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HARRY HARRIS, M.D.
September 1919-July 1994

It is with great sadness that I note the passing of my dear friend and co-editor,
Harry Harris, M.D. He, more than anyone in the field, was the ultimate symbol
of Human Biochemical Genetics. His numerous contributions over the years
developed and clarified the concept of biochemical polymorphism to demonstrate
genetic individuality and uniqueness of all human beings. His careful study of
biochemical variation included, as well, the clarification of a number of inborn
errors of metabolism. In that, he was the natural heir of Garrod, who was one of
his heroes.

I first met Harry when I was a Fellow in Human Genetics and visited him at the
London Hospital where he had begun his work on electrophoresis and
chromatography to demonstrate individual variation in enzymes. I spent two
magnificent Sabbaticals with him, the first at Kings College Medical School and
the second at the Galton Laboratory. These experiences allowed me to appreciate
Harry as one of the truly great minds in the field of Human Genetics.

This series, Advances in Human Genetics, was founded during a discussion with
the late Alan Liss, at that time the Vice President of Plenum Press, during an
informal conversation on a beach in Cape Cod. While Harry, always a skeptic,
expressed doubts that we could fill even a single volume, the response of all in the
field led to the 110 contributions in the 22 volumes so far published. This current
volume is dedicated to his memory. It is in his memory that I will continue to work
on additional volumes of the series, and T am most gratitied that Robert J. Desnick,
Ph.D., M.D., Chairman of the Department of Human Genetics at Mount Sinai
School of Medicine, will join me as the new co-editor in this effort.

—KH
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Preface to Volume 1

During the last few years the science of human genetics has been expanding almost
explosively. Original papers dealing with different aspects of the subject are
appearing at an increasingly rapid rate in a very wide range of journals, and it
becomes more and more difficult for the geneticist and virtually impossible for the
nongeneticist to keep track of the developments. Furthermore, new observations
and discoveries relevant to an overall understanding of the subject result from
investigations using very diverse techniques and methodologies and originating
in a variety of different disciplines. Thus, investigations in such various fields as
enzymology, immunology, protein chemistry, cytology, pediatrics, neurology,
internal medicine, anthropology, and mathematical and statistical genetics, to
name but a few, have each contributed results and ideas of general significance
to the study of human genetics. Not surprisingly it is often difficult for workers
in one branch of the subject to assess and assimilate findings made in another. This
can be a serious limiting factor on the rate of progress.

Thus, there appears to be a real need for critical review which summarizes the
positions reached in different areas, and it is hoped that Advances in Human
Genetics will help to meet this requirement.

Each of the contributors has been asked to write an account of the position
that has been reached in the investigations of a specific topic in one of the branches
of human genetics. The reviews are intended to be critical and to deal with the
topic in depth from the writer’s own point of view. It is hoped that the articles will
provide workers in other branches of the subject, and in related disciplines, with a
detailed account of the results so far obtained in the particular area, and help
them to assess the relevance of these discoveries to aspects of their own work, as
well as to the science as a whole. The reviews are also intended to give the reader
some idea of the nature of the technical and methodological problems involved,
and to indicate new directions stemming from recent advances.

The contributors have not been restricted in the arrangement or organization

xiii



xiv Preface to Volume 1

of their material or in the manner of its presentation, so that the reader should be
able to appreciate something of the individuality of approach which goes to make
up the subject of human genetics, and which, indeed, gives it much of its
fascination.

HARRY HARRIS
The Galton Laboratory
University College London

KURT HIRSCHHORN

Division of Medical Genetics
Department of Pediatrics
Mount Sinai School of Medicine



Preface to Volume 10

This is the tenth volume of Advances in Human Genetics and some fifty different
reviews covering a very wide range of topics have now appeared. Many of the
earlier articles still stand as valuable sources of reference. But the subject
continues to move forward at an increasing speed and its vitality is indicated by its
remarkable recruitment of young investigators. New areas of research which could
hardly have been envisaged only a few years ago have emerged, and quite
unexpectedly discoveries have been made in parts of the subject which only
recently had come to be thought as fully explored. So there continues to be a need
for authoritative and critical reviews intended to keep workers in the various
branches of this seemingly ever-expanding subject fully informed about the
progress that is being made and also, of course, to provide a ready and accessible
account of new developments in human genetics for those whose primary interests
are in other fields of biological and medical research.

We see no reason to alter the general policy which was outlined in the preface
to the first volume. We believe that it has served our readers well. The subject
seems to us to be just as exciting and intellectually stimulating and rewarding as
it did when this series was first started. We expect the next decade of research in
human genetics to be as innovative and productive as the last and our aim is to
record its progress in Advances in Human Genetics.

HARRY HARRIS
University of Pennsylvania, Philadelphia

KurT HIRSCHHORN
Mount Sinai School of Medicine of the City
University of New York
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Chapter |

Genetic Disorders of Pigmentation
Richard A. Spritz

Departments of Medical Genetics and Pediatrics
University of Wisconsin
Madison, WI 53706

Vincent J. Hearing, Jr.

Laboratory of Cell Biology
National Cancer Institute
National Institutes of Health
Bethesda, MD 20892

INTRODUCTION

Disorders of pigmentation were among the first genetic disorders recognized in
humans. The distinctive phenotypes of oculocutaneous albinism (OCA) and
piebaldism were known to the ancient Greeks and Romans, and the typical clinical
features, modes of inheritance, and genetic heterogeneity of these disorders are
apparent even in classical descriptions (Lucian, 1905; Pliny, 1942; Gellius, 1952).
Similar phenotypes were recognized early in the mouse, and the availability of
inbred lines carrying characterized mutations has made the mouse an invaluable
tool for studies of genetic disorders of pigmentation. Absent catalytic activity of
tyrosinase in the skin of albino animals was one of the first enzymatic deficiencies
recognized (Durham, 1904), and as early as 1908 Garrod suggested that albinism
might be an inborn error of metabolism (Garrod, 1908).

