable feat of
packaging are presented in this chapter, but many important details remain to
be discovered.

Histone Proteins and the Nucleosome

Histones are low molecular weight, basic proteins that have a high binding affin-
ity for deoxyribonucleic acid, or DNA. There are five major types of histones,
called H1, H2A, H2B, H3, and H4. They are of fundamental importance in
packaging the enormous length of DNA in the cell nucleus into forms in which
its genes can be turned on or off and the genome can be distributed accurately
to daughter cells. These proteins, especially H3 and H4, display a remarkable
similarity of structure throughout all eukaryotes. This evolutionary conservation
of structure reflects the constraints imposed on amino acid substitutions in any
one of these proteins by the three-dimensional structural interactions of each
protein with the other proteins and DNA in chromatin. The best-characterized
component of chromatin structure is the nucleosome, which represents the first
level of packaging. The DNA is wound around a protein disk consisting of his-
tones H2A, H2B, H3, and H4. The disk itself is a sandwich, the center consist-
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ing of two molecules of H3 and two of H4 and each of the faces consisting of
an H2A-H2B complex. The DNA is wound twice around this histone octamer
to form a nucleosome core. The two coils of DNA, containing 146 bp are thus com-
pacted into a length of 5.7 nm, which is the thickness of the histone disk. This
produces about a nine-fold compaction of the chromosomal DNA. Running
between the successive nucleosome cores are DNA linkers of 90—100 nucleotide
pairs. The linker length varies depending on the tissue from which the chro-
matin is extracted. A nucleosome thus consists of the core and the linker and
contains about 200bp of DNA. When chromatin is dispersed, the chromosome
strands appear in electron micrographs as 11-nm disk-like beads on a DNA string
(Fig. 5.1).

At the next level of compaction of chromatin, single molecules of histone 1
(H1) attach to the nucleosomes at the position of the linkers. This brings
together successive nucleosome cores and twists them into a 30-nm fiber, pro-
ducing another six-fold DNA compaction. The formation of the 30-nm strand
thus shortens the DNA double helix by a factor of nearly 50. The compactness
of a metaphase chromosome can be achieved by further shortening the 30-nm
fiber by a factor of 200 to 250. The exact structure of the 30-nm strand remains
to be determined. A strong possibility is that the strand can be a solenoid, a
simple helical coil of successive nucleosome cores arranged so that each left-
handed turn contains about six nucleosome disks. The next level of packing leads
to the formation of a thicker fiber, 130-300 nm in diameter. The structure of this
thick, contorted fiber is unclear, but it is made up of loops, called domains, that
are anchored to a scaffold of chromosomal proteins. Figure 5.1 includes an
early representation of the widely accepted scaffold-loop mode! of chromosome
structure.

The Chromosome Scaffold
and Chromatin Loops

DNA and histones make up about two-thirds of the chromosome mass. Nonhis-
tone proteins make up most of the rest. They include various HMG (high-
mobility-group) proteins, named for their rapid electrophoretic migration, and a
few rather insoluble scaffold proteins, which make up about 5% of chromosome
mass. The scaffold proteins form a unique structure called the chromosome core, or
scaffold, which plays a critical role in the higher-order structure of chromatin.
Above the level of the 30-nm fiber, chromatin is constrained by scaffold proteins
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chromosome (from Figure 8-24 of Alberts et al., Molecular Biology of the Cell, 1983).
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into loop domains about 50—150kb long, which can be visualized by removing
the soluble chromosomal proteins (Paulson and Laemmli, 1977). The result is
remarkable. The DNA spreads out from the chromosome to form a halo of naked
DNA fibers (Fig. 5.2). At the center is a denser structure that is a ghostly echo of
the original metaphase chromosome: the chromosome scaffold. It is composed
mainly of three proteins: topoisomerase II (TOPO II), SCII (an ATPase), and
HMG1/Y (high mobility group 1/Y). The most abundant is the enzyme TOPO
II. Treatment of histone-depleted chromosomes with fluorescent antibody against
TOPO Il results in bright staining of both mitotic and meiotic chromosome cores,
or scaffolds (Moens and Earnshaw, 1989). TOPO Il can catalyze the passage of
one double-stranded DNA molecule through another. It can thus link and unlink
circles of DNA. More important, it can decrease or increase the amount of super-
coiling within a single twisted DNA molecule and thus relieve torsional stress
within the loops that is generated during changes in chromatin condensation.
TOPO Il is involved in the final stages of chromosome condensation and in the
decondensation that follows telophase. A surprising, and still unexplained, func-
tion of TOPO Il is the suppression of mitotic crossing over (Wang, 1996).

Scll is the second most abundant protein in the chromosome scaffold, where
it forms complexes with TOPO 11, but it is absent from the interphase nuclear
matrix. Scll belongs to the highly conserved SMC family of genes, named for
their involvement in the stability of minichromosomes in yeast. Scll appears to
be essential for mitotic chromosome condensation and for sister chromatid sep-
aration (Saitoh et al., 1995). The least abundant scaffold protein is HMG1/Y; its
function is not understood. Other proteins bind to the scaffold, for example,
metaphase chromosome protein 1 (MCP1). Its name was given because during
mitosis MCP1 binds exclusively to condensed chromosomes, suggesting it may
have a role in chromosome condensation. It is also tightly bound to the nuclear
matrix during interphase, raising more questions about its role or roles (Bronze-
da-Rocha et al.,, 1998). Less abundant proteins found at the scaffold include
CENP-C and CENP-E, which are required for kinetochore function, and
INCENPs (inner centromeric proteins), thought to play a role in maintaining
chromatid adhesion until the beginning of anaphase and later in cytokinesis
(Chapter 4; Saitoh et al., 1995).

The chromatin loops are tethered to the scaffold at special highly AT-rich
scaffold attachment regions (SARs). SARs have been called the cis-acting deter-
minants of chromatin structural loops and functional domains. The SARs at the
two ends of each loop are anchored very close to each other in the scaffold,
perhaps to the same protein complex. Somehow, the scaffold proteins at the
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Figure 5.2. Histone-depleted metaphase chromosome showing a portion of the fibrillar halo of DNA
released from the still chromosome-shaped scaffold; bar = 2 um (from Figure 1 of Paulson and Laemmli,
1977, Cell 12: p 819, copyright 1977, M.L.T.).
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bases of adjacent loops of chromatin are organized into a linear array and
brought into a larger helical arrangement. The key to understanding how each
long DNA molecule and its associated proteins are packaged into a recogniz-
able chromosome lies in the solution of these problems. What is already known
is that at metaphase the chromosome scaffold exhibits helical folding and the
sister chromatids generally have opposite helical handedness (Boy de la Tour and
Laemmli, 1988). Baumgartner et al. (1991) confirmed this using fluorescence in
situ hybridization (FISH). They found that each gene occupies symmetrical
lateral positions in relation to the longitudinal axis of the sister chromatids.
Moreover, this position remains invariant from very early prometaphase through
metaphase, indicating that the final stages of chromosome condensation occur
by tighter packing, not by further coiling.

Most models of chromosome banding attribute the banding to variations in
the base composition of adjacent bands, although it has long been a source of
concern that the variations in base composition are so very slight in compari-
son to the marked variations in staining (Chapters 6 and 7). Saitoh and Laemmli
(1994) have proposed a different model, suggesting that the structural basis for
chromosome bands may be a differential organization, or folding path, of the
very AT-rich sequences they call the AT queue. Using three-dimensional recon-
structions, they developed a model in which the AT queue is tightly coiled (with
short loops of DNA) in AT-rich, Q-bright (quinacrine-bright or daunomycin-
bright) Q- or G-bands and more loosely coiled (with longer loops of DNA) in
the GC-rich, Q-dull R-bands. This model is supported by immunolocalization
of the scaffold proteins TOPO Il and HMG1/Y, which shows that the AT queues
correspond to the locations of the chromosome scaffold. The “random
walk/giant loop model” is an attempt to develop a corresponding model for inter-
phase chromosomes (Sacks et al., 1995).

Chromosome Domains in
the Interphase Nucleus

Virtually all the genetically controlled events in the life of an individual, other
than cell division, take place in the interphase nucleus. It is therefore critical to
understand the functional organization of interphase chromosomes, or chro-
matin. It has long been known that constitutive (C-band) heterochromatin is
late replicating and tends to form condensed clumps adjacent to the nuclear
envelope or the nucleolus. The late-replicating inactive X chromosome (facul-
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tative heterochromatin) is also preferentially located at the nuclear envelope, or
adjacent to the nucleolus in some neurons, and has a smaller surface area than
the less condensed active X chromosome. In contrast to constitutive hete-
rochromatin, the multiple inactive X chromosomes in individuals with more than
two X chromosomes do not tend to clump together. The studies on hete-
rochromatin that revealed these characteristics provided little insight into the
functional aspects of chromatin organization in the nucleus. However, powerful
methods for locating specific DNA sequences, DNA-binding proteins, and gene
transcripts within the three-dimensional nucleus are beginning to resolve its
functional compartments with considerable accuracy and to determine the
mechanisms by which compartmentalization is accomplished.

The interphase nucleus has about four times the volume of the correspond-
ing fully condensed metaphase chromosomes (Belmont et al., 1989), but it is
almost filled by the somewhat decondensed interphase chromosomes. Individ-
ual chromosomes occupy discrete territories within the interphase nucleus, as
shown by FISH with whole chromosome paints (Cremer et al., 1993; see also
Chapter 8). The territories are divided into discrete compartments, such as arm
domains, bandlike domains, centromere domains, and telomere domains, as
shown using the appropriate FISH probes (Dietzl et al., 1998; Zhao et al., 1995).
Using two-color FISH with 42 pairs of unique sequence probes for loci that were
0.1-1.5Mb apart, Yakota et al. (1997) found that the distances between the sites
detected by each probe pair were distributed as would be expected if the chro-
matin of GO/G1 nuclei were organized in megabase-sized loops and arranged
according to the “random walk/giant loop” model mentioned earlier. They also
showed that the fluorescent signals were closer together when the loci were from
a band that stained intensely by G-banding than when the loci were from a band
that stained weakly by G-banding. That is, the degree of compaction of chro-
matin is greater in G-dark bands than in G-light bands, which have a more open
conformation. Genes are localized preferentially in the periphery of chromo-
some territories (Kurz et al., 1996).

The Nuclear Matrix: Replication
and Transcription Complexes

Interphase nuclei contain numerous proteins that are insoluble in 2M salt solu-
tion. This fraction is called the nuclear matrix. It contains lamins (nuclear enve-
lope proteins), nucleolar proteins, and ribonucleoproteins not found in the
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chromosome scaffold. The nuclear matrix plays a major role in the organization
of functions within the nucleus (Berezny et al., 1995). An interesting review of
early evidence for nonrandom organization within the nucleus is that of Haaf
and Schmid (1991). Recent evidence of the striking compartmentalization of
nuclear functions is well covered by Lamond and Earnshaw (1998). The first evi-
dence of this was the discovery that the transcription and processing of riboso-
mal RNA (rRNA) and the assembly of ribosomes take place only in nucleoli
(Chapter 4). Other nuclear functions are also compartmentalized. This is seen
most clearly for DNA replication.

Nascent DNA is tightly associated with the nuclear matrix, the structural
milieu for both replication and transcription. Immunocytochemical studies with
antibodies to bromodeoxyuridine (BrdU) have shown the presence of nearly 150
foci of incorporation of BrdU at any time point during the S phase (Nakamura
et al., 1986). The foci can be seen by electron microscopy using immunogold
labeling of protein components of the replication machinery (Hozak et al.,
1993). The foci appear as dots at the beginning of the S phase and become more
diffuse as it progresses, reflecting the movement of newly replicated DNA away
from each replication factory. At the beginning of the S phase, early replication
is initiated at sites that are adjacent to sites of transcription, suggesting that the
open conformation of transcribing genes is required for early replication. Repli-
cation proceeds in a very orderly manner, with most replicating units in a par-
ticular site duplicated within an hour and their completion triggering, in some
way, the next wave at adjacent sets of replicating units (Chapter 3; Nakamura
et al., 1986).

RNA transcription shows several distinctive types of functional compartmen-
talization. Transcription of ribosomal RNA is carried out by RNA polymerase |
and is restricted to the nucleolus (Chapter 4). Transcription of messenger RNAs
is mediated by RNA polymerase Il and takes place in a relatively small number
of transcription factories that are attached to the nuclear matrix. Transcription
of the intronless histone genes and most of the small nuclear RNA (snRNA) genes
by RNA polymerase Il takes place in a small subset of transcription factories
called coiled bodies (CBs). These are nuclear organelles that are highly enriched
for transcription factors and the small nuclear ribonucleoproteins (snRNPs) that bind
snRNAs. Transcription of 5S ribosomal RNA and the U6 and U7 snRNAs is
mediated by RNA polymerase Ill and is not associated with CBs (Jacobs et al.,
1999).

Active genes tend to lie at or near the surface of chromosome territories, and
so do transcription factories. The final processing and transport of the RNA takes
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place in the interchromosomal domains, or channels, that separate chromosome
territories. The nuclear matrix is particularly important in regulating gene expres-
sion. Special DNA segments called matrix attachment regions appear to bind
expressed genes to the matrix. The matrix attachment regions function as domain
boundaries that partition chromosomes into independently regulated units,
enabling them to impart position-independent regulation of a tissue-specific
gene (McKnight et al., 1992).

Locus Control Regions and
Functional Domains

The expression of the genes in the B-globin cluster is under the control of a 20-
kb segment of DNA called the locus control region (LCR), which is located about
60kb upstream (5°) of the B-globin gene. This LCR is necessary, and sufficient,
to keep the entire cluster in an open chromatin configuration in erythroid
cells, the only cells that express globin genes. A deletion of this LCR causes a
major alteration in chromatin structure and time of replication across the entire
B-globin gene cluster (Forrester et al., 1990). A general method to study this
phenomenon anywhere in the genome uses transfection, the transfer of a cloned
gene into a host genome. The cloned gene can be constructed so as to include
a reporter gene that induces green fluorescence or another signal when it is
expressed. Ordinarily, when such a gene construct is transfected into a host
cell, it integrates at random into a chromosomal site in either euchromatin or
heterochromatin. Its level of expression is thus quite variable and depends
upon the site of integration.