Despite their venerable histories, genetic disorders of pigmentation have only
recently yielded to modern molecular analytic techniques. Many of the associated

Advances in Human Genetics, Volume 22, edited by Henry Harris and Kurt Hirschhorn. Plenum Press,
New York, 1994.



2 Richard A. Spritz and Vincent J. Hearing, Jr.

genes have now been cloned. In many cases identification of the human gene
occurred only subsequent to analysis of the corresponding mouse locus, and
several others genes associated with pigmentation disorders in the mouse have
yet to be linked to abnormalities in humans. Our greatly improved understanding
of the biochemical and molecular basis of genetic disorders of pigmentation has
permitted the development of a much more accurate diagnostic nosology than was
possible from only clinical and biochemical studies. This improved understanding
provides the opportunity for much more accurate diagnosis, carrier detection, and
prenatal diagnosis of these disorders, especially in selected families and high-risk
ethnic groups. In addition, improved understanding of the biochemical and genetic
causes of these disorders challenges us to develop novel and specific therapies—
biochemical, pharmacologic, and perhaps, eventually, DNA-based.

Genetic disorders of pigmentation can be classified in two general categories:
disorders of melanocyte function and disorders of melanocyte development. Dis-
orders of melanocyte function are associated with generalized hypopigmentation
from reduced melanin per melanocyte, whereas disorders of melanocyte develop-
ment are associated with heterogeneous pigmentation patterns resulting from
abnormal distribution of normally pigmented melanocytes. In the following
discussion, MIM numbers for each disorder are from Online Mendelian Inheri-
tance in Man (1994).

The Mammalian Pigmentary System

Melanocytes constitute only a small part of the cell population in the skin and
eyes of mammals, but they are the only cells that produce melanin, accounting for
virtually all of the visible pigmentation of those tissues. Melanin has a variety of
important functions—as a cosmetic entity participating in protective coloration
and in sexual attraction within species, as a barrier protecting against ultraviolet
(UV) radiation, as a scavenger of cytotoxic radicals and metabolic intermediates;
and as a participant in developmental processes, particularly of the nervous
system. Skin melanocytes are highly dendritic cells that originate during develop-
ment as melanoblasts in the neural crest; melanocytes in the retina derive from the
optic cup. The melanoblasts subsequently migrate to three principal locations: the
epidermal/dermal border of the skin, the hair bulbs in the dermis of the skin, and
the iris, choroid, and retina of the eyes (Montagna and Ellis, 1958; Kawamura
et al., 1971; Montagna and Parakkal, 1974; Fitzpatrick, 1981; Bennett, 1991;
Montagna et al., 1991; Hearing and King, 1994). For pigmentation to proceed
normally, many complex events and interactions must occur with precision during
development and differentiation. Melanocytes must differentiate appropriately as
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melanoblasts in the neural crest, the signal for migration must be given at the
correct time, and movement of melanoblasts towards their eventual destination
must begin. To achieve uniform pigmentation, melanoblasts must not only dis-
perse correctly, but must subsequently receive the appropriate signal to stop
migrating, establish themselves, proliferate and differentiate appropriately, and
function correctly. The signals necessary to achieve all of these events depend on a
number of genes, some expressed by the melanoblasts and/or melanocytes, others
by other cell types. Since the ultimate patterns of pigmentation in the skin and hair
depend on other cellular constituents, such as keratinocytes, genes that regulate
those other cell types can also indirectly affect pigmentation. More than 150
different mutations that affect pigmentation have been identified in the mouse, and
these have been mapped to more than 60 distinct genetic loci (Silvers, 1979; Lyon
and Searle, 1989). A number of these genes have now been cloned and a discussion
follows (see Table I).

Within the melanocyte, the pigment biosynthetic machinery is confined to
membrane-bound organelles called melanosomes. Premelanosomes emerge from
the smooth endoplasmic reticulum as membrane-bound vesicles devoid of the fac-
tors required for melanin synthesis (Hearing et al., 1992; Mishima, 1992; Kame-
yama et al., 1993; Shibata et al., 1993). These factors, which include tyrosinase
and other melanogenic enzymes, are synthesized on ribosomes and transported
through the rough endoplasmic reticulum and Golgi apparatus, where their post-
translational processing and glycosylation takes place. The enzymes are then
secreted within coated vesicles into the cytoplasm and transported to the pre-
melanosomes, where they fuse with its limiting membrane. The melanogenic
enzymes orient within the melanosomal membrane with their catalytic domains
inwards, and once activated, melanogenesis begins. Melanin is deposited on the
internal fibers of the melanosome, and the opacity of the organelle gradually
increases until all substructure is obscured, leaving just an electron dense mature
melanin granule visible. As melanization proceeds, the melanosomes move
steadily away from the perinuclear region to the periphery of the melanocyte, and
are then transported to keratinocytes, where they subsequently degrade.

The basic biochemical outline of melanin production from the amino acid
tyrosine has been known for some time; however, the comparative complexity of
melanin biosynthesis in vivo has only been recognized relatively recently (re-
viewed in Hearing and Tsukamoto, 1991; Urabe et al., 1993). Tyrosinase is the
only enzyme absolutely essential for melanin formation ir vitro; when tyrosine is
incubated in the presence of tyrosinase and a suitable cofactor, visible melanin is
produced within minutes. As shown in Fig. 1, tyrosinase catalyzes the first step of
melanin biosynthesis, the hydroxylation of tyrosine to 3,4-dihydroxyphenyl
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alanine (DOPA); this first reaction is the most critical since its spontaneous rate is
negligible. DOPA can readily autooxidize to DOPAquinone even in the absence of
tyrosinase (although tyrosinase can also catalyze this reaction), and then continue
through the pathway by cyclizing to sequentially form the indole ring structures
leucoDOPAchrome and DOPAchrome. DOPAchrome in turn spontaneously decar-
boxylates to produce 5,6-dihydroxyindole (DHI), which rapidly oxidizes to
produce indole-5,6-quinone. Melanin was initially thought to be a high molecular
weight homogeneous biopolymer consisting exclusively of an indole-5,6-quinone
backbone, but it is now known that physiological melanins are much more
heterogeneous and incorporate other intermediates in the pathway as well. The
reactions outlined above which lead to the formation of indole-5,6-quinone will
take place spontaneously in a test tube, but in vivo several other biological factors
influence these reactions. These include other enzymes (such as DOPAchrome
tautomerase and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) oxidase), the
availability of reactive sulfhydryls (such as glutathione and/or cysteine), melano-
genic inhibitors, and perhaps even other regulatory elements. These enzymes have
been characterized biochemically, and the corresponding genes encoding several
of these (tyrosinase, DOPAchrome tautomerase, and DHICA oxidase) have been
cloned and are discussed in more detail below.

Two basic types of melanin can be produced in mammalian melanocytes,
eumelanin and pheomelanin. Eumelanin is black and/or brown, pheomelanin is
red and/or yellow (Prota, 1986, 1988a,b, 1992; Pawelek, 1991). The decision to
produce one or the other type of melanin is made immediately following the
production of DOPAquinone. If sulfhydryls such as cysteine or glutathione are
available, they stoichiometrically react with DOPAquinone to generate cysteinyl-
DOPAs, which then undergo a series of reactions that result in the cyclization of a
second, nonindole ring and polymerization into a higher molecular weight com-
plex, pheomelanin. Little is known about the enzymatic modulation of the
pheomelanin pathway. However, two genes, extension and agouti, that modulate
the pheomelanin versus eumelanin switch, at least in mice, have now been cloned;
these are also discussed below.

The second major post-tyrosinase regulatory point in the melanogenic path-
way occurs following the production of DOPAchrome. As noted above, DOPAchrome
can spontaneously decarboxylate to form DHI. However, in the presence of certain
divalent metal cations and the enzyme DOPAchrome tautomerase, the carboxy-
lated intermediate DHICA will be produced. Since DHI and DHICA are not
interconvertible, this step determines the carboxyl content of the resulting
melanin. Other enzymes that function distal to DHI and DHICA have also been
described. DHICA oxidase accelerates the oxidation of DHICA into melanins, and
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stabilin can act as an inhibitor or stabilizer of DHI and DHICA, preventing their
further metabolism into melanins. Several inhibitors of melanogenesis endoge-
nous to melanocytes may also regulate pigment production.

Ocular pigmentation results from melanocyte function in the choroid, iris and
retina, and the melanins there are thought to function primarily as a photoprotec-
tive barrier. Ocular melanocytes are relatively dormant: rates of melanogenesis are
quite low after fetal development, and the pigment produced is not secreted, but
remains within the melanocyte. In contrast, melanocytes in the skin are highly
secretory. Hair color results from melanins produced by melanocytes within hair-
bulbs that are subsequently transferred to keratinocytes and incorporated into the
growing hair shafts. With age, hairbulb melanocytes often become dormant and
cease their production of pigment, resulting in the characteristic graying of hair
associated with aging. Skin color is dependent upon melanocytes that reside
primarily at the junction of the dermis and epidermis. The pigment granules
secreted are taken up by neighboring keratinocytes (the predominant cell type in
the epidermis), which then further process them, degrading and redistributing
them either into smaller pieces and/or into larger complexes that eventually result
in visible skin color. Although melanocytes in the epidermis proliferate slowly if
at all, the surrounding keratinocytes are highly proliferative and gradually move
upward towards the surface of the skin with their accumulated pigment. In
humans, the number of epidermal melanocytes per unit area is remarkably similar
between races; phenotypic differences in skin color depend primarily on the quan-
tity and distribution of the melanin “packets” or “dust” in the keratinocytes at or
near the skin surface.

The intimate association of the melanocyte and its neighboring keratinocytes
has historically been referred to as the “epidermal melanin unit”; however, we
now know that melanocytes also continually interact with other cell types in the
dermis and epidermis. Although epidermal melanocytes have characteristic basal
levels of melanogenesis particular to each individual, they are highly responsive
cells that continually sample their environment and modulate their levels of
proliferation or melanogenesis accordingly. Interactions of melanocytes with their
environment are numerous and complex; growth factors, hormones, cytokines and
a variety of other stimuli such as ultraviolet light affect rates of melanogenesis and/
or the proliferative nature of melanocytes. Melanocytes express numerous cell
surface receptors that allow them to interact with other cells in their microenviron-
ment, including keratinocytes and Langerhans cells in the epidermis, as well as
factors produced exogenously by cells present in the dermis, including endothe-
lial, mast, and inflammatory cells (Pawelek, 1985; Pawelek et al., 1992). Addi-
tionally, in various disease conditions and other ‘‘abnormal” states the skin can be
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infiltrated by other types of cells, such as lymphocytes or macrophages, or by
foreign cells penetrating a breach in the skin. These cells can secrete various
factors that bind to melanocyte receptors and can modulate melanogenic activity.
Therefore, pigmentation is often of prognostic value to the clinician since it can be
a highly visible indicator of the status of the health of that tissue. Thus, the
melanocyte is involved in a highly dynamic interrelationship with many different
cell types in its immediate environment, all of which participate in determining the
level of its melanogenic activity.

DISORDERS OF MELANOCYTE FUNCTION

Albinism

Albinism is a heterogeneous group of disorders of melanocyte function,
manifest principally by generalized hypopigmentation. In oculocutaneous albin-
ism (OCA) pigment is reduced or absent in the skin, hair, and eyes, whereas in
ocular albinism (OA) visual involvement is accompanied by relatively normal
pigmentation of the skin and hair. However, all forms of human albinism are
oculocutaneous, involving both the eyes and the integument to at least some extent;
thus, the distinction between OCA and OA is largely artificial.