The LCR protects globin genes from position effect inactivation when a
B-globin transgene integrates into heterochromatin, where it would otherwise be
inactivated (Ellis et al., 1996). LCRs direct high-level and tissue-specific expres-
sion of closely linked genes; that is, they are cis-acting insulators, preventing
spreading of inactivation from adjacent heterochromatin into the gene loci they
control. Such upstream regulators can be quite far away. For example, the SOXo
gene, which is essential for male sex differentiation (Chapter 17) is controlled
by a still undefined region more than 1000kb upstream. Translocations with
breakpoints anywhere in this 1-Mb region impair the expression of the down-
stream SOXo allele (Pfeifer et al., 1999).
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Euchromatin and Heterochromatin:
Regulation of Gene Function

Regions of the chromosome in which genes can be transcribed differ structurally
from inactivated regions. For many years, it has been known that transcription
takes place from euchromatin, not heterochromatin. Moreover, the DNA in
active regions is more sensitive to digestion by DNase [ than is the DNA in inac-
tive regions (Eissenberg et al., 1985). This accessibility to nuclease attack is
believed to result from the more open conformation of chromatin containing
active (or inducible, i.e., potentially active) genes. Transcription factors cannot
bind to target DNA sequences in compact nucleosomes, so no transcription can
take place. The DNA loops in active or inducible domains appear to have an
open conformation. This makes them available to transcription factors, RNA
polymerases, and even DNase [. The activation of genes may require the inter-
action of regulatory proteins with DNA immediately after DNA synthesis, that
is, in the short interval between replication and histone binding. Highly con-
densed chromatin containing inactive but potentially active genes is called
facultative heterochromatin. It is compared to constitutive heterochromatin in
Table 5.1.

For many years, the only known effects of constitutive heterochromatin have
been prolongation of the S phase (since it is so late replicating) and a slight,
poorly understood enhancement of genetic recombination frequencies in

Table 5.1. Comparison of Constitutive and Facultative Heterochromatin

Constitutive heterochromatin Facultative* heterochromatin
Mostly satellite DNAs All kinds of DNA

C-band positive Mostly C-band negative

Always late replicating Late replicating

Never transcribed Not transcribed

No meiotic crossing over Meiotic crossing over

Stickiness and ectopic pairing No corresponding behavior

May aid autosomal gene silencing Silences genes on X and autosomes

*Limited to some types of cells, and with the chromatin condensation (hetero chro-

matinization) potentially reversible
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euchromatin (there is no meiotic crossing over in heterochromatin). Recently, a
number of reports have suggested that constitutive heterochromatin plays an
active role in gene regulation. During B lymphocyte differentiation, several
genes are inactivated. Using confocal microscopy and immunofluorescence-
FISH (Chapter 8), Brown et al. (1997) demonstrated that this transcriptional
silencing is mediated by the Ikaros family of proteins, which selectively target
the genes to regions of centromeric heterochromatin. This explains why the
Ikaros proteins are required for B cell development. Immunofluorescence studies
have shown that three different human Polycomb proteins form a complex that
associates with pericentromeric heterochromatin (Saurin et al., 1998). The genes
encoding these proteins were cloned on the basis of their homology to the
Drosophila Polycomb genes, whose products are the main transcriptional silencers
of the homeotic genes so important in early embryonic development. It is not
yet known whether the human Polycomb proteins have a role in silencing the
abundant, and highly homologous, homeobox genes (Chapter 31). If they do,
it will strengthen the notion that constitutive heterochromatin plays an active
role in the silencing process.

Histone Modifications, DNA
Methylation, and Chromosome
Condensation

During the cell cycle, marked changes in chromatin or chromosome condensa-
tion occur. The addition of phosphate groups (phosphorylation) to histone H1
was long considered to drive chromosome condensation and their removal
(dephosphorylation) to bring about decondensation (Bradbury, 1992). However,
topoisomerase Il is also required for changes in chromosome condensation
because of the need to relieve torsional stress in the DNA molecule. Further-
more, it has become increasingly clear that the addition or removal of acetyl
groups from histones (acetylation or deacetylation) plays a major role in regu-
lating chromosome condensation and gene expression. Histones are generally
hyperacetylated in transcriptionally active chromatin and hypoacetylated in
transcriptionally silent chromatin. The amino terminus of each histone H3 and
H4 molecule extends out from the nucleosome core and is modified by acetyl-
transferase and deacetylase during the cell cycle. The deacetylated tails displace
transcription factors and thus block transcription (Grunstein, 1997). A protein
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Figure 5.3. Reversible repression of gene expression by chromatin condensation
induced by DNA methylation at the fifth carbon of cytosine residues (m°C) and
histone deacetylation. MeCP2 is methylated DNA binding protein 2; Sin3 is a tran-
scription repressor; see text for details (reproduced, with permission from Nature
393:311-312, Bestor, copyright 1998, Macmillan Magazines Limited).

complex containing histone deacetylase and several other proteins mediates
repression of transcription (Nagy et al., 1997).

A critical question is, what targets acetyltransferase or histone deacetylase to
the specific DNA sequences or genes that are to be activated or silenced? Little is
known in this regard for acetyltransferase, which belongs to the ATM gene super-
family (Grant et al., 1998, and Vassilev et al., 1998). However, new findings have
provided an unexpected and very exciting answer regarding histone deacetylase.
Nan et al. (1998) have shown that one multiprotein complex containing a histone
deacetylase also contains methyl-cytosine binding protein 2 (MeCP2), a protein
that selectively binds to methylated DNA sequences. DNA methylation involves
the addition of methyl groups to cytosine residues 5’ to guanine residues, that is,
at CpG sites. DNA methylation has long been known to be associated with tran-
scriptional silencing, both at the level of single genes and in an entire X chromo-
some (Chapter 18). Two proteins, MeCP1 and MeCP2, specifically bind to
methylated DNA. Boyes and Bird (1991) showed that DNA methylation inhibits
transcription only if MeCP1 is present. Now a role for MeCP2 in gene inactiva-
tion is also clear. Histone deacetylase is targeted to chromatin domains in which
the DNA is methylated, and by removing acetyl groups from the histones, it alters
the structure of the chromatin at that site, resulting in transcriptional silencing
(Fig. 5.3). Thus, the well-established methylation-dependent inactivation of
genes is mediated by histone deacetylation. X-ray crystallographic evidence sug-
gests that the removal of acetyl groups from histones alters chromatin structure,
leading to compaction of adjacent nucleosomes (Luger et al., 1997). Inhibitors of
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histone deacetylase, such as the fungal metabolite depudecin, modify cellular phe-
notypes in ways just beginning to be explored (Kwon et al., 1998).

Mutations of the MECP2 gene at Xq28 produce Rett syndrome (Amir et al.,
1999). This is a severe, progressive neurological disorder marked by loss of
speech, seizures, ataxia, stereotyped hand movements, and secondary micro-
cephaly. It is one of the most common causes of marked mental retardation in
females and is inherited as an X-linked dominant disorder that is lethal in males.
MeCP2 is expressed throughout the body, so it is unclear why the phenotypic
abnormalities in Rett syndrome are mainly in the brain.
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Chromosome Bands

decisive step forward in human cytogenetics was the discovery of banding

techniques that reveal distinctive and reproducible patterns of transverse
bands along the chromosomes. These permit accurate identification of all the
chromosomes, recognition of a host of structural rearrangements, and identifi-
cation of the breakpoints in most of these. Chromosome bands have great the-
oretical and practical significance. They are fundamental units of chromosome
organization and play a key role in gene regulation, as described in Chapter 7.
They have made possible the rapid identification of an enormous range of kary-
otypic abnormalities and the construction of increasingly comprehensive phys-
ical and genetic linkage maps of the chromosomes. New banding techniques
continue to enrich our understanding of the complex human genome. Banding
techniques and their applications have been reviewed extensively (for example,
Verma and Babu, 1995; Bickmore and Craig, 1997).

O.J. Miller et al., Human Chromosomes
© Springer-Verlag New York, Inc. 2001



6 Chromosome Bands

Q-banding

Caspersson et al. (1970) set out to develop a DNA-binding fluorochrome that
would show base specificity in intensity of fluorescence; they achieved their goal
with the guanine-alkylating agent quinacrine mustard. When chromosomes are
stained with quinacrine mustard (or quinacrine) and examined with a fluores-
cence microscope, they show bands of different fluorescent intensity, or bright-
ness, called Q-bands (Fig. 6.1). Quinacrine, like most chromosome stains
(including acridine orange and methylene blue, the DNA-staining component
of the complex Giemsa stain), is a tricyclic hydrocarbon whose three rings lie
in one plane. This thin, flat molecule is just the thickness to fit (intercalate)
between adjacent base pairs in DNA.

The extremely detailed subdivision of human chromosomes into hundreds of
differentially stained bands came as a huge surprise, because no one thought
there were as large regional differences in base composition as these results
seemed to imply. However, in 1972, Weisblum and de Haseth provided a
partial explanation. They found that synthetic polynucleotides rich in AT
base pairs fluoresce brightly with quinacrine, whereas those rich in GC base
pairs quench fluorescence. The degree of GC interspersion is thus the critical
factor: Only stretches with three or more AT base pairs in a row fluoresce
brightly. That is, two stretches of DNA with the same ratio of GC to AT base
pairs but different degrees of interspersion of GC with AT base pairs can have
different intensities of quinacrine fluorescence. The DNA in Q-bright bands is
thus rich in AT clusters, while the DNA of Q-dull bands could either be GC-
rich or simply have closely interspersed AT and GC base pairs. Other methods
have shown that adjacent bands do, in fact, differ to some extent in their base
ratios (Chapter 7). Most striking are the brilliant Q-bands containing highly AT-
rich satellite DNAs. The one on the distal long arm of the Y chromosome is
particularly striking and is usually visible as a fluorescent Y-body in nuclei
(Fig. 6.1) and sperm (Fig. 17.1).

With Q-banding, the chromosomes are stained without any pretreatment, so
their morphology is retained. The fluorescence intensity of the bands can be
measured (Caspersson et al., 1970). However, slides stained with quinacrine do
not last, as the fluorescence fades rather quickly. Chromosomes are usually ana-
lyzed in detail only from photographs, although one could now use a sensitive
charge-coupled device (CCD) digital -camera and computer-assisted analysis,
as is used for fluorescence in situ hybridization, or FISH (Chapter 8). However,



Figure 6.1. Q-banded karyotype of a cell from an XY male (Breg, Quinacrine
fluorescence for identifying metaphase chromosomes, with special reference to
photomicrography. Stain Technology 47:87-93, copyright 1972, Williams &
Wilkins).

for routine work QQ-banding has been largely replaced by nonfluorescent G- and
R-banding techniques.

C-banding

C-banding was discovered by accident when chromosome spreads were
heated to denature the DNA for in situ hybridization. The Giemsa staining of
the chromosomes was greatly reduced except in the centromeric regions of most
chromosomes and the distal part of the Y (Fig. 6.2). C-banding can be produced
in a number of ways. The most common is to treat chromosomes briefly with
acid and then with an alkali such as barium hydroxide prior to Giemsa staining.
Prominent C-bands are found on chromosomes 1, 9, 16, and the distal Y.
Differences in the types of satellite DNAs in the various C-bands are respon-

C-banding
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Figure 6.2. C-banded karyotype of an XY cell (courtesy of Arvind Babu).

sible for the differences observed using various stains. For example, the
distal end of the Y chromosome is brightly fluorescent with Q-banding,
whereas the centromeric heterochromatin of chromosomes 1, 9, and 16 is
dark. Giemsa staining at pH 11 (the G11 technique) stains the C-band of
chromosome 9 only.

C-bands vary considerably in size in the population. The greatest variability
is demonstrated in the satellites and short arms of the acrocentric chromosomes.
These variations are generally called heteromorphisms, because the term polymor-
phism is restricted by geneticists to a heritable variant that has a frequency of at
least 1 per cent in the population. Inversions that involve the large blocks of
heterochromatin of chromosomes 1 and 9 and the Q-bright centric band on
chromosome 3 are fairly common heteromorphisms. Even extreme variations in
the sizes of C-bands do not affect the phenotype. The reason for this is that C-
banding stains constitutive heterochromatin, which contains no genes and is
never transcribed. Changes in the size of a C-band do not take place very often,
since the C-band variants are generally constant from one generation to the next
and show normal Mendelian inheritance. Chromosomal heteromorphisms have
been used as markers in gene mapping, paternity testing, and distinguishing
monozygotic from dizygotic. twins or the parent of origin of trisomy and
triploidy. They have aided our understanding of hydatidiform moles and the



G-banding, R-banding, and T-banding

origins of the different cell lines in chimeras, including persons with bone
marrow transplants. However, most of these applications have been supplanted
by more precise molecular cytogenetic methods.

G-banding, R-banding, and T-banding

G-banding was discovered by accident during attempts to improve C-banding.
G-bands are obtained when the chromosomes are pretreated with a salt solution
at 60°C or with a proteolytic enzyme, such as trypsin, before staining with
Giemsa or a comparable chromatin stain. G-banding (Fig. 4.2) yields essentially
the same information as Q-banding (Fig. 6.1). The bands that fluoresce brightly
with quinacrine stain intensely with Giemsa stain (are G-dark), whereas the Q-
dull regions are G-light. Each method has its advantages. G-banding is perma-
nent and therefore more suitable than the evanescent Q-banding for routine
work. By either technique, some 300 bands are readily distinguishable in the
haploid genome at metaphase (Paris Conference: 1971 [1972]) and 850-1250
at prometaphase and prophase (ISCN, 1995). Interestingly, the Q-bright, G-dark
bands correspond to the chromomeres seen at the pachytene stage of meiosis
(Chapter 9). Chromosome bands have shown remarkable constancy during
mammalian evolution (Chapter 30).

Reverse banding, or R-banding, was discovered by Dutrillaux and Lejeune
(1971). Their technique involves pretreatment with hot (80-90°C) alkali and
subsequent staining with Giemsa stain or the fluorochrome acridine orange. Acri-
dine orange intercalates between base pairs in double-stranded DNA and fluo-
resces bright yellow. It can also bind to single-stranded (heat-denatured) DNA
by base stacking, and then it fluoresces pale red. As the name indicates, the R-
banding pattern (Fig. 6.3) is the reverse of the Q- or G-banding pattern; in other
words, the bands that are intense by R-banding are faint by Q- or G-banding,
and vice versa. R-banding stains chromosome ends more distinctively and is
often useful for the study of structural changes involving chromosome ends that
might go undetected with Q- or G-banding. A modification of R-banding, called
T-banding, stains mainly regions near the tips of many chromosomes (Dutril-
laux, 1973).

All Q-, G-, and R-bands, whether they fluoresce or stain strongly or weakly,
contain abundant DNA and genes, and all bands are counted in determining the
total number of bands. However, for ease of communication, one generally refers

to Q-bright bands as Q-bands, G-dark (intensely stained) bands as G-bands, and
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Figure 6.3. R-banded karyotype produced by immunofluorescence detection of
anti-cytosine antibodies after denaturing GC-rich DNA in an XX metaphase spread
by photooxidation (Schreck et al., 1973).

Q-dull, G-light, or R-intense bands as R-bands. That is, the terms Q-, G-, R-,
T-, and C-band commonly refer to bands that are more intensely stained or flu-
orescent by the particular method used.

High-Reso_lution and Replication Banding

Prometaphase and prophase chromosomes are much longer than metaphase
chromosomes, but they too can be banded. Such high-resolution banding can
increase the number of visible bands to 850—1250 (Yunis, 1980; ISCN, 1995).
For high-resolution G- or R-banding, dividing cells are blocked in the S phase
with amethopterin (methotrexate). When the block is released with thymidine-
rich medium, the cell cycle is synchronized in a large fraction of the cells, which



Banding with Other Fluorochromes and Nonfluorochromes

can then be studied at the desired stage. Prophase chromosomes show some
natural banding, but this can be enhanced with banding techniques. The longer
the chromosomes are, the more bands they show. However, longer chromo-
somes overlap more, and the analysis becomes tedious. The most important uses
of high-resolution banding are the recognition of subtle structural changes
(Chapters 14—16) and the mapping of genes by in situ hybridization (Chapters
8 and 29).

Chromosome banding comparable to that achieved with other banding tech-
niques can be induced using BrdU to study DNA replication timing (Chapter
3). The replication bands are detected either in the standard way (Latt, 1973)
or by using anti-BrdU antibodies (Fetni et al., 1996). The R-bands replicate
during the first half of the S period. The Q- or G-bands replicate during the
second half of S. Completely reciprocal replication R- and G-bands are seen at
high resolution (550-1250 bands per haploid genome) when BrdU is incorpo-
rated during either early or late S phase (Fig. 6.4). The individual bands show a
constant order of replication (Drouin et al., 1994). Differential staining of the
two chromatids in the C-band regions has been observed after BrdU incorpora-
tion during one cycle of replication. This lateral asymmetry of staining may reflect
the presence of one T-rich strand and one A-rich strand in some satellite DNAs
(Galloway and Evans, 1975), because BrdU is incorporated in place of T and
subsequent photolysis destroys the BrdU-substituted DNA. Lateral asymmetry
of C-bands may not be seen with high-resolution replication banding, for
reasons that are unclear (Drouin et al., 1994).

Banding with Other Fluorochromes
and Nonfluorochromes

Some fluorochromes bind specifically to AT base pairs, for example DAPI (4’,6-
diamidino-2-phenylindole) and its close relatives, DIPI and Hoechst 33258.
Some fluorochromes bind specifically to GC base pairs, for example, chro-
momycin. Nonfluorescent dyes may also show base-specific binding. Methyl
green and distamycin A bind to AT base pairs, while actinomycin D binds pref-
erentially to GC base pairs. The AT-specific fluorochromes produce a fluores-
cent G-banding pattern (lacking the intense Q-brightness of AT-rich satellite
DNA), but not a very precise one, because the intensity of fluorescence exactly
parallels the AT-richness of each band. Similarly, GC-specific fluorochromes
produce a mediocre R-band pattern. The fluorescent G-band patterns are
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Figure 6.4. High-resolution (850-1250 bands) partial karyotypes. From left to
right: GBG (G-bands by BrdU using Giemsa stain), GB-AP (G-bands by BrdU using
anti-BrdU and peroxidase), RBG 1250 ideogram, RB-AP (R-bands by BrdU using
anti-BrdU and peroxidase), and RBG (R-bands by BrdU suing Giemsa stain) (Fetni
et al., 1996, reproduced, with permission of S. Karger AG, Basel).

enhanced when the chromosomes are stained jointly with an AT-specific fluo-
rochrome (DAPI) and a GC-specific nonfluorescent dye (actinomycin D). In the
same way, very precise fluorescent R-band patterns are produced when the GC-
specific fluorochrome chromomycin is used in combination with the nonfluo-



rescent dye methyl green. The reason such counterstaining is effective is that the
nonfluorescent dye quenches fluorescence of the fluorochrome by a process of
energy transfer that takes place only when the different types of dye molecules
are extremely close together.

These counterstain-enhanced banding methods (Schweitzer, 1981) can yield
beautifully sharp bands. They have also confirmed earlier evidence that G-bands
contain abundant stretches of uninterrupted AT base pairs and that R-bands
contain similar uninterrupted stretches of GC base pairs. Furthermore, when
chromosomes are stained with two AT-specific chemicals, the fluorescent DAPI
and the nonfluorescent distamycin A, a subset of fluorescent C-bands is
observed, particularly those on chromosomomes 9, 15, and the Y, the same ones
that are revealed using antibodies to methylated DNA (see below).

Antibody Banding

The first direct demonstration that chromosome bands reflect differences in base
composition of the DNA in different bands came from immunocytochemical
studies using antibodies to adenosine and cytosine (Miller et al., 1973). These
antibodies bind to the bases in single-stranded (denatured) but not
double-stranded DNA. When AT-rich DNA is denatured by heat or UV-
irradiation, anti-A produces Q- or G-banding. When GC-rich DNA is dena-
tured by photo-oxidization of G residues, anti-C produces sharp R-banding
(Fig. 6.3). R-banding is also produced by antibodies to double-stranded GC
polymers (Magaud et al., 1985) and antibodies to acetylated forms of histone
proteins (Jeppesen and Turner, 1993). When chromosomal DNA is denatured
by UV-irradiation, antibodies to 5-methylcytosine (anti-5MeC) produce
C-banding (Miller et al., 1974); this was the first evidence that CpGs in the
AT-rich satellite 2 and 3 DNAs are highly methylated. The same regions bind
antibodies to the methylated CpG-binding protein, MeCP2 (Lewis et al., 1992)
and antibodies to the heterochromatin-binding protein, HP1 (Wreggett et al.,
1994).

Weak R-banding is produced by antibodies to Z-DNA, suggesting that a tiny
amount of this special form of DNA is present in R-bands (Viegas-Pequignot
et al., 1983). Left-handed DNA, or Z-DNA, is transiently present in cells. It
tends to form just behind advancing RNA polymerase Il molecules. Most genes
have about three short regions near the 5° promoter region of the gene that
can take a Z conformation when strongly supercoiled. This may have functional

Antibody Banding
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significance, because specific proteins bind to Z-DNA. One such protein,
double-stranded RNA adenosine deaminase, is an RNA editing enzyme that
deaminates adenosine in the RNA to produce inosine, which is translated as if
it were guanine. This can lead to the incorporation of a different amino acid in
the resultant protein (Herbert and Rich, 1996).

Nuclease Banding

A large number of restriction endonucleases have been identified that cut DNA
only at specific sequences that are 4-8 base pairs long and palindromic, that is,
the sequence is the same, from 5" to 3’, in each strand. Thus, Haelll cuts at GGCC
sites, EcoRl at GAATTC, Mspl at CCGG or CMCGG, and Hpall at CCGG
but not C*MCGG. Miller et al. (1983) showed that the generally abundant sites
of a number of restriction enzymes are not distributed at random along the
chromosomes. Some restriction enzymes produce a standard G-band or C-
band pattern on fixed chromosomes, but some produce unusual patterns.
The most informative involve the C-bands, which contain several types of
satellite DNA. If the very short repeating sequence of a particular satellite DNA
contains the cutting site for a particular restriction enzyme, the DNA will be
cut into tiny fragments and lost from the chromosomes. If the satellite DNA
lacks the site, it will remain intact and stain strongly against a background of
generally reduced staining. A series of restriction enzymes can be used to divide
the C-bands into several classes (Miller et al., 1983), and analyze heteromor-
phisms (Babu, 1988). Msel cuts at TTAA sites and removes DNA mainly from
C-bands and some R-bands, leaving the C-bands, T-bands, and some R-bands
(Ludefia et al., 1991).

Nucleases have also been used to produce banding, or labeling, that is related
to the functional state of the DNA rather than its DNA sequence. By compar-
ing the effects of Hpall and Mspl on fixed chromosome spreads, Miller et al.
(1983) demonstrated that amplified but inactive ribosomal RNA genes are hyper-
methylated by showing they are easily cut by Mspl but resist cutting by Hpall.
Molecular studies have shown that transcriptionally active (or potentially active)
genes are in DNAase I-sensitive chromatin in nuclei, reflecting its more open
conformation (Chapter 5). Remarkably, variations in nuclease sensitivity are still
present in metaphase chromosomes. Kerem et al. (1984) showed that the active
X chromosome is much more DNAase [ sensitive than the inactive X and that
R-bands are, in general, more DNAase I sensitive than G-bands. To do this, they
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used nick-translation to incorporate BrdU at sites of nuclease nicking of DNA
in chromosome spreads and labeled antibodies to detect the BrdU.

In Situ Hybridization Banding

In situ hybridization of the very abundant Alu repetitive sequences produces an
R-banding pattern, while hybridization of LINE1 repeats produces a G-banding
pattern. This indicates that each of these two classes of repetitive DNA is more
abundant in a different fraction of the genome (Korenberg and Rykowski, 1988).
By using the polymerase chain reaction with oligonucleotide primers comple-
mentary to parts of the Alu or LINE1 sequence, hybridization probes can be gen-
erated that enable a banding pattern to be produced simultaneously with
localization of gene probes (Lichter et al., 1990). Hybridization of a highly GC-
rich fraction of DNA produces T-bands (Fig. 7.2), and so does hybridization of
the unmethylated CpGe-rich tiny fraction of genomic DNA (Craig and Bickmore,
1994). There is lateral asymmetry of G and C residues in telomeric repeats,
with the Gs in one strand and the Cs in the other (Chapter 4). This is the
basis for a novel method to detect pericentric inversions, using a single-stranded
probe that hybridizes only to one strand of telomeric DNA (Bailey et al., 1996;
Chapter 16).

Nomenclature of Banded Chromosomes
and Abnormal Karyotypes

At the Paris Conference: 1971 (1972) a system of nomenclature was proposed
for banded human chromosomes and chromosome abnormalities. Figure 6.5
shows an ideogram of a banded karyotype according to this system. Telomeres,
centromeres, and a number of prominent bands are used as landmarks. A section
of a chromosome between two landmarks is called a region, and these regions
are numbered 1, 2, 3, and so on, in both p and q directions, starting from the
centromere. The bands within the regions are numbered according to the same
rule. Thus, the first band in the second region of the short arm of chromosome
1is Ip21.

The increasing use of high-resolution banding has led to an extension of this
system. For example, 14q32 (Fig. 6.6, left) indicates chromosome 14, long arm
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Figure 6.5. Paris conference ideogram of a banded karyotype.
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Figure 6.6. Ideograms of chromosome 14 at the 320- (left), 500- (center), and 900-
band (right) stages, illustrating the Paris nomenclature. The sub-bands seen at the
500-band stage are designated with decimals, those seen at the 900-band stage with
decimals and digits (Yunis, 1980).

region 3, band 2. High-resolution banding reveals three subbands in this band.
To indicate a subband a dot is used, followed by the number of the subband
(they are numbered sequentially from the centromere). The most distal subband
in chromosome 14 (Fig. 6.6, middle) is thus 14q32.3. When the subband is
further subdivided by still higher-resolution banding (Fig. 6.6, right), an addi-
tional digit is added, the last subband thus being 14q32.33. The most recent
update of this international system of nomenclature is ISCN (1995). Francke
(1994) has prepared a digitized and differentially shaded ideogram for genomic
applications.

For the designation of chromosome abnormalities, two systems, one short
and one detailed, are provided. For the actual use of both systems the reader
is referred to the current standardization committee report (ISCN, 1995). In
the following discussion only a few basic examples of the short system are
given. An extra or a missing chromosome is denoted with a plus or a minus
sign, respectively, before the number of the chromosome. The designation of a
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female with trisomy 13 is 47, XX,+13, and that of a male with monosomy 21
is 45 XY,—21. A female with a deletion of the short arm of chromosome 5
and the cri du chat syndrome is designated 46,XX,del(5p). The karyotype of
a female carrier of a Robertsonian translocation (centric fusion) between
chromosomes 14 and 21 is 45,XX,der(14,21)(q10;q10). For historical reasons,
the designation rob is also used: 45, XX rob(14,21)(q10;q10). The karyotype of
a male translocation heterozygote (carrier) in whom chromosome arms 3p
and 6q have exchanged segments, the breakpoints being 3pl2 and 6q34, is
46,XY,t(3;6)(pl2;q34).
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Molecular Correlates of

Chromosome Bands

GC- and AT-rich Isochores

ernardi and his coworkers have demonstrated that the human genome is
B organized into alternating blocks, each over 300kb long, of rather homo-
geneous DNA of quite different GC richness, called isochores (Saccone et al.,
1996). These can be separated from one another on the basis of their buoyant
density in a cesium chloride ultracentrifugal gradient (Fig. 7.1). This reflects the
average nucleotide composition of the isochores, because GC base pairs and
GC-rich DNA are denser than AT base pairs and AT-rich DNA. There are five
classes of isochores, called L1, L2 (pooled in Fig. 7.1), H1, H2, and H3, in order
of increasing buoyant density and thus GC-richness. In situ hybridization shows
that the H3 isochores are gene-richest (especially in housekeeping genes) and

O.J. Miller et al., Human Chromosomes
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Figure 7.1. (A) The cesium chloride density gradient profile of human DNA can
be resolved into four major components and a small ribosomal RNA gene compo-
nent. (B) A histogram based on the GC richness of the third codon position of 4270
human genes similarly resolved into four components. The GC-riches fractions (H3
and H2) are the richest in genes (reprinted from Gene 174:95-102, 1996, Zoubak
et al., The GC-richest (non-ribosomal) component of the human genome, with
permission of Elsevier Science).

are present in highest concentration in 28 T-bands and at somewhat lower
concentration in 31 additional R-bands (Fig. 7.2; see color insert).