The role played by melanin in the developing visual system is not known.
However, if pigment production is reduced below some critical level, regardless
of its genetic cause, the result is a stereotypic set of defects of neuronal migra-
tion in the visual pathways, with consequent low vision, nystagmus, and
strabismus in affected individuals. In general, the severity of the visual defects
correlates with the severity of the pigmentation deficit in the eye. OCA has
traditionally been classified as “tyrosinase-deficient” (type I) or “tyrosinase-
positive” (type II) based on biochemical assay of hairbulb tyrosinase. Further-
more, several additional tyrosinase-positive types of OCA have been distin-
guished on clinical grounds. Both X—linked and autosomal recessive forms of OA
have been recognized. However, elucidation of the molecular basis of these
disorders has led to improved understanding of their true relationships and to more
accurate classification based on molecular criteria.

Type I (Tyrosinase-Deficient) OCA (MIM #203100)

Type I OCA is an autosomal recessive disorder resulting from deficient
catalytic activity of tyrosinase (monophenol monooxygenase; monophenol,
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L-dopa:oxygen oxidoreductase; EC 1.14.18.1), a copper-containing enzyme that
catalyzes the first two steps, and at least one subsequent step, in the melanin
biosynthetic pathway (Lerner ef al., 1949; Lerner and Fitzpatrick 1950; Tripathi
et al., 1992a). Expression of tyrosinase is absolutely necessary for pigment pro-
duction, although other control points in the pathway are also critical to the
regulation of melanogenesis in vivo, as discussed above. Freshly epilated hair-
bulbs from patients with type 1 OCA accumulate little to no melanin pigment
following in vitro incubation in tyrosine or dopa, the classic assay for this disorder
(Kugelman and van Scott, 1961). In humans at least two different subtypes of type
I OCA, types IA and IB, have been distinguished clinically. In type IA
(tyrosinase-negative) OCA, the classic, most severe form of the disorder, tyro-
sinase activity is completely absent, and there is no detectable melanin pigment
in the skin, hair, or eyes. Visual acuity is greatly decreased, usually to approx-
imately 20/400, and nystagmus, strabismus, and photophobia are usually severe.
In type IB (“yellow mutant”), initially recognized in the Amish (Nance et al.,
1970), tyrosinase activity is greatly reduced, and although there is little or no
apparent melanin pigment at birth, progressive melanization may occur during
childhood and adult life. Types IA and IB OCA have long been recognized to be
allelic, based on the existence of apparent type IA/IB compound heterozygotes
who exhibit a phenotype approximately intermediate between those of the two
homozygous forms (Hu et al., 1980).

The cloning of the human tyrosinase gene (TYR) and its analysis in patients
with type I OCA has demonstrated that an allelic series of tyrosinase gene
mutations accounts for both type IA and type IB OCA, and a large number of
different mutations of the tyrosinase gene have now been identified. The TYR gene
consists of five exons spanning more than 50 kb of genomic DNA on the long arm
of human chromosome 11 (Giebel et al., 1991b). Tyrosinase is translated as a 529-
amino acid polypeptide, from which an 18-amino acid hydrophobic leader peptide
is cleaved to yield the mature tyrosinase protein (Kwon et al., 1987b; Wittbjer
et al., 1989). An apparent transmembrane domain near the carboxyl terminus of
the polypeptide indicates that tyrosinase is membrane bound, perhaps on the inner
surface of the melanosome. Among Caucasians, two codons, 192 and 402, are
commonly dimorphic (Giebel and Spritz, 1990; Tripathi ez al., 1991), encoding
either of two alternative amino acid residues at each site. As a result, there are four
slightly different alternative normal tyrosinase isoforms, which differ significantly
in their stabilities and thus also in their net catalytic activities (Tripathi et al.,
1991). However, the occurrence of these four tyrosinase isoforms does not correlate
with the apparent pigmentation phenotype in Caucasians.

Human type I OCA was first shown to be genetically linked to the TYR
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structural gene by analysis of large families with OCA using TYR gene restriction
fragment length polymorphisms (Giebel et al., 1990; Spritz et al., 1990). Subse-
quently, specific TYR gene mutations were demonstrated in patients with type 1
OCA by nucleotide sequence analyses of TYR cDNAs cloned from cultured
melanocytes (Tomita et al., 1989) and TYR genomic segments amplified from
patient DNA by use of the polymerase chain reaction (PCR) (Giebel et al., 1990;
Spritz et al., 1990). As shown in Figure 2 and Table II, at least 60 different
pathologic mutations of the TYR gene have been identified to date in patients with
various forms of type I OCA (reviewed in Oetting and King, 1993; Spritz, 1993b;
Spritz, 1994a). These include missense mutations that result in amino acid
substitutions, nonsense mutations that result in premature termination of transla-
tion, frameshifts, and mutations that interfere with normal pre-mRNA splicing.

A number of these mutations have been subjected to functional analysis by
expression in transfected cells, permitting correlation of the resultant tyrosinase
enzymatic activity with the associated clinical phenotypes. As expected, the
nonsense frameshift, and missense mutations that completely abolish tyrosinase
catalytic activity are associated with type IA OCA (Tomita et al., 1989; Kikuchi
et al., 1990; Takeda et al., 1990; Tripathi et al., 1991, 1992a). However, missense
mutations that result in greatly reduced, but not abolished, enzymatic activity are
specifically associated with type IB OCA (Giebel et al., 1991c,d; Tripathi ez al.,
1991, 1992a). In particular, the V275F, P406L, and R422Q missense substitutions,