The remaining R-bands at a 400-band resolution contain no H3 isochores but
abundant H1 and H2 isochores. They contain more than half the tissue-



GC- and AT-rich Isochores

Figure 7.2. Hybridization of GC-rich H3 isochore DNA to chromosomes 1-9 at
different stages of contraction. Biotinylated H3 isochore DNA was detected with
avidin-FITC (yellow) on propidium iodide-stained chromosomes (red) (Saccone et
al., Identification of the gene-richest bands in human prometaphase chromosomes,
Chrom Res 7: figure 1, p 382, copyright 1999, with kind permission from Kluwer

Academic Publishers) (See color insert).

restricted (tissue-specific) genes, as well as many housekeeping genes. The G-
bands contain mainly the L1 and L2 (AT-rich) isochores and nearly half of the
tissue-specific genes. The GC-richest component of the genome is at least 17
times as rich in genes as the GC-poor regions are. There is about one gene per
9kb in H3 isochore DNA, one gene per 15kb in H2 isochore DNA, one gene
per 54kb in H1 isochore DNA, and one gene per 150kb, on average, in the
combined L1 and L2 isochore DNAs (Zoubak et al., 1996). Adjacent isochores
need not be functionally distinct. Thus, the SOX9 gene belongs to a GC-rich
H2 isochore, but almost all of the 1063kb of DNA upstream (5°) of the gene
belongs to the GC-poor L1 and L2 isochore families. However, when this region
is disrupted at any point by a translocation, the expression of the SOX9 gene is
impaired (Pfeifer et al., 1999).

How sharp are the boundaries between adjacent isochores, and what is
their structure and functional significance? There is growing evidence that
chromosome bands may have specific boundary sequences that separate a
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GC-rich band from a less GC-rich band. The still-homologous pseudoau-
tosomal region on Xp and Yp (Chapter 17) has a boundary sequence, and
pseudoautosomal boundary-like sequences (PABLs) have been found throughout
the genome. They have a highly conserved 650-bp consensus sequence. One
example is provided by the major histocompatibility complex (MHC) gene locus
at 6p21.3 (Fig. 29.3). This is a wide R-band that includes a very GC-rich T-band.
There is also an intervening G-band only 200kb in length at 6p21.32, which
separates the MHC class 1l genes from class | and class III genes. This tiny region
contains a PABL1 element and a cluster of LINE1 elements (Fukagawa et al.,
1996).

Unmethylated CpG Clusters and

Housekeeping and Tissue-Specific Genes

The restriction endonuclease Mspl cleaves double-stranded DNA at CCGG sites
in DNA whether or not the internal C is methylated, whereas another restric-
tion enzyme, Hpall, cleaves CCGG sites in DNA only if the internal C is not
methylated. Bird and his collaborators have shown that a tiny fraction of the
genome, about 1%, is highly enriched in methylatable sites (CGs, usually
referred to as CpGs) that are not methylated. These were first detected as clus-
ters of Hpall-generated tiny fragments, or HTF islands. Analysis of 375
sequenced genes indicated that all housekeeping genes and about 40% of tissue-
restricted genes are associated with CpG clusters. The majority of these clus-
ters, which are generally 200-1400bp long, are at the 5" ends of housekeeping
genes, but there is no such bias towards the 5° end of tissue-restricted genes
(Larsen et al., 1992).

Antiqua and Bird (1995) showed that there are about 45,000 CpG islands in
the haploid human genome. Combining this with the data of Larsen et al. (1992)
and data indicating there is one CpG island per 36kb in R-(including T-) bands,
Antiqua and Bird estimated the total number of genes in the human genome to
be about 80,000, made up of 22,000 housekeeping and 58,000 tissue-restricted
genes. The housekeeping genes and about half of the tissue-specific genes are
in the T- and R-bands, with the remainder of the tissue-specific genes situated
in the Q- or G-bands (Holmquist, 1992; Saccone et al., 1996; Zoubak et al,,
1996).
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Interspersed Repetitive DNA Sequences
and Transposable Elements

The human genome contains an enormous number of interspersed repetitive
elements that have spread through the genome by some sort of trans-
position process. They make up almost 35% of the genome (Kazazian and
Moran, 1998). Short interspersed elements (SINEs), such as the 340-bp Alu
sequences, whose name reflects the presence of an Alul restriction endonuclease
cutting site in each one, are especially abundant; they make up more than
10% of the genome. They are located mainly in the R-bands (Korenberg
and Rykowski, 1988). A small subset of the Alu repeats can be transcribed
and a DNA copy made by a special DNA polymerase called reverse transcriptase,
because it makes DNA from an RNA template. This DNA copy can be trans-
posed into a new genomic site. If this disrupts a gene (insertion mutagenesis),
the latter may be inactivated, as exemplified by a cholinesterase gene mutation
(Muratani et al., 1991).

Retroelements tend to integrate inito actively transcribed DNA in part
because its more open conformation makes its DNA more accessible. Alu
sequences are thus most abundant in the gene-rich T- and R-bands. For example,
the RCC1 gene, a regulator of chromosome condensation (Chapter 2), contains
37 Alu sequences within its 35kb of DNA (Furuno et al., 1991). The consensus
sequence of one Alu subfamily contains a binding site for the retinoic acid recep-
tor that is present as part of the 5" promoter region of many genes. This pro-
vides a mechanism by which retrotransposition of Alu sequences can alter the
expression of many genes and contribute to evolutionary potential (Vansant and
Reynolds, 1995).

Long interspersed elements (LINEs), with about 50,000~100,000 copies, make
up nearly 15% of the genome. They are mainly located in the Q- (G-)bands and
are particularly abundant on the X chromosome, especially in the pericen-
tromeric region (Korenberg and Rykowski, 1988). Full length LINE sequences
are over 6kb long and, like similar transposable elements, contain several genes;
however, most copies are truncated to a variable extent at the 5" end and are
much shorter. A significant number, estimated at 30-60, of the 3,000-4,000 full-
length LINE L1 elements are able to initiate transposition (Sassaman et al.,
1997). These encode an endonuclease that can nick DNA and a reverse tran-
scriptase that can make a usually truncated DNA copy of an RNA transcript.
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This can integrate into a new chromosomal site. Insertion of a truncated LINE
L1 element into the X-linked factor VIII gene has been seen in a number of
patients with hemophilia A (Dombroski et al., 1991).

Sometimes DNA copies of unrelated mRNAs are generated using reverse tran-
scriptase and are integrated into the genome. These processed pseudogenes have no
introns, because these are removed during the processing of RNA transcripts into
mature mRNA. Usually, there are only a few copies of these pseudogenes, which
are thus a minor component of interspersed repeats. Transposable elements are
much more abundant. One, called mariner, or MITE (mariner insert-like transpos-
able element), is present in about 1000 copies, and so are several other such ele-
ments. The complete mariner transposon contains inverted terminal repeats that
enable it to bind a transposase and thus to move. There are more than 100 of
these complete mariner elements scattered throughout the genome, except on the
Y, as shown by primed in situ labeling (PRINS) with primers matching the right
and left inverted repeats. Many of them are at sites where a disease-producing
deletion, duplication, or inversion has occurred, suggesting that they are involved
in initiating homologous recombination events (Reiter et al., 1999).

An updated list of retroelements can be obtained from the repetitive element
data base (Repbase.http://www.girinst.org), or those on chromosome 6 from the
chromosome 6 database (http://www.sanger.ac.uk/chr6). Their distribution in
relation to bands is not well established. Given the frequency and amount of
transposition characteristic of the human and other genomes, how have such
striking differences in GC-richness of isochores been achieved, and maintained?
One exciting hypothesis is that integration of exogenous DNA tends to be
isopycnic, that is, the GC level of the incoming DNA sequence matches that of
the host sequences around the integration site. This has been demonstrated for
multiple integration sites of hepatitis B (HBV), AIDS (HIV-1), and human T-cell
leukemia, type 1 (HTLV-1) viruses (Glukhova et al., 1999).

Tandemly Repetitive Elements:
Telomeres, Centromeres, and

Satellite DNAs

At the molecular level, chromosomes consist of highly repeated sequences (most
of 100,000 copies or more), middle repeated sequences (most of 100-10,000
copies) and unique sequences (one or several copies). The boundaries between
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these classes are somewhat arbitrary. In the highly repetitive sequences, the
repeating units vary in length from 2 to 2000 base pairs. In simple-sequence
DNA, such as that of constitutive heterochromatin, short sequences are repeated
over and over again to make long, meaningless stretches of DNA. These simple
DNAs show extensive sequence variation. Simple-sequence DNA may have a
buoyant density distinctly different from that of the bulk DNA of the organism,
forming satellite bands in density gradient centrifugation; hence the name satel-
litt DNA. There are three types of satellite DNA. Megabase pair satellite DNAs
are limited mainly to centromeric heterochromatin and distal Yq. Kilobase-pair
minisatellite DNAs are preferentially (90%) located in subtelomeric T-bands. The
roughly 10 to 40-base-pair microsatellitt DNAs are widely distributed throughout
the genome.

Multigene families, which encode ribosomal RNA, histones, and a few
other classes of genes, represent middle repetitive DNA. These genes, which
encode RNAs or proteins needed in large quantities in the cell, are repeated
hundreds of times in the genome. Many of them are located in T-bands and
some in R- or G-bands. The clusters of ribosomal RNA genes are located
within satellite DNA and are virtually the only type of gene able to avoid being
inactivated by such close contact with heterochromatin. Transposable elements,
which do not have a fixed location on the chromosomes, make up a consider-
able proportion of middle repetitive DNA. Other multigene families, of which
globin and immunoglobulin genes are typical examples, bridge the gap between
unique sequences and middle repeated sequences. Characteristic of genes in
such multigene families are multiplicity, close linkage, sequence homology,
and similar or overlapping functions. Unique sequences can be divided into
transcribed genes and noncoding sequences, including spacers and non-
functional pseudogenes.

Chromosomal Proteins and
Chromatin Conformation

The usual technique for labeling DNA for molecular hybridization is called nick
translation. It involves nicking DNA with DNAase | in the presence of DNA poly-
merase and radioactive nucleotides. The polymerase fills in the gaps produced
by the DNAase | with nucleotides, producing a labeled probe. Kerem et al.
(1984) applied nick translation in situ to fixed chromosome spreads, using a lim-
iting concentration of DNAase I, and found that DNAase [-sensitive regions
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were concentrated on the active X chromosome in preference to the inactive X
and in R-bands in preference to G-bands. This confirms the more open confor-
mation of the chromatin on the active X and in the R-bands.

This difference in chromatin structure is associated with striking differences
in the proteins of the various types of bands. Histone H4 is hyperacetylated in
both T- and R-bands but not in G- or C-bands, as shown by immunofluores-
cence studies (Jeppesen and Turner, 1993). Nucleosomal core histones are also
hyperacetylated in interphase chromatin fractions that contain unmethylated
CpG islands, which come from T- and R-bands. Histone H1, an inhibitor of
gene activity, is depleted in these fractions (Tazi and Bird, 1990). In contrast,
histone H1 is enriched in nucleosomes that contain methylated DNA, is more
abundant in G-bands than in R-bands, and can be depleted from nucleosome
arrays by hyperacetylation. The high-mobility-group protein 1 (HMG1) local-
izes to G- and C-bands (Disney et al., 1989). The chromosome scaffold proteins
topoisomerase [I and SCII are especially abundant in centromeric heterochro-
matin, and topoisomerase Il is also found in G-bands (Saitoh and Laemmli, 1994;
Sumner, 1996). Their role in organizing the chromosome scaffold that anchors

Table 7.1. Characteristics of the Different Types of Chromosome Bands

Feature T-bands R-bands G-bands C-bands
Quinacrine or DAPI Dull Duil Bright Either
Acridine orange/heat Bright Bright Dull Dull
Chromomycin A3 Bright Bright Dull Dull
Replication time Very early  Early Late Very late
DNAase [ sensitivity High High Low Low
In or between chromomeres  Between Between In In
Chiasma frequency Very high  High Low Absent
Acetylation of histone H4 High High Low Low
Unmethylated CpG islands ~ Very many  Many Few None
GC-richest (H3) isochores Many Some None None
GC.-rich (H1, H2) isochores  Few Many Rare None
GC-poor (L1, L2) isochores  None None Many Some
Interspersed repeats SINEs SINEs LINEs Rare
Satellite DNAs Mini- Micro- Micro- Satellites
satellites satellites satellites




each loop domain (Chapter 5) is clearly reflected in their lower concentrations
in T- and R-bands, with their longer loops and looser packaging.

Functional Significance of
Chromosome Bands

Chromosome bands reflect the functional organization of the genome that is
necessary for regulating DNA replication and repair, transcription, genetic
recombination, and transposition (Bickmore and Craig, 1997). Table 7.1 sum-
marizes some of the characteristic differences among T-, R-, G-, and C-bands.
There are, of course, additional differences already known and possibly many
yet to be discovered. T-bands contain only 15% of the DNA but 65% of the
mapped genes, most of the meiotic chiasmata, and most of the cancer-
associated or X-ray-induced rearrangements (Holmquist, 1992). Genes in T- and
R-bands are at or near the periphery of interphase chromosome domains, while
genes in G-bands tend to be buried in the interior of the domain (Chapter 5).
C-bands, in contrast, tend to clump together at the nuclear envelope or around

a nucleolus.
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fascinating property of DNA is the complementarity of the nucleotide

bases in its two anti-parallel strands, with G always pairing with C and A
always pairing with T. This does not involve strong covalent chemical bonds but
weak hydrogen bonds. There are three hydrogen bonds between G-C pairs and
two between A-T pairs, so strand separation is easier in Al-rich DNA than in
GC-rich DNA. Mild heating breaks these hydrogen bonds and is one way to
separate the two strands, called denaturation or dissociation. Reducing the temper-
ature under the right salt conditions leads to renaturation (reassociation or reanneal-
ing) of the two strands by reconstitution of the hydrogen bonds. The rate of
renaturation depends on the frequency of collision between complementary
sequences, which depends on their concentration. The concentration and time
required for renaturation determines the Cot value (concentration X time).
If a high concentration of labeled probe DNA is used, hybridization to

O.J. Miller et al., Human Chromosomes
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complementary nucleic acid sequences in the target preparation can be achieved
in a reasonably short time. These properties of DNA are extremely important,
because they make it possible to detect specific DNA sequences (such as genes)
on a nitrocellulose filter (molecular bybridization) or in cytological preparations (in

situ bybridization) by using labeled DNA or RNA probes.

In Situ Hybridization of Repetitive
and Unique DNA Sequences

Typically, in situ hybridization involves denaturing a cloned DNA fragment,
labeling it with a radioactive, fluorescent, or antigenic tag, and hybridizing it to
denatured DNA in fixed metaphase chromosome spreads on a slide. Under
highly stringent conditions of temperature and salt concentration, the DNA
probe will hybridize only to its complementary strands and not to any of the
enormously greater number of strands from other parts of the genome. Under
these conditions, bonds formed between imperfectly paired sequences will be
short-lived, but bonds between perfectly paired sequences will be stable. Sites
of in situ hybridization of radioactive probes can then be detected autoradi-
ographically and those of nonradioactive probes by fluorescence or enzyme-
mediated staining.

The strength of signal depends on the length of the cloned DNA probe and
the density of label, and determines the sensitivity. When *H-thymidine is used
to label probe DNA, the sensitivity is limited, because the half-life of tritium
(®*H) is 12.8 years, so only a tiny fraction of the atoms will decay in a 3- to 4-
week autoradiographic exposure period. Furthermore, the electrons produced by
the radioactive decay of tritium may travel some distance before they nucleate
silver grains in the photographic emulsion overlying the microscope slide. The
grains are spread out within a radius of 1pum or more around the site of
hybridization, which yields rather low resolution. However, autoradiographic in
situ hybridization does have one advantage: It allows comparisons of the rela-
tive sizes of two or more targets. De Capoa et al. (1988) used this approach to
determine the relative numbers of ribosomal RNA genes on different acrocen-
tric chromosomes.

Despite the limited sensitivity and resolution of autoradiographic detection
of sites of in situ hybridization, this method was successfully used to map
tandemly repetitive sequences such as satellite DNAs in heterochromatin
and several classes of multicopy genes (40 to 200 copies each). These included
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the 185 and 28S ribosomal RNA genes in the NORs of the acrocentric
chromosomes, the 5S ribosomal RNA genes at 1q42-q43, and the histone
genes at 7q32—q36. Autoradiographic detection of single-copy genes was much
harder, though achievable (Harper and Saunders, 1984). A major problem
was that fewer than 15% of the autoradiographic silver grains were localized at
the two specific allelic sites, with the rest of the grains widely scattered and
sometimes also concentrated at a few secondary sites. That is, the background
was high and the signal-to-noise ratio was low. An obvious reason for the high
background was the presence of extremely abundant repetitive sequences
throughout the genome. Because of their high number of copies, the repetitive
sequences could hybridize more quickly (at a lower Cot value) than unique
sequence genes.

A major advance was the discovery that hybridization of labeled probes to
repetitive sequences can be blocked by prehybridization to unlabeled genomic
DNA or, preferably, Cot1 DNA, the highly repetitive fraction of the genome
(Cremer et al., 1988; Pinkel et al., 1988). As a result, nonradioactive {(enzyme
or fluorescence) labeling techniques have largely replaced autoradiographic
labeling because of their greater speed, resolution, and reliability. Almost any
gene or other component of the genome can now be mapped.

Fluorescence In Situ Hybridization

Methods involving fluorescent labels are generally preferred over enzyme labels
and are the best developed (Trask, 1991; Lichter and Ward, 1990). Bromo-
deoxyuracil, digoxigenin, dinitrophenol, or other side-groups can be used to
label DNA probes, and their sites of hybridization can be detected by highly
specific fluorescent or enzyme-linked antibodies (Fig. 8.1). Fluorescent side-
groups can be covalently bound to the probe DNA itself, thus eliminating the
need to add a fluorescent molecule that binds to the probe. Chromosome-
specific probe sets have been prepared that “paint” different chromosomes or
parts of chromosomes (Cremer et al., 1988; Pinkel et al., 1988). The power and
beauty of these new techniques is reflected by their increasingly wide use, and
illustrated in Figs. 8.2, 8.3, 8.4 (see color insert), and 26.1.

Very long DNA fragments can be used as hybridization probes after block-
ing the hybridization of interspersed repeats, thus markedly reducing the noise
level generated by such hybridization. This is useful because long probes yield
strong fluorescent signals that are readily detectable by simple fluorescence
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Figure 8.1. Demonstration by FISH of a deletion of the Prader-Willi/Angelman syndrome region,
15q11-q13. Hybridization of a YAC cloned from this region produces a signal on one homologue (filled
arrowhead) but none on the other homologue (open arrowhead). The classical satellite probe, D15Z1,
produces a large signal in the centromeric region of each chromosome 15 (reproduced from Kuwano et
al., Hum Mol Genet 1:417-425, 1992, with permission of Oxford University Press).

Figure 8.2. Spectral karyotyping after simultaneous hybridization of 24 combinatorially labeled chro-
mosome-specific (painting) probes. B, a metaphase spread; C, the karyotype of this metaphase. Regions
rich in repetitive sequences, such as the short arms of numbers 13, 14, 15, 21, and 22, show color vari-
ations that are expected after suppression hybridization (reprinted with permission from Schréck et al.,
Multicolor spectral karyotyping of human chromosomes. Science 273:494-497, copyright 1996, Amer-
ican Association for the Advancement of Science) (See color insert).
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Figure 8.3. A metaphase spread (above) and a karyotype (below) after in situ hybridization and detec-
tion of multiplex probes. Red and green bars represent regions that hybridized to fragments in only one
probe pool, and yellow bars represent regions that hybridized equally to fragments in both probe pools.
Mixed colors are due to overrepresentation of fragments from one pool. Regions that fail to hybridize
to fragments in either pool show background DAPI blue fluorescence (reproduced from Miiller et al.,
Toward a multicolor chromosome bar code for the entire human karyotype by fluorescence in situ
hybridization, Hum Genet 100, fig. 3, p 273, copyright 1997, Springer-Verlag) (See color insert).
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Figure 8.4. High-resolution fiber-FISH using the DAZ G5
probe from the 5” end of the DAZ gene (green fluorescence)
and the DAZ G21 probe from the 3" end of the gene (red flu-
orescence) to label extended S phase Y chromatin. Seven DAZ
red-green signals (genes or pseudogenes) are seen in a linear
array, with at least one gene inverted with respect to the
others (Glaser et al., Chromosome Research 6: figure 4, p 484,
1998, with kind permission from Kluwer Academic Pub-
lishers) (See color insert).
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Figure 7.2. Hybridization of GC-rich H3 isochore DNA to chromosomes 1-9 at
different stages of contraction. Biotinylated H3 isochore DNA was detected with
avidin-FITC (yellow) on propidium iodide-stained chromosomes (red) (Saccone et
al., Identification of the gene-richest bands in human prometaphase chromosomes,
Chrom Res 7: figure 1, p 382, copyright 1999, with kind permission from Kluwer
Academic Publishers).

Figure 8.2. Spectral karyotyping after simultaneous hybridization of 24 combina-
torially labeled chromosome-specific (painting) probes. B, a metaphase spread; C,
the karyotype of this metaphase. Regions rich in repetitive sequences, such as the
short arms of numbers 13, 14, 15, 21, and 22, show color variations that are expected
after suppression hybridization (reprinted with permission from Schrock et al.,
Multicolor spectral karyotyping of human chromosomes. Science 273:494-497,
copyright 1996, American Association for the Advancement of Science).
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Figure 8.3. A metaphase spread (above) and a karyotype (below) after in situ
hybridization and detection of multiplex probes. Red and green bars represent
regions that hybridized to fragments in only one probe pool, and yellow bars rep-
resent regions that hybridized equally to fragments in both probe pools. Mixed
colors are due to overrepresentation of fragments from one pool. Regions that fail
to hybridize to fragments in either pool show background DAPI blue fluorescence
(reproduced from Miiller et al., Toward a multicolor chromosome bar code for the
entire human karyotype by fluorescence in situ hybridization, Hum Genet 100, fig.
3, p 273, copyright 1997, Springer-Verlag).
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Figure 8.4. High resolution fiber-FISH using the DAZ G5
probe from the 5" end of the DAZ gene (green fluorescence)
and the DAZ G21 probe from the 3" end of the gene (red flu-
orescence) to label extended S phase Y chromatin. Seven DAZ
red-green signals (genes or pseudogenes) are seen in a linear
array, with at least one gene inverted with respect to the others
(Gliser et al., Chromosome Research 6: figure 4, p 484, 1998,
with kind permission from Kluwer Academic Publishers).
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Figure 8.6. (A) Partial C-band and spectral (painting) karyotypes of the father of
a mentally retarded child, showing an otherwise cryptic t(1;11) translocation.
(B) Partial G-band karyotype of an ataxic patient; note extra material on a chromo-
some 11; the spectral karyotype shows its origin from a chromosome 4. (C) Six
marker chromosomes from a breast cancer cell line; spectral karyotyping shows the
chromosomes involved in these complex rearrangements (reprinted with permission
from Schrock et al., Multicolor spectral karyotyping of human chromosomes.
Science 273:494-497, copyright 1996, American Association for the Advancement
of Science).

Figure 9.6. Association of bivalent 15 with the sex vesicle in five normal pachytene
nuclei stained blue with DAPI. Bivalent 15 is made visible with a 15-specific paint
(green) and its centromeric region with a 15-specific 0t-satellite probe (red). The sex
vesicle (blue clump) is marked by an X-specific a-satellite probe (red) (Metzler-
Gauillemain et al.,, Chrom Res 7:369, Bivalent 15 regularly associates with the sex
vesicle in normal male meiosis, fig. 1, copyright 1999, with kind permission from

Kluwer Academic Publishers).
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microscopy. The nick translation reaction used to label the probes also yields
the short fragments best suited for hybridization. The fluorescence does not
spread from the site of hybridization nearly as far as autoradiographic silver
grains do, so the resolution, or precision, of mapping is much higher with fluo-
rescence in situ hybridization (FISH) than with autoradiography. The results do
not require a statistical analysis of the distribution of signals throughout the
entire genome, because the background is so low that virtually every fluorescent
signal counts (see Figs. 3.5, 8.4, and 9.6).

Highly sensitive CCD (charge-coupled device) digital cameras and computer-
assisted data acquisition and processing methods permit routine detection of
even faint fluorescent signals. With them, FISH can detect hybridization to
sequences as short as 1kb. It is even possible to distinguish single RNA tran-
scripts within a cell and to determine the average number of transcripts of a par-
ticular gene within a cell. By using three different fluorochromes to label three
probes, each complementary to a different segment of a gene, one can deter-
mine the rate of elongation of a growing (nascent) RNA transcript and the dis-
tance separating the RNA polymerase Il transcriptional complexes. These
correspond well to the results determined by electron microscopy (Femino et
al., 1998).

Probes for highly repetitive (TTAGGG)n telomeric sequences are widely
used, and for a variety of purposes. They have been used to show that appar-
ently terminal deletions have been stabilized by the capture of TTAGGG repeats
(Figs. 8.1 and 15.3). Pericentric inversions (Chapter 13) can be detected by a
fascinating method called Chromosome Orientation and Direction FISH, or
COD-FISH (Bailey et al., 1996). This takes advantage of the fact that telomeric
repeats (T TAGGG in the G-rich strand, CCCTAA in the C-rich strand) all have
the same orientation with respect to the end of the chromosome, just as cen-
tromeric O-satellite sequences do. Cells grown for one cycle in the presence of
BrdU incorporate BrdU in place of T into each newly replicated strand of DNA.
UV light selectively breaks down BrdU-substituted DNA, and exonuclease I!]
can then destroy the entire damaged strand, leaving a single strand of DNA in
each sister chromatid. A single-stranded probe complementary to one strand of
telomeric or centromeric DNA will thus find a hybridizable (complementary)
sequence in only one of the two sister chromatids. The single-stranded telom-
eric probe will hybridize to the short-arm telomere of one chromatid and
the long-arm telomere of the other chromatid; the centromeric probe will
hybridize to only one of these chromatids. However, if a pericentric inversion
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has occurred, the centromeric probe will hybridize to the other chromatid
(Fig. 13.6).

Replication Timing by FISH

The time of replication of individual genes can be determined in various ways.
The standard method involves incorporating BrdU during part of the S phase in
synchronized cell cultures and detecting the BrdU-containing strand with anti-
bodies to BrdU. Alternatively, the BrdU-containing strand can be destroyed by
photolysis and its complementary strand destroyed with single-strand-specific
nuclease. This procedure eliminates only the DNA segments or genes that were
replicated while BrdU was present. Specific gene probes can then be hybridized
to the remaining DNA in solution or on Southern blots (Chapter 3). Selig et al.
(1992) devised an ingenious cytological method to determine the time at which
a particular gene is replicated. DNA probes for the genes in question are
hybridized to interphase nuclei in synchronized cultures and the sites of
hybridization detected by FISH. Each allele appears as a single dot before repli-
cation and as paired dots after replication has occurred and a sufficient degree
of separation of sister chromatids has taken place in that region (Fig. 3.5).
Torchia et al. (1994) and Boggs and Chinault (1994) applied this technique to
several X-linked loci. Those known to undergo X-inactivation, such as HPRT
and FRAXA, showed a high degree of asynchrony in the time of replication of
the two alleles, whereas the two alleles of genes that escape X-inactivation, such
as ZFX and RPS4X, replicated in synchrony. The XIST gene, which is active only
on the inactive X chromosome, showed marked asynchrony, and both research
groups suggested that the active XIST allele replicated early and the inactive
allele late. However, Gartler et al. (1999), using both the standard method and
that of Selig et al. (1992), concluded that the inactive XIST allele replicated early
and the active allele late (Fig. 8.5).