LS CuA CuB ™

IVS1 IVS2 IVS3 IVS4
N\ A\
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Fig. 2. Locations of known TYR gene mutations associated with type I (tyrosinase-deficient) OCA.
The blackened box denotes the 529-amino acid tyrosinase polypeptide. The 18-amino acid amino-
terminal leader sequence (LS), the two regions of sequence homology with hemocyanins (CuA and
CuB), and the transmembrane domain (TM) are indicated. The positions of the four intervening
sequences (IVSs) are indicated. Blackened circles indicate the sites of type IA OCA missense
substitutions; half blackened circles indicate the sites of type IB OCA missense substitutions;
unblackened circles indicate the sites of polymorphic amino acids 192 and 402. Blackened diamonds
indicate the sites of frameshifts; X’s indicate the sites of nonsense mutations; zig-zags indicate the sites
of splice consensus mutations. Many of the indicated mutations represent our unpublished data, and are
not included in Table II.
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and also the R402Q polymorphism, result in unstable tyrosinase polypeptides,
with temperature-sensitive catalytic activities that are greatly reduced at 37°C
compared to 31°C, both in vivo (King et al., 1991) and in vitro (Giebel et al.,
1991c; Tripathi et al., 1991; Tripathi ez al., 1992a). As shown in Fig. 2, the non-
sense and frameshift mutations are randomly distributed throughout the tyrosinase
coding region. However, most of the missense substitutions associated with type
IA OCA cluster in two regions of the polypeptide (King et al., 1991; Tripathi et al.,
1992b): near the amino terminus of the mature tyrosinase polypeptide (codons 21—
89) and near the center of the tyrosinase polypeptide (codons 371-448). This latter
region corresponds closely to the so-called “Cu B” region of tyrosinase. This is
one of two regions of the tyrosinase polypeptide that exhibit amino acid sequence
homology to arachnid, crustacean, and molluscan hemocyanins (Lerch, 1988),
proteins which, like tyrosinase, also complex with atomic copper. However,
involvement of the Cu B region in copper binding by tyrosinase has yet to be
demonstrated experimentally, and the only amino acid substitution we have found
that involves one of the putative copper-binding histidines (Martinez et al., 1985)
(H390D) is associated with a particularly mild OCA phenotype (unpublished data).

In Caucasians, no single mutant TYR allele accounts for a significant fraction
of the total; therefore, in the absence of parental consanguinity most patients are
compound heterozygotes for different mutant alleles. Patients with type IA OCA
have two type 1A OCA alleles, whereas patients with type IB OCA may have either
two type IB alleles or one type IB and one type IA allele. Patients with type IB
OCA exhibit considerable phenotypic heterogeneity (even among patients with
similar genotypes), the likely result of factors that modulate pigmentation epistatic
to tyrosinase. In fact, we have found that approximately one-third of Caucasian
patients diagnosed with type II (tyrosinase-positive) OCA based on clinical and
biochemical criteria have been incorrectly diagnosed, and have pathologic TYR
gene mutations that would be expected to only modestly reduce tyrosinase
catalytic activity (Tripathi et al., 1992b; unpublished data). Furthermore, we have
recently identified mutations of the TYR gene in several patients with autosomal
recessive ocular albinism (AROA; MIM #203310), previously thought to be a
distinct entity. The range of phenotypes associated with type IB OCA alleles is
thus surprisingly broad, from apparent type IA OCA, to apparent type Il OCA, to
AROA. This underscores the need for molecular diagnosis to accurately distin-
guish these disorders.

We have studied several examples of type [ OCA occurring in two successive
generations of akindred (Giebel et al., 1990, 1991c; unpublished data). All of these
cases were found to result from pseudodominance, an affected individual having
inadvertently married an unrelated carrier. It would be of great interest to
determine whether this phenomenon might account for some or all of the reported
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cases of “autosomal dominant OCA,” which has previously been considered to
be a distinct entity (MIM #126070).

The lack of predominant mutant TYR aileles among Caucasian patients with
type I OCA complicates efforts at molecular diagnosis or carrier detection, except
in selected families. However, one specific mutant allele has been identified in the
Amish (P406L; Giebel ez al., 1991d), one mutant allele (G47D) strongly predomi-
nates in patients from Puerto Rico (Oetting et al., 1993b) and in Moroccan Jews
(Gershoni-Baruch et al., 1994), and the G419R substitution may comprise about
half of mutant alleles among Indo-Pakistani patients (Tripathi ef al., 1993). In
these populations, therefore, genetic screening procedures can be targeted for the
appropriate predominant mutant TYR alleles.

Type Il (Tyrosinase-Positive) OCA (MIM # 203200)

Type II (tyrosinase-positive) OCA is an autosomal recessive disorder with a
phenotype similar to but typically less severe than that of type I OCA, although
the two disorders display considerable clinical overlap. Infants with type 11 OCA
may have little or no apparent melanin pigment at birth. However, during early to
mid-childhood most patients with type II OCA acquire modest amounts of
pigment, predominantly yellow-red pheomelanins. The ultimate peripheral pig-
mentation phenotype can be extremely variable, ranging from one similar to type
IA OCA to virtually normal. The visual deficits are also usually less severe in type
I OCA than in type I; the visual acuity of patients with type Il OCA is typically in
the 20/60 to 20/200 range, with only moderate nystagmus. Furthermore, in type II
OCA visual acuity and nystagmus may improve during childhood and even during
adolescence, with ultimate visual acuity reaching approximately 20/40 to 20/70.
Rarely, nystagmus may even disappear entirely and visual acuity may be normal
(Summers et al., 1991).

As described above, molecular analysis has shown that a significant fraction
of Caucasian patients thought to have “tyrosinase-positive” OCA actually have
clinically mild forms of type IB OCA. However, the existence of a true type II
OCA, genetically distinct from type I OCA, has long been known from several
instances of matings between parents, one with type I OCA and the other with type
IT OCA, that have produced normally pigmented children (Witkop et al., 1989).