Cloned, PCR-Generated, and
In Situ-Generated Probes

The first probes for in situ hybridization were fragments of DNA that had been
inserted into bacterial viruses (circular plasmids or linear bacteriophages) that
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Figure 8.5. FISH and BrdU analysis of the replication time of the XIST alleles in
X,i(Xq) fibroblasts. (A) Percentage of cells with doublets of the active X (closed
circles) and the inactive i(Xq) (open squares) in each fraction of the cell cycle. The
inactive i(Xq) was scored as replicated if doublets were present at either or both XIST
loci. (B) Cumulative replication values for the active X (closed circles) and inactive
i(Xq) (open squares) in each fraction of the cycle (reproduced from Gartler et al,,
Hum Mol Genet 8:1085-1089, 1999, with permission of Oxford University Press).

were then grown in bacteria to develop clones of identical fragments. Larger
fragments have been successfully cloned in cosmids (35-55kb) and in bacterial
artificial chromosomes (BACs, 100-250kb; Shizuya et al., 1992) or yeast
artificial chromosomes (YACs, 300-1500kb; Burke et al., 1987). An example
of their use is the creation of a complete set of probes specific for each
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chromosome end, capable of detecting by FISH deletions, translocations, or
other rearrangements (Knight et al., 1997). The polymerase chain reaction
(PCR) has been used to generate unique probes or libraries of probes from
a whole genome, a whole chromosome, or a chromosome segment (Liidecke
et al., 1989). Some of the most useful probes have been produced using an
oligonucleotide complementary to part of an Alu sequence as one primer and
an arbitrary oligonucleotide sequence for the other. This generates a library of
fragments, most of them from the gene-rich R-bands, which are rich in
Alu sequences. This technique can be used with a variety of chromosome sources:
flow-sorted chromosome-specific (or enriched) pools, rodent-human hybrids
that contain a specific human chromosome or chromosome fragment, and
microdissected fragments from a specific chromosome region. Microdissection
(a scrape from a single or several chromosomes on a slide) and formation of a
PCR-amplified pool of DNA fragments from a tiny region can be used to yield
a chromosome-band-specific painting probe (Liidecke et al., 1989; Chen et al,,
1997).

A method has been developed for the in situ generation of label, called primed
in situ (PRINS) labeling. A labeled oligonucleotide primer is annealed to its com-
plementary sequences in the genome and used to initiate replication in situ. This
works quite well with repetitive DNA sequences, such as centromeric
a-satellite DNA, and takes no more than an hour. PRINS gives good results with
even fairly low copy repeats if the labeled product is at least 1kb in length. For
lower copy repeats, a modification involving PCR in situ sometimes works
(Gosden and Lawson, 1994). By using either end of the consensus Alu sequence
as the oligonucleotide primer (Alu-PRINS), one can selectively label euchro-
matin (T- and R-bands, mainly) and detect small regions of euchromatin in an
aberrant location (Cullen et al., 1997).

Chromosome-, Region-, and
Band-Specific Painting Probes

In 1988, two groups reported the successful use of chromosome-specific libraries
for the recognition of numerical and structural chromosome abnormal-
ities (Cremer et al., 1988; Pinkel et al., 1988). Flow sorting was used to prepare
fractions highly enriched for each chromosome, and the DNA from each of
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these was fragmented and the pool of fragments ligated into bacterial virus DNA.
Bacteria were infected with the mixture of recombinant virus DNA to yield
a library of human DNA fragments derived almost entirely from a single
chromosome: a chromosome-specific library. Although repetitive human sequences
common to many chromosomes are abundant in such libraries, their hybridiza-
tion can be blocked by prehybridization with an excess of unlabeled DNA
or the highly repetitive Cot1 fraction of DNA. The nonrepetitive sequences
in the labeled library hybridize, producing a fluorescent signal along the
length of the chromosome (Fig. 8.2). The number of chromosomes labeled
with such a probe is easily identifiable, in both metaphase spreads and inter-
phase nuclei. Translocations involving the painted chromosome are also
readily apparent, even when they are very tiny (Popp et al., 1993). Chromo-
some painting probes can be used in conjunction with locus-specific probes
(Fig. 9.6).

In principle, a probe specific for any region or band can be generated by
microdissection followed by PCR amplification of sequences from the region or
band, and a number of such probes have been developed. Using a more global
approach, Rocchi and his collaborators have prepared a panel of subchromoso-
mal painting libraries (paints) representing over 300 regions of the human
genome (Antonacci et al., 1995). The presence of ribosomal RNA gene clusters
and several repetitive sequence families on all the acrocentric chromosomes
reduces the specificity of chromosome painting probes prepared from these
chromosomes. A novel way around this problem is to prepare painting probes
from gorilla or chimpanzee acrocentric chromosomes, which lack all these repet-
itive elements but are otherwise highly homologous to the human acrocentrics
(Miiller et al., 1997a).

Multicolor FISH, Spectral
Karyotyping, and Bar Codes

Simultaneous detection of each chromosome in a metaphase spread is now
routine, using either multicolor FISH (M-FISH; Speicher et al., 1996) or spec-
tral karyotyping (SKY; Schréck et al., 1996). These methods use 24 chromo-
some painting probes and five fluorochromes in a combinatorial labeling scheme
that labels each of the 22 autosomes and the X and Y differently. M-FISH

117



8 In Situ Hybridization

requires a series of image acquisitions with a change of optical filters, while SKY
uses Fourier spectroscopy and an interferometer to evaluate the fluorescence
emission patterns in a single, longer image acquisition (Fig. 8.2). Neither method
detects intrachromosomal rearrangements such as most deletions, duplications,
or inversions, but they are very useful for detecting other structural as well as
numerical changes (Fig. 8.6; see color insert). Even minute chromosome
rearrangements may be detectable using multicolor FISH with chromosome-
specific painting probes (Popp et al., 1993).

Alu-PCR from human-mouse hybrids that contain a limited number of
human chromosomes has been used to generate two different human-
specific probe sets. These sets were derived pretty much at random from
the human genome, and for use one is labeled with red and one with green
fluorescence. Chromosome regions that hybridize to probes from both
pools appear yellow, while regions that hybridize to probes from only one
pool appear either red or green. The 110 distinct signals per haploid set
produce a unique multicolor. pattern of variously colored dots along each
chromosome, a "bar code” that allows chromosome identification and recog-
nition of rearrangements (Fig. 8.3). Extension of this approach using addi-
tional signals or additional colors should make this technique increasingly
useful (Miiller et al., 1997b).

High-R‘ésolution (Interphase
and Fiber) FISH

Techniques have been developed for multicolor fluorescence labeling
of chromosomes, which allows two or more specific probes to be identified
in a single nucleus. Interphase chromatin in hypotonically swollen nuclei can
be stained with these fluorescent probes; the distance between the bands in
such fluorescence-labeled chromosomes is directly proportional to the mol-
ecular distance {up to about 1 million base pairs) separating the two binding
sites (Lichter and Ward, 1990; Trask, 1991). These new techniques will im-
prove the diagnostic power of cytogenetics and even allow chromosome
changes to be detected in nondividing differentiated cells. The use of mul-
tiple probes and multicolor fluorescence labeling permits much more accu-
rate analysis and detection of subtle changes in structure and copy number
(Trask, 1991).
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Figure 8.6. (A) Partial C-band and spectral (painting) karyotypes of the father
of a mentally retarded child, showing an otherwise cryptic t(1;11) translocation.
(B) Partial G-band karyotype of an ataxic patient; note extra material on a
chromosome 11; the spectral karyotype shows its origin from a chromosome 4.
(C) Six marker chromosomes from a breast cancer cell line; spectral karyotyping
shows the chromosomes involved in these complex rearrangements (reprinted with
permission from Schrock et al., Multicolor spectral karyotyping of human
chromosomes. Science 273:494-497, copyright 1996; American Association for the
Advancement of Science) (See color insert).

Chromatin can be released from interphase nuclei and the extended chro
matin fibers spread out on lysine-coated slides. These are used for fiber FISH,
to determine the order of three or more genes that are close to one another,
or to analyze chromosome abnormalities (Mann et al., 1997). Pelizaeus-
Merzbacher disease of the central nervous system is frequently caused by a
duplication of the PLP (proteolipid protein) gene at Xq22. Fiber FISH
detected a tiny duplication in three different families. In a fourth family, the
two PLP signals were widely separated even in metaphase chromosomes,
indicating there had been a major structural rearrangement (Woodward
et al., 1998). Using differentially fluorescent probes from the 5’ and 3’ ends
of the DAZ gene, Claser et al. (1998) demonstrated a linear array of seven
DAZ genes in Y chromatin fibers, with at least one of them inverted with
respect to the others (Fig. 8.4). Shiels et al. (1997) used fiber FISH to estimate
the length of ribosomal RNA genes (rDNA) and o-satellite arrays on
human chromosome 22 from a human-rodent cell hybrid. There were up to
10 repeats of the 43-kb rRNA gene in a 155-um cluster, although the full
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Figure 8.7. (a) Partial karyotype and ideogram of two chromosomes 5, one with additional material on
it. (b) Ideograms and CGH (comparative genomic hybridization) profiles indicate that the extra mater-
ial is from 11q23—qter. (c) Confirmation by FISH using a chromosome 11—specific painting probe (Levy
et al., 1997, with permission of S. Karger AG, Basel).

rDNA array on this specific chromosome has nearly 40 copies (Srivastava et al.,
1993). The fiber length of the centromeric a-satellite array was 930Um,
providing a better minimal estimate of the size of this array: 2600kb (2.6 Mb).
A modification of this technique uses linearized cosmid DNA fibers attached
to a glass slide and aligned in parallel by a process called molecular combing
(Weier et al., 1995).
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Comparative Genomic Hybridization

Comparative genomic hybridization (CGH) is a molecular cytogenetic approach
for genome-wide screening for differences in copy number of any DNA sequence
from an individual, and it requires only a few nanograms of DNA as FISH probes.
Equal amounts of differently labeled DNA from the test individual (green) and
reference DNA (red) are cohybridized to normal metaphase spreads. Copy
number differences show up as altered ratios of green-to-red fluorescence inten-
sities (Fig. 26.1). This ratio is calculated along the length of each chromosome
by a digital image analysis system. Increased copy number gives an increased
ratio, while losses or deletions give a decreased ratio. Levy et al. (1997) used
CGH to determine the origin of a de novo translocation in a newborn with mul-
tiple congenital anomalies and an unbalanced karyotype (Fig. 8.7). This method
has been applied to more than 1500 tumor DNA samples and revealed six pre-
viously unknown gene amplifications (Forozan et al., 1997). For a list of publi-
cations on CGH, see http:/nhgri.nih.gov/dir/ccg/cgh.
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Main Features of Meiosis

eiosis is the unique process by which haploid (n) germ cells are produced
by two successive cell divisions without an intervening round of DNA
replication (Fig. 9.1). This is one of the two key events in the alternation of the
haploid and diploid phases of the human life cycle, the other being fusion of
haploid egg and sperm (fertilization) to produce a diploid (2n) zygote. Two key
features of the first meiotic division are close pairing of homologous chromo-
somes and their segregation to opposite poles of the meiotic spindle. The first
meiotic division, MI, is called the reduction division, because it reduces the chro-
mosome number from 2n to n. Sister chromatids separate from each other only
at the second, or equational, meiotic division, MII. This yields haploid cells that
differentiate into ova in females and sperm in males.
The segregation of maternal and paternal homologues of each chromosome
at Ml is independent of that of all other pairs of homologues, providing the

O.J. Miller et al., Human Chromosomes
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Figure 9.1. Diagram of meiosis with one pair of chromosomes that have a single
chiasma. Note: A pachytene bivalent consists of four chromatids.

physical basis for Mendelian segregation of alleles at each locus and indepen-
dent assortment of alleles at loci on different chromosomes. Alleles at gene loci
that are fairly close to one another on a chromosome do not segregate inde-
pendently of each other and the loci are said to be linked (Chapter 29). Linked
gene loci are sometimes separated from each other as a result of another key
feature of meiosis called crossing over. At prophase of MI, each crossover, or
chiasma, leads to the exchange of homologous segments between two of the four
chromatids of the paired chromosomes. The result is genetic recombination, the
reciprocal exchange of alleles between two homologues. This can produce new
groupings of alleles at different loci and, with mutation, is responsible for the
genetic heterogeneity that is the basis of natural selection. The frequency of
crossing over increases with the distance separating gene loci, and so does the
frequency of two or more crossovers. Independent assortment of genes on dif-
ferent chromosomes is indistinguishable from 50% crossing over between widely
separated genes on the same chromosome. Genes on the same chromosome are
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said to be syntenic, even if they are too far apart to show linkage (less than 50%
recombination). Crossing over has a second important role: It is generally a pre-
requisite for orderly meiotic segregation.

The main features of meiosis are homologous pairing and crossing over, seg-
regation of homologues, and independent assortment of nonhomologues. These
are universal among eukaryotes, from unicellular organisms such as yeast and
fungi to higher organisms throughout both plant and animal kingdoms. Electron
microscopic studies have provided key insights into the physical basis of pairing
and recombination; immunocytochemical and molecular studies have provided
additional insights and shown that the molecular mechanisms underlying meiosis
are virtually identical in all eukaryotes (Chapter 10).

Prophase I: Leptotene, Zygotene,
Pachytene, Diplotene, and Diakinesis

The durations of some meiotic stages differ markedly from those of their mitotic
counterparts. The premeiotic S phase lasts about twice as long as the mitotic
S phase. Prophase of MI lasts more than 16 days in males and many years in
females, compared to a few hours for mitotic prophase. Cytologically, the early
meiotic prophase stages are clearer in oocytes (Fig. 9.2) than in spermatocytes,
while from diplotene on they are clearer in spermatocytes than in oocytes. At
the beginning of prophase (leptotene or leptonema), the chromosomes become
visible as thin threads (Fig. 9.2). Fluorescence in situ hybridization (FISH) analy-
sis in males, using a chromosome 1-specific painting library as a probe (Chapter
8), has shown that the homologous chromosomes, which are invisible by light
microscopy prior to meiotic prophase, are in compact, mutually exclusive chro-
mosome territories. FISH analysis with centromeric and telomeric probes has
confirmed the general absence of pairing of homologous chromosomes prior to
meiosis. As meiosis begins, the compacted chromosomes reorganize into the
microscopically visible long, thin leptotene threads. As leptotene progresses,
condensed regions appear along the thread-like chromosome strands and
become more distinct as the chromosomes gradually contract. These general fea-
tures have been verified for chromosome 3 by confocal microscopic studies with
three-color, five-probe FISH analysis of the individually labeled telomeres and
arms (Scherthan et al., 1996, 1998).

Homologous pairing is initiated in the zygotene (zygonema) stage (Fig. 9.2).
The earliest detectable event is the movement of centromeres to the nuclear
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Figure 9.2. Early stages of meiosis in human fetal ovaries by light (LM} and electron (EM) microscopy.
(A) Leptotene, LM. (B) Zygotene, LM. (C) Pachytene, LM. (D) Diplotene, LM. (E) Single diplotene
bivalent, EM. (F) Dictyotene, LM (reproduced from Speed, The meiotic stages in human foetal

oocytes studied by light and electron microscopy, Hum Genet 84, fig 1, p 70, copyright 1985, Springer-
Verlag).
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envelope, followed shortly by the clustering of the telomeres from their previ-
ously dispersed sites of attachment to the nuclear envelope. These movements
result in the so-called bouguet formation. Visible pairing of homologous chromo-
somes starts at a number of points along each pair as zygotene progresses. Parts
of the chromosomes are thin leptotene threads, whereas the rest have paired
(synapsed) to form thicker pachytene-like chromosomes marked by distinct
condensed regions called chromomeres. Synapsis (close pairing) usually takes place
between strictly homologous segments of homologous chromosomes. This is
convincingly demonstrated by the pairing configuration of two homologues
when one of them has an inversion. To achieve point-by-point pairing in the
inverted segment, one of the chromosomes has to form a loop, and such loops
are readily visualized (Chapter 16). Similarly, if a translocation has taken place
between two chromosomes, the corresponding segments of translocated and
nontranslocated chromosomes synapse, leading to a characteristic cross-shaped
figure (Chapter 16).

Pairing of homologues begins at a time when the 46 elongated chromosomes
are in a rather tangled state. Electron microscopy reveals that interlocking of non-
homologous chromosomes is frequent in zygotene of both male and female
meiosis but is very rare in diplotene and metaphase I. Clearly, the interlocked
chromosomes break, untangle, and then heal. Consequently, no interlocking of
two or more bivalents is visible at later stages (Wettstein et al., 1984). This process
is presumably mediated by topoisomerase Il (TOPO 1), which introduces double-
strand breaks, allowing the chromosomes to “walk through” each other, and then
re-ligates the broken ends, thus maintaining the integrity of each chromosome.

In pachytene (pachynema), synapsis is complete and each paired chromosome
consists of a long series of chromomeres that are arranged like different-sized
“beads” along the chromosome thread (Figs. 9.2 and 9.3). Each pair of homo-
logues forms a bivalent. The length of a bivalent at pachytene is about one-fifth
the length of the same chromosome in leptotene. The chromomere pattern (see
Fig. 9 in ISCN 1995) corresponds closely to the bands in G-banded mitotic
prophase chromosomes (Jhanwar et al., 1982). Crossing over, which consists of
an exchange of homologous segments between two of the four chromatids, takes
place in the pachytene stage, although the results of this process cannot be seen
until the next meiotic stage, diplotene.

The condensation (shortening and thickening) of chromosomes continues
through diplotene (diplonema). The two homologous chromosomes forming
each bivalent begin to repel each other by an unknown mechanism until they
are held together only at chiasmata (singular: chiasma) (Figs. 9.2, 9.4, and 9.5).
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Figure 9.3. (Top) Spermatogonial metaphase. (Bottom) Pachytene spermatocyte with an XY body (sex
vesicle). Squashing has destroyed the bouquet arrangement (courtesy of Maj Hultén).
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Figure 9.4. (Top) First meiotic metaphase in a spermatocyte; the X and Y are attached at the tips of
their short arms. (Bottom) Second meiotic metaphase in a spermatocyte (courtesy of Maj Hultén).
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Figure 9.5. Diagrams of three bivalent chromosomes: (a) Diplotene bivalent with
one chiasma. (b) Bivalent with three chiasmata and one chromatid overlap.
(c) Metaphase bivalent with one chiasma.

Chiasmata are scored more accurately at diplotene than in the more condensed
chromosomes of diakinesis and metaphase [. Each chiasma is the result of
crossing over (breakage and rejoining) involving one chromatid of each of
two homologous chromosomes (Fig. 9.5), in keeping with the chiasmatype
theory Johansson proposed in 1909. Chromosome condensation continues
in diakinesis. The hairy appearance characteristic of diplotene disappears,
and the bivalents are smooth and compact. They may be attached to the nuclear
envelope, whereas until this stage they appear free within the nucleus.

Chiasmata and Genetic Recombination

Chiasmata are not randomly distributed. Each pair of chromosomes
usually forms at least one chiasma, and each chromosome arm, except the short
arms of the acrocentrics, usually shows at least one chiasma. The mean chiasma
frequency per cell in males, as determined from diakinesis and metaphase 1
stages in spermatocytes, is slightly above 50 (Holm and Rasmussen, 1983,
Hultén, 1974, Laurie and Hultén, 1985). The largest human bivalents
usually have four chiasmata; the medium-sized, two or three; and the smallest,
one each. Although direct evidence is limited, the chiasma frequency must
be higher in oocytes than in spermatocytes, because the frequencies of recom-
bination are considerably higher. In both male and female meiosis, the greatest
density of chiasmata is next to the telomeres and a smaller peak is found
in the middle of the longest chromosome arms (Bojko, 1985; Laurie and
Hultén, 1985). Chiasmata and crossing over are markedly reduced or absent
in heterochromatin (John, 1988).

Statistical studies show that two chiasmata are unlikely to occur close to one
another. This phenomenon is called chiasma interference. Genetic recombination,



Metaphase 1, Anaphase I, Telophase [, Interkinesis, and Meiosis 1]

which is detected by pedigree analyses using genetic markers, shows a similar
interference. This is one of the proofs that chiasmata are the cytological accom-
paniment of crossing over, or genetic recombination. The total frequency of
crossing over, as measured genetically by pedigree analysis, is one-half the fre-
quency of chiasmata, because at each chiasma only two of the four chromatids
in the bivalent recombine.

Recombination frequencies vary along the length of each chromosome, differ
in males and females, and decrease with maternal age (Chapter 11). Broman et
al. (1998) scored 8000 short tandem-repeat polymorphic markers (STRPs) in
DNA from individuals in eight large CEPH (Centre d'Etude de Polymorphisme
Humain) families. This yielded estimates for the total genetic map length of 44
morgans (4400cM; 1 <M = 1% recombination) in females and 27 morgans (2700
¢M) in males, with some individual variation. Recombination frequencies also
varied along each chromosome (Fig. 29.1). At the telomeres, male and female
recombination frequencies were about equal, but a marked reduction in male rates
occurred near the centromeres. In chromosome 7, the 20-Mb centromeric region
showed no recombination in males but showed nearly 20% recombination (a 20-
cM length) in females. In contrast, Mohrenweiser et al. (1998) used 180 genetic
markers spaced an average of 320kb apart on chromosome 19 to show that males
have very high recombination frequencies in the telomeric regions (13 cM/Mb),
whereas the corresponding value for females was only 1cM/Mb. The sex-
averaged recombination frequencies varied from a high of 4 cM/Mb across the
telomeric bands to a low of 1cM/Mb for the centromeric bands.

Metaphase I, Anaphase I, Telophase I,
Interkinesis, and Meiosis Il

The nuclear envelope disappears (disassembles) during a short prometaphase stage,
and the bivalents collect onto a metaphase plate at the midpoint of the spindle
that has formed between the two centrosomes. The two centromeres of each
bivalent orient themselves toward the two poles, and only the presence of
chiasmata appears to prevent the homologues from separating into univalent
chromosomes. A bivalent with one chiasma may appear cross-shaped, or the
homologues may be connected end to end by a more or less terminal chiasma.
Two chiasmata often result in a ring-shaped bivalent. A bivalent with several chi-
asmata resembles a chain (Fig. 9.5). At anaphase, each homologue, with its two
chromatids, is moved to one pole by its single functional centromere. The cohe-
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sion of the centromeres of sister chromatids throughout meiosis | appears to
require an evolutionarily conserved cohesion phosphoprotein, pRECS, that is
produced throughout meiosis | but disappears at anaphase of meiosis Il and is
absent from mitotic cells (Watanabe and Nurse, 1999).

In telophase of MI, each of the two chromosome groups, one at each spindle
pole, contains the haploid number of centromeres. Telophase of Ml is followed
by a short interphase stage, interkinesis, during which the chromosomes decon-
dense. However, during this stage the chromosomes are not replicated, and thus
they maintain the same basic structure in prophase of MIl as they had in the
preceding telophase.

The second meiotic division is similar to an ordinary mitosis except for the
haploid chromosome number. However, the chromosomes in metaphase Il differ
from mitotic chromosomes by being irregular in shape, being shorter, and having
their widely separated chromatids held together only at the centromere (Fig.
9.4). In anaphase II, the centromeres divide and move to the poles, with one
chromatid attached to each daughter centromere. The end result of meiosis is
four nuclei, each with a haploid chromosome complement. If crossing over has
occurred anywhere in the genome (a virtual certainty), no two haploid nuclei
will have an identical genetic make-up, in contrast to the genetically identical
daughter cells produced by mitosis. In males, the four meiotic products differ-
entiate into four functional gametes (sperm). In females, on the other hand, only
one functional ovum is formed, containing one of the four haploid nuclei and
most of the cytoplasm of the oocyte. The other three nuclei segregate into tiny
cells called polar bodies, which normally degenerate.

Female Meiosis: Dictyotene Arrest,
Metaphase Il Arrest, and Apoptosis

Meiosis begins in the fifth month of fetal life in females and is preceded by about
33 mitotic divisions, from the fertilized egg to the onset of meiosis, when the
two fetal ovaries contain several million oocytes. No mitotic divisions occur in
the female germline after the fifth month of fetal life. The first meiotic stage,
leptotene, is present only in 12- to 20-week-old embryos, when all the millions
of germline stem cells, or oogonia, switch from mitosis to meiosis. After pro-
gressing through the pachytene stage, which reaches its peak frequency at 19
weeks, and into diplotene by the sixth month of fetal life, oocytes are arrested
by an unknown mechanism in what is called the dictyotene stage of prophase I



(Fig. 9.2). The chromosomes are greatly extended at this stage and invisible with
most cytological techniques.

The dictyotene stage is very long, lasting many years. During a woman's
reproductive years, cohorts of oocytes are released from the dictyotene cell
cycle arrest by progesterone-stimulated production of the mitosis-promoting
factor, MPF (cyclin B/CDK1), described in Chapter 2. The oocytes continue
through the first meiotic division but arrest again in metaphase Il until fertiliza-
tion. This second arrest is mediated by a cytostatic factor (CSF), the product
of the c-MOS gene, better known for its role as a protooncogene. This protein
kinase activates and stabilizes MPF. Fertilization triggers an increase in intracel-
lular calcium. This activates the calcium-dependent protease calpain which
degrades the ¢-MOS protein and induces cyclin B degradation and MPF
inactivation, just as in the mitotic metaphase-to-anaphase transition (Sagata,
1996, Watanabe et al., 1989).

Apoptosis, or programmed cell death, is the fate of most cells of the female
germ line. This reduces their number from a peak of about eight million at the
onset of meiosis to 1 million—2 million at birth. Each monthly ovulation in the
adult is accompanied by a wave of apoptosis in oocytes in partially mature fol-
licles. The product of the TP53 gene, p53, is involved in apoptosis (Chapter 26),
and so is the product of a BCL2 gene family member, BAX, whose expression is
elevated at the onset of apoptosis in the ovary (Kugu et al., 1998).

Male Meiosis

Mitotic divisions continue to occur in germline stem cell spermatogonia
throughout the adult life of males. About 205 cell divisions have occurred from
the zygote to meiosis in a 20-year-old male and about 265 in a 25-year-old (the
mean age of reproduction in men generally falls between these extremes). Gene
mutations usually arise as copying mistakes during replication. Consequently,
the six- to nine-fold greater number of cell divisions in the male germline before
gamete formation leads to the expectation of a six- to nine-fold higher mutation
rate in males than in females, and that appears to be the case (Shimmin et al,,
1993). Meiosis in males is initiated by hormonal stimulation at the onset of
puberty. Type A spermatogonia form type B spermatogonia. The switch from
mitotic divisions in the type B spermatogonia (germline stem cells) to meiosis is
restricted to one of the two daughter cells produced at each type B spermato-
gonial division. This cell differentiates into a primary spermatocyte, which

Male Meiosis
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undergoes meiosis. Thus, through adult life, males continue to produce each day
many tens of millions of spermatogonia, primary spermatocytes, and sperm.
Figure 9.3 (top) illustrates a spermatogonial metaphase in which the spiral struc-
ture of the chromosomes is clearly visible.

Both the X and the Y chromosome are heteropycnotic in spermatocytes from
zygotene to diplotene. These condensed chromosomes join to form an XY body,
or sex vesicle (Fig. 9.3, bottom). A protein homologous to Drosophila heterochro-
matin protein 1 (HP1) appears to play a role in this condensation (Motzkus
et al, 1999). The heteropycnosis eventually disappears, so in diplotene and
metaphase [ the XY bivalent is distinguishable from any autosomal bivalent only
by its characteristic asymmetric shape, with end-to-end pairing of the short arms
(Fig. 9.3, top). Pairing of the X and Y appears to be necessary for the comple-
tion of meiosis and the formation of sperm, just as pairing of the autosomes is
(Speed and Chandley, 1990). The short arm of bivalent chromosome 15 associ-
ates rather frequently with the sex vesicle (Fig. 9.6; see color insert), presumably
because of sequence similarities in their DNA. This may be responsible for the
relatively high frequency of translocations between chromosome 15 and the X
and Y chromosomes (Metzler-Guillemain et al., 1999).

Segregation Distortion and Meiotic Drive

Mendelian inheritance is predicated on 1: 1 segregation ratios, that is, equal repre-
sentation among the gametes of the two alleles at any gene locus. In most cases,
that is what one observes. However, a number of significant deviations from a
1:1 segregation ratio have been found. Several examples of this are known in
diseases that are caused by expansions of tandem trinucleotide repeats, such as
(CTG)n (Chapter 20). At the myotonic dystrophy locus, the allele with the
larger number of CTG repeats is preferentially transmitted to the offspring
(Chakraborty et al., 1996). Some meiotic drive mechanism is more likely to account
for this than is differential survival of zygotes or embryos. In females, this might
involve preferential inclusion of one allele in the egg rather than in a polar body.
In males, differential survival or motility of sperm could be responsible. For
unknown reasons, such segregation distortion usually occurs only in offspring of
one sex. For example, only female meiosis is affected in myotonic dystrophy
(CTG expansion) and only male meiosis in two disorders of CAG expansion
(Chapter 20).