Recently, we identified the gene responsible for type II OCA in humans and
have characterized mutations of this gene in a number of patients with type I OCA
(Rinchik et al., 1993; Lee et al., 1994b,c). This success resulted from the
coalescence of several seemingly unrelated lines of data. First, we isolated a
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human P ¢cDNA (Rinchik ez al., 1993), which proved to correspond to the pink-
eyed dilution (p) locus of mouse (Gardner et al., 1992; Rinchik et al., 1993). Mice
homozygous for p mutations exhibit a phenotype very similar to that of humans
with type Il OCA, and the human P gene is located in chromosome segment 15q11-
q13, the same region to which human type II OCA was mapped on the basis of
linkage analysis (Ramsay et al., 1992). This is essentially the same chromosomal
region that is commonly deleted in patients with the Prader—Willi (PWS; MIM
#176270) and Angelman (AS; MIM #105830) syndromes (reviewed in Nicholls,
1993), both of which are often associated with significant hypopigmentation
(Butler, 1989). Furthermore, approximately one percent of PWS and AS patients
exhibit the phenotype of classic type I OCA, a frequency similar to the expected
prevalence of carriers of type Il OCA. In addition to P being a candidate for type II
OCA, these data suggested that hypopigmentation in PWS and AS might stem
from large proximal chromosome 15q deletions that include P, and that the
atypical PWS/AS patients with OCA might be hemizygous for inherited P gene
mutations on the nondeleted chromosome.

To test these hypotheses, we first analyzed the P gene in one patient with PWS
plus type Il OCA, and we found that the patient was hemizygous for a maternally
inherited mutant P allele containing a partial gene deletion (Rinchik et al., 1993).
To identify point mutations of the P gene in patients with type II OCA, we
characterized the P genomic locus, which consists of 25 exons spanning approx-
imately 150 kb of DNA on proximal 15q (Lee ez al., 1994a). Based on this, we have
subsequently identified 22 different additional abnormalities of the P gene in a
number of other patients with various forms of type Il OCA, including two other
patients with type II OCA and PWS (Lee ez al., 1994b,c). As shown in Table III
and Fig. 3, these abnormalities include partial gene deletions, two small in-frame
deletions, three frameshifts, one splice junction mutation, twelve missense substi-
tutions, and one double missense substitution. Although none of these mutations
are strongly predominant, we have observed the V4431 substitution in several
Caucasian and black patients, suggesting that this may be a relatively prevalent
mutant allele. Interestingly, we have found abnormalities of the P gene in only 6
of 14 Caucasian patients with “tyrosinase-positive OCA,” none of whom have
mutations in their TYR genes (unpublished data). As will be discussed below, at
least some of these patients may have mutations of a putative third OCA locus. In
contrast, we (Lee et al., 1994c) and others (Durham-Pierre et al., 1994) have
found pathologic mutations of the P gene in all of the African—American patients
with type Il OCA studied, consistent with complete linkage of type Il OCA to 15q
markers in South African black patients (Ramsay et al., 1992; Kedda et al., 1994).
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Fig. 3. Locations of known P gene mutations associated with type II (tyrosinase-positive) OCA. The
box denotes the 838-amino-acid P polypeptide. Black vertical bars indicate segments of amino acid
identity between the human (Rinchik et al., 1993) and mouse (Gardner et al., 1992) P polypeptides.
Horizontal bars overline indicate the twelve putative transmembrane domains. Blackened triangles
indicate the sites of in-frame deletions; other symbols are as described in the legend to Fig. 2. Many
of the indicated mutations represent our unpublished data, and are not included in Table III.

This unexpected difference between Caucasian and black patients with tyrosinase-
positive OCA may be the result of historically different selection pressures on
these two populations.

The range of phenotypes associated with pathologic mutations of the P gene
in humans is very broad. Individuals homozygous for frameshift mutations, which
would be expected to totally abolish function, exhibit a phenotype almost as severe
as type IA OCA (Lee ez al., 1994b). At the other end of the range, mutations of P
appear to account for at least some cases of AROA (MIM #203310). We have
characterized two such patients. One was a compound heterozygote for a splice
junction mutation, which would be expected to abolish function, and a missense
mutation, A481T (Lee et al., 1994b). The other was a compound heterozygote for
a large gene deletion and a small deletion of a single codon (Lee ef al., 1994c).
Both exhibited normally pigmented skin and hair but had typical ocular features of
AROA. We have detected additional P gene mutations of the P and TYR genes in
several other patients with AROA; however, we failed to detect mutations of either
the TYR or P genes in some others, suggesting that AROA is heterogeneous.

Although the P gene product has not yet been characterized experimentally, it
is thought to play an important role in eumelanotic pigmentation. In mice, P
mRNA is only expressed in vivo in melanocytes that synthesize eumelanin;
melanocytes that specifically synthesize pheomelanin do not express P (Rinchik
et al., 1993). The predicted human P polypeptide includes a total of 12 trans-
membrane domains, in an arrangement characteristic of proteins that transport
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small molecules such as amino acids. This suggests that the P protein may be an
integral component of the melanosomal membrane, possibly involved in the
transport of tyrosine, the immediate precursor to melanin biosynthesis. This
would be consistent with the observation that pigmentation of melanocytes from
humans with type II OCA and from homozygous p mutant mice is greatly
increased by incubation in excess exogenous tyrosine (reviewed in Silvers, 1979;
Witkop et al., 1989). More important, this suggests that treatment with exogenous
tyrosine or other agents may offer an approach to pharmacologic therapy for
patients with type II OCA.

Type IV (Brown) OCA (MIM #203290)

Originally described in patients from Nigeria, “brown OCA” is associated
with moderate hypopigmentation of the skin, hair, and eyes, and modest ocular
dysfunction. Brown OCA has long been considered a possible human homologue
of brown (b) mutant mice, which exhibit brown coat color (Silvers, 1979; Lyon and
Searle, 1991). Patients with so-called “brown OCA” are tyrosinase-positive, and
are not clinically distinguishable from patients with milder forms of type 11 OCA.
Thus, the issue of allelism between human “brown OCA” and type II OCA
remains open. Recently, however, some evidence for hypopigmentation in associa-
tion with abnormalities of the human b locus (TYRP; MIM #115501) has begun to
emerge.