Meiotic Behavior of Three Homologous Chromosomes

Figure 9.6. Association of bivalent 15 with the sex vesicle in five normal pachytene
nuclei stained blue with DAPI. Bivalent 15 is made visible with a 15-specific paint
(green) and its centromeric region with a 15-specific a-satellite probe (red). The sex
vesicle (blue clump) is marked by an X-specific o-satellite probe (red) (Metzler-
Guillemain et al., Chrom Res 7:369, Bivalent 15 regularly associates with the sex
vesicle in normal male meiosis, fig. 1, copyright 1999, with kind permission from
Kluwer Academic Publishers) (See color insert).

Meiotic Behavior of Three
Homologous Chromosomes

Trisomic individuals have three homologous chromosomes. These usually pair
to form a trivalent in meiosis 1. However, at any one point along the trivalent,
usually only two of them synapse. Depending on the number and length of the
paired segments and the number and location of chiasmata, trivalents come in a
variety of shapes. Three homologues may also form a bivalent and a univalent.
Of the three homologues, usually two go to one pole and one to the other in
anaphase 1. This type of segregation is called secondary nondisjunction. 1t can lead
to what is called tertiary trisomy among the progeny.
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Women with Down syndrome due to 21-trisomy are the only individuals with
autosomal trisomy who have reproduced. Their offspring consist of children with
Down syndrome (tertiary trisomics) and normal children, in a ratio that does
not differ significantly from the 1:1 ratio expected with secondary nondis-
junction. However, given the considerable embryonic lethality of trisomy 21
(Chapter 12), the ratio is not 1:1 at conception. Individuals with trisomy 18
never reproduce, but it has been possible to analyze the meiotic behavior of 18-
trisomic oocytes in two 18- to 20-week-old female fetuses aborted after prena-
tal diagnosis by using a chromosome 18-specific painting probe and FISH. At
the pachytene stage, 75% showed a trivalent configuration, and about half of
these had virtually complete triple synapsis; 24% had a bivalent plus a univa-
lent; and 1% had complete asynapsis (Cheng et al., 1995). Bivalent and univa-
lent chromosomes 21 have also been observed in oocytes of a 21-trisomic fetus
(Cheng et al., 1998). The segregation of the sex chromosomes during meiosis
in XXX, XXY, and XYY individuals is discussed in Chapter 19.

Triploid individuals have a complete set of three homologous chromosomes.
Although triploids usually die prenatally, it has been possible to analyze the early
meiotic stages in fetuses; the results were consistent with the observations in tri-
somics (Luciani et al., 1978).
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10

Details of Meiosis

The Switch from Mitosis to Meiosis

M ost of the cell divisions that occur in the germline are mitotic: a series of
over 30 in females and over 200 in males (Chapter 9). It is only the final
two divisions that are meiotic. What mediates the switch from mitosis to meiosis,
and by what mechanisms do all oogonia switch almost simultaneously during
fetal life while only one of the two daughter cells from each type B spermato-
gonial mitosis switches to meiosis throughout the adult life of men? The switch
from mitosis to meiosis is the first process of cell differentiation to appear during
the evolution of eukaryotes. Consequently, this switch is likely to have an ex-
tremely conserved molecular basis, like the other steps in meiosis.

One gene involved in the switch is OCT-4, a transcription factor that is
expressed specifically in totipotent cells—the fertilized egg, cleavage, morula,

O.J. Miller et al., Human Chromosomes
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blastocyst, inner cell mass, and epiblast stages of the early embryo—and in the
germline of both males and females. Methylation of a CpG island in the 5
upstream region of this gene can inhibit its expression. OCT-4 expression con-
tinues throughout life in type A spermatogonia but declines as these differenti-
ate into spermatocytes. A decline in OCT-4 expression also accompanies, or
initiates, female meiosis, but dictyotene arrest is associated with and perhaps
caused by an increase in OCT-4 expression (Pesce et al., 1998).

Pairing of Homologous Chromosomes

The molecular mechanisms by which homologous chromosomes recognize each
other and initiate close pairing (syrapsis) are under intense study. Homologous
chromosomes tend to lie far apart in the interphase nucleus. Pairing is brought
about in several stages. The first, long known to cytogeneticists, involves telom-
ere clustering. This brings the ends of homologous chromosomes much closer
together (Scherthan et al., 1996) and facilitates the second stage, a genome-wide
search for homologous sequences (homology searching), the basis for homologous
recombination. The human TRF1 protein associates with telomeres; its homol-
ogy with a fission yeast protein that is necessary for both telomere clustering
and efficient recombination suggests it may play a similar role in human meiosis
(Nimmo et al., 1998). The RAD51 multiprotein complex appears to be involved
in homology searching and in all the later stages of pairing and recombination.
In human spermatocytes, RAD51 is a component of early recombination
nodules, which may be the sites for initiation of strand invasion and chromo-
some synapsis, as described later in this chapter and by Barlow et al. (1997). The
third stage of pairing involves the synapsis of homologous chromosomes, which
usually begins at the telomeres. The synaptonemal complex plays a critical role
in synapsis.

The Synaptonemal Complex and
Recombination Nodules

Electron microscopic studies led to a major breakthrough in our understanding
of how homologous chromosomes pair and recombine in prophase of meiosis I:
the discovery of the synaptonemal complex (SC). The synaptonemal complex is a
protein-rich structure that is involved in pairing of homologous chromosomes in
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zygotene and maintaining the pairing throughout pachytene, when crossing over
takes place. The synaptonemal complex has remained remarkably stable through-
out eukaryotic evolution, reflecting its critical importance and the complexity of
its multiprotein components, which are themselves extremely highly conserved.

Synaptonemal complexes can be visualized in surface spreads by electron
microscopy (Fig. 10.1). Three-dimensional reconstructions from serial sectioned
material have clarified the relationship of SCs to paired homologous chromo-
somes (reviewed by Wettstein et al., 1984). After chromosomes have been
surface-spread on slides and silver-stained, the protein-rich SCs can be seen by
either light or electron microscopy, although without the high resolution needed
for distinguishing critical details (Pathak and Hsu, 1979). Using light microscopy,
Barlow and Hultén (1996) combined FISH with immunostaining, using antibod-
ies to the SC. This enabled them to confirm earlier reports that synapsis of homo-
logues usually starts at the telomeres. They showed that the telomeric TTAGGG
repeats are tightly associated with the SCs, while other repetitive DNAs, such as
o-satellite DNA, are mainly in loops that extend out from the SCs.

Each synaptonemal complex contains two lateral elements, with a central element
between them. The assembly of SCs begins in leptotene, with the formation of
an axial element along each of the 46 duplicated chromosomes. In early zygotene,
as each pair of homologous chromosomes becomes roughly aligned, the axial ele-
ments come together at several points to form the lateral elements of the nascent
SC, which is stabilized by bridging proteins of the central element. Synaptone-
mal complex protein 1 (SCP1) may be the major component of the transverse fil-
aments of SCs. The SCP1 gene was identified by screening a cDNA expression
library (thousands of bacteria, each containing a human cDNA that can be trans-
lated into a polypeptide in the bacterial cells) with a monoclonal antibody to an
SC component. The gene was mapped to region 1p12—p13 by two-color FISH,
using a biotin-dUTP-labeled SCP1 cDNA (detected with yellow fluorescein
isothiocyanate [FITC] fluorescence) and a digoxigenin-dUTP-labeled chromo-
some 1-specific subtelomeric repeat probe (detected with Texas red fluorescence).

The predicted SCP1 protein is similar to nuclear lamin proteins. The amino
acid sequence, or domain, that SCP1 shares with lamins A and C is the target of
the cyclin B—dependent kinase CDK1. This kinase activity, which phosphory-
lates the lamins, is required for the dissolution of the nuclear membrane in cell
division. It is likely that phosphorylation of SCP1 is required for the dissolution
of SCs (Meuwissen et al., 1997). The separation of homologues at diplotene is
mediated by the dissolution of the SCs, which soon disintegrate (Wettstein
etal., 1984). Fragments of SCs may temporarily mark the positions of chiasmata
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in diplotene. The disintegration of SCs requires ubiquitin-directed protein
degradation, which is mediated by the ubiquitin-conjugating enzyme Ubc9. This
enzyme is present in all tissues but has its highest level in the testis, where it
is localized to the synaptonemal complexes by its interaction with RADS51
(Kovalenko et al., 1996). Ubc9 also degrades B-type cyclins, a step required for
entry into metaphase.

Another protein that is an essential component of SCs is HSPA2, a heat shock
protein encoded by a gene on chromosome 14 (Bonnycastle et al., 1994). This
protein is 98 per cent identical in amino acid sequence, and functionally equiv-
alent, to the Hsp70-2 protein of the mouse and hamster. Hsp70 proteins are
molecular chaperones that assist in folding, unfolding, transport, assembly, and
disassembly of proteins. Hsp70-2 is detectable in the axial elements of SCs
in leptotene and zygotene stages, increases in amount along the SCs until
pachytene, and persists until the SCs are disassembled in diplotene. Gene
knockout mice that lack Hsp70-2 still assemble SCs, but these progress only as
far as midpachytene and then fragment; there is no desynapsis, and meiosis is
blocked at this point (Dix et al., 1996).

Electron-dense structures called recombination nodules are associated with the
central element of the synaptonemal complex. Recombination nodules are
thought to be a prerequisite for crossing over. They arise in zygotene and trans-
form during pachytene into bridgelike structures, called bars, or late recombina-
tion nodules (Fig. 10.1). Crossing over takes place during this transformation, as
inferred from the correlation between the number and distribution of crossovers
and that of the nodules and bars (Wettstein et al., 1984). Each synaptonemal
complex is the same length as its pachytene chromosome, whereas the DNA
molecule of each chromosome is vastly longer. The precision of pairing provided
by the synaptonemal complex thus appears to be inadequate to provide a basis
for the exact molecular pairing required for homologous recombination. A con-
sideration of the mechanism of double-strand break repair (below) suggests a
resolution of this paradox.

Nonrandom Distribution of
Meiotic Recombination Sites

Chiasmata and recombination nodules are not distributed at random but show
regional and sex differences. So do the sites of recombination, which tend to
be concentrated in T-bands and some R-bands (Chapter 7). Recombination
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frequencies show many differences between different regions and between the
two sexes. In a recent example, recombination involving the most telomeric
2.3 Mb of chromosome 21q has been seen only in males (Blouin et al., 1995).
Some chromosome regions show a very high frequency of recombination and
are called botspots. For example, Orkin et al. (1982) identified a hotspot for
recombination in an 11-kb region immediately 5" of the B-globin gene by linkage
analysis with 12 molecular markers scattered over a 65-kb region containing
the gene.

What determines where meiotic recombination events will be initiated? There
is growing evidence that sites containing expressed genes are more likely to be
involved than other sites and that chromatin organization plays a role. The most
striking evidence for the importance of chromatin organization comes from a
comparison of recombination frequencies in a segment of human DNA analyzed
in situ and in a yeast artificial chromosome (YAC). This human DNA is pack-
aged 20 times more tightly in human male meiosis at pachytene than it is in
yeast meiosis. When the YAC is transferred into yeast, its degree of condensa-
tion and the recombination frequencies of its human genes match those of the
yeast genome itself (Loidl et al., 1995). In yeast, the double-strand breaks that
initiate meiotic recombination occur at or near promoters of transcription, sites
that are hypersensitive to cutting by DNAase | (Wu and Lichten, 1994). This
provides a possible explanation for the differences in locations and frequencies
of chiasmata and of recombination in human male and female meiosis: sex-
specific patterns of gene expression in the germline.

Molecular Mechanisms of
Meiotic Recombination

The genes and gene products that mediate meiotic recombination (Table 10.1)
have been highly conserved throughout evolution. They require a protein
complex made up of RAD50, RAD51, RAD52, MRE11, and other components,
including DNA polymerase B (Dolganov et al., 1996). RAD51 promotes homol-
ogous pairing and DNA strand exchange; RADS52 binds single-stranded DNA
and stimulates its reassociation with complementary single-stranded DNA. A
change in the amino acid sequence of any one of the proteins in such a large
multifunctional complex is likely to disrupt complex formation or function and
is thus unlikely to become established; hence the evolutionary conservatism
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Table 10.1. Proteins Involved in Meiotic Recombination

Protein Role

TRF1 Telomere clustering

SPO11 Endonuclease, produces DSBs

ATM DNA damage checkpoint

ATR DNA damage checkpoint

p53 DNA damage checkpoint

RAD50 Double-strand break (DSB) repair
RADS51 Homologous pairing, strand exchange
RAD52 Binds single-stranded DNA and RAD51
BRCA1 Binds RAD51; DSB repair

BRCA2 Binds RAD51; DSB repair

MRE11 Binds RADS50; DSB repair

NBS1 Binds RAD50; DSB repair

DMCi1 Binds RAD51; DSB repair

MLH1 Mismatch repair

MSH4 Meiosis-specific DNA repair

DNA polymerase Fills in short gaps in DNA

of these proteins. The double-strand break (DSB) repair model of recombination
is well established (Szostak et al., 1983; Kanaar and Hoeijmakers, 1998). Meiotic
recombination begins with the introduction of DSBs in the DNA by a highly
conserved protein called SPO11, which was first identified in the yeast Saccha-
romyces cerevisiae and then in both Drosophila melanogaster and the worm Caenorbab-
ditis elegans. By taking advantage of the extreme conservation of key domains in
the molecule, Romanienko and Camerino-Otero (1999) cloned the mouse and
human homologues. They mapped the human gene to 20q13.2-q13.3, a region
that is amplified in some breast and ovarian cancers and may be responsible for
the chromosome instability that leads to these cancers (Chapter 26).

After the introduction of DSBs by SPO11, an exonuclease chews back one
strand at each broken end of the DSB, leaving a single-stranded tail at the 3’ end
(Fig. 14.1). These tails invade undamaged homologous sequences and bind to the
complementary sequence by base pairing, forming an unstable joint molecule
whose resolution may result in recombination and a visible crossover. The DNA
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