A cDNA for mouse b was the first member of the tyrosinase gene family to be
(inadvertently) cloned (Shibahara et al., 1986), and was subsequently shown to
represent the b locus, rather than tyrosinase itself (Jackson, 1988; Bennett et al.,
1990). The amino acid sequence of the b gene product is remarkably similar to that
of tyrosinase, and hence was named “tyrosinase-related protein” (TRP-1); it
corresponds to a melanosomal protein previously termed “gp75” (Vijayasaradhi
et al., 1990). In the mouse, b locus mutations resuit in the production of brown
rather than black melanin, and recent biochemical studies suggest that TRP-1
corresponds to DHICA oxidase (Jimenez-Cervantes et al., 1994; Winder et al.,
1994).

The homologous human gene (TYRP) has been cloned (Cohen et al., 1990)
and mapped to chromosome segment 9p22—p23 (Chintamaneni et al., 1991b;
Murty et al., 1992). There has been no human TYRP mutation conclusively
identified thus far. However, Wagstaff (1993) demonstrated deletion of TYRP in
two patients with the 9p-syndrome plus moderate hypopigmentation, and in one
patient with “brown OCA” Boissy and coworkers (1993) found virtually no TYRP
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mRNA and no detectable TRP-1. This patient may thus have true “brown OCA,”
and eventual molecular analyses of his TYRP gene will be of considerable interest.

X-Linked Recessive Ocular Albinism, Nettleship-Falls
Type (OA1; MIM # 300500)

Ocular albinism of the Nettleship-Falls type (OAl) is an X-linked recessive
disorder with clinical characteristics similar to AROA. In affected males mild
cutaneous hypopigmentation is accompanied by hypopigmentation of the iris and
retina and foveal hypoplasia, resulting in reduced visual acuity, photophobia,
nystagmus, and strabismus. Electron microscopy of skin melanocytes of affected
individuals demonstrates melanin macroglobules, often termed “macromelano-
somes,” in some but not all cases. Carrier females may exhibit a heterogeneous
distribution of retinal pigmentation, sometimes referred to as a “tigroid” or
“mud-spattered” pattern, which is thought to indicate X-inactivation.

At the time of this writing, the OAl gene had not yet been identified.
However, efforts at positional cloning are far advanced. The gene was assigned to
chromosome segment Xp22.3 based on genetic linkage studies, with a localization
most likely between markers DXS143 and DXS85 (Bergen et al., 1990, 1991;
Schnur et al., 1991; Charles et al., 1992). Sunohara et al. (1986) described a
patient with three apparent X-linked recessive disorders; OAl, X-linked ichthyo-
sis, and Kallmann’s syndrome, indicating that these three genes may be in close
physical proximity and deleted in this patient (Andria et al., 1987). Furthermore,
the colocalization of both OAl and “X-linked ocular albinism and deafness”
(OASD; MIM #300650) to Xp22.3 suggests that OASD may also result from a
microdeletion that includes the OAl gene (Winship et al., 1993). By detailed
mapping of the X chromosomal deletions in the patient reported by Sunohara et al.
(1986) and a second, similar patient, Wapenaar ez al. (1993) localized the OAl
locus to a 200-kilobase interval, between markers 210B5-R and A187H6-41A.
They assembled a 2.6-megabase yeast artificial chromosome (YAC) contig span-
ning this region, part of a larger YAC contig spanning chromosome segment Xp22
(Schaefer et al., 1993). It seems likely that these YACs will be useful reagents for
the eventual isolation of the OAl gene.

Interestingly, the OAl locus is located with 1-2 Mb of the gene for *“microph-
thalmia with linear skin defects” (MLS; MIM #309801) (Wapenaar et al., 1993).
Although there is not a clear homologue to human OALl in the mouse, homology
between the human and mouse X-chromosomal maps suggests that the mouse
“lined” mutation (Li) might be a chromosomal deletion encompassing MLS and
possibly also OAl (Lyon and Searle, 1989).
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DISORDERS OF MELANOCYTE DEVELOPMENT:
PIEBALDISM AND WAARDENBURG SYNDROME

Piebaldism and Waardenburg syndrome are distinct inherited disorders char-
acterized in part by striking areas of congenital depigmentation. These disorders
contrast with albinism, in which relatively homogeneous hypopigmentation re-
sults from defects of melanocyte function, and with vitiligo, in which acquired
areas of depigmentation result from reduced melanocyte survival. In piebaldism
the abnormal distribution of pigment results from abnormal distribution of
melanocytes during development, most likely due to defective proliferation of
melanoblasts prior to migration to the dermis during embryogenesis. In piebald-
ism the pigmentary anomalies constitute the principal clinical manifestation,
whereas in Waardenburg syndrome deafness and dystopia canthorum (lateral
displacement of the eyes) are also of major clinical importance. The elucidation
of the molecular defects underlying piebaldism and Waardenburg syndrome
provide additional examples of the use of human and mouse genetics in combina-
tion to dissect the molecular basis of genetic diseases.

Piebaldism (MIM # 172800)

Piebaldism is an autosomal dominant disorder of melanocyte development
characterized clinically by congenital patches of white skin (leukoderma) and
white hair (poliosis), principally located on the scalp, forehead, ventral chest and
abdomen, and extremities (Keeler, 1934; Froggat, 1951; Cooke, 1952). In contrast
to vitiligo, with which it is frequently confused, in piebaldism the depigmented
patches are present from birth and are generally static in shape and distribution,
although limited filling in sometimes occurs, especially in milder cases.
Hirschprung disease is occasionally also present, but most affected individuals
display only the pigmentary anomaly. Piebaldism is relatively rare, although its
actual frequency is not known. Because of its distinctive phenotype, piebaldism,
sometimes incorrectly called “partial albinism,” was one of the first autosomal
dominant genetic disorders recognized (Morgan, 1786; Lucian, 1905), and was
one of the first genetic disorders for which a pedigree was presented (reviewed in
Froggat, 1951). Histologically, the depigmented patches lack most or all
melanocytes (Breathnach et al., 1965; Jimbow et al., 1975), although areas of
increased pigmentation may occur at the boundaries of, or even within, the regions
of hypopigmentation. Melanocytes in the skin and hairbulbs derive embryo-
logically from the neural crest, and piebaldism has thus been considered to be a
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lineage—specific disorder of neural crest development, most likely involving
defective melanoblast proliferation, migration, or survival (Murphy et al., 1992;
Steel et al., 1992).

The critical clues to the molecular basis of human piebaldism came from
studies of a similar disorder of mice, “dominant white spotting” (W) (reviewed in
Spritz, 1993a, 1994b). Mouse dominant white spotting, which is associated with
defects of pigmentation, hematopoiesis, and germ-cell development (reviewed in
Silvers, 1979; Lyon and Searle, 1989), was found to result from deletions or point
mutations of the c-kit protooncogene (Chabot et al., 1988; Geissler et al., 1988;
Reith et al., 1990; Tan et al., 1990; reviewed in Morrison-Graham and Takahashi,
1993). c-kit, originally identified in the genome of the HZ4-feline sarcoma virus
(Besmer et al., 1986), encodes the cell-surface receptor for an embryonic growth
factor, variously called “steel factor”” (SLF), “mast cell growth factor,” “stem cell
factor,” and “KL” (kit ligand) in the literature (Copeland et al., 1990; Flanagan
and Leder, 1990; Huang et al., 1990; Zsebo et al., 1990; Murphy et al., 1992;
reviewed in Morrison-Graham and Takahashi, 1993). The KIT receptor is ex-
pressed by melanocytes, whereas SLF is expressed by other, as yet undefined, cell
types. SLF is the product of the steel (S/) locus of mice, and both S/ and W mutant
mice display similar piebald-like phenotypes. However, S/ mutant melanocytes
develop normally when transplanted to normal skin (since normal ligand is
available) whereas W mutant melanocytes (with an inherently defective receptor)
do not. The human piebaldism locus was mapped to chromosome segment 4q12 on
the basis of several patients with piebaldism and de novo chromosomal transloca-
tions or deletions involving this region (Funderburk and Crandall, 1974; Lacassie
etal., 1977; Hoo et al., 1986; Yamamoto et al., 1989). Subsequently, the human
KIT gene was mapped to approximately the same chromosomal location (Yarden et
al., 1987; d’Auriol et al., 1988), suggesting that human piebaldism might, like
mouse ‘“dominant white spotting,” also result from abnormalities of the KIT gene.

The KIT protein is a member of the tyrosine kinase family of transmembrane
receptors. As illustrated in Fig. 4, the KIT polypeptide consists of an amino-
terminal extracellular ligand-binding receptor domain composed of five immuno-
globulin-type repeats, a short transmembrane domain, and an intracellular domain
consisting of a bipartite tyrosine kinase domain followed by a carboxyl—terminal
tail. The stoichiometry of interaction between SLF and the extracellular domain of
the KIT receptor is not certain, but is thought to be monovalent (Lev et al., 1992).
On binding SLE the KIT receptor dimerizes within the cell membrane (Lev et al.,
1992), activating its intracellular tyrosine kinase. This, in turn, results in auto-
phosphorylation of specific tyrosine residues within the KIT kinase domain,
enhancing the binding of various proteins, including phosphatidylinositol 3’
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Fig. 4. Locations of known KIT gene mutations associated with piebaldism. The amino-terminal
extracellular leader sequence (LS) and pentarepetitive ligand-binding domain, the transmembrane
domain (TM), and the intracellular bipartite tyrosine kinase domain are indicated. Symbols are as
described in the legends to Figs. 2 and 3. Many of the indicated mutations represent our unpublished
data, and are not included in Table IV.

kinase and phospholipase C+yl, which act as downstream mediators of the mito-
genic signal in the KIT—-dependent pathway of signal transduction (reviewed in
Morrison-Graham and Takahashi 1993). In the mouse, KIT function is required
both immediately prior to melanoblast migration and also postnatally (Nishikawa
et al., 1991), and we have shown that KIT function is required for proliferation,
although not survival, of human melanocytes in culture (Spritz et al., 1994a). It
seems likely, therefore, that white spotting in both human piebaldism and mouse

TABLE IV. Published Mutations of the KIT Gene Associated with Piebaldism

Mutation Base substitution? Phenotype Reference
E85delG GAA (Gluy—>-AA Mild Spritz et al., 1992¢
N250-S251delCAGT AACAGT (AsnSer)>AA---- Mild Spritz et al., 1993a
E561insG GAG (Gluy»GGAG Variable Spritz et al., 1992b
ES83K GAG (Gluy>AAG (Lys) Severe Fleischman, 1992
F584L TTT (Phe)>TTG (Leu) Severe Spritz et al., 1992b
K642delAA AAA (Lys)y—>A-- Variable Spritz et al., 1992b
G664R GGG (Gly)»AGG (Arg) Severe Giebel and Spritz, 1991
R791G AGA (Arg)—>GGA (Gly) Severe Spritz et al., 1993b
G812V GGT (Gly)—»GTT (Val) Severe Spritz et al., 1993b
IVSI12 +1G—A AAGgtaagt— A AGataagt Variable Spritz et al., 1992¢

“Upper case, coding sequence; lower case, intervening sequence (IVS).
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W results from deficient proliferation of melanoblasts prior to migration during
development.

The human KIT gene consists of 21 exons spanning more than 70 kb at
chromosome segment 4q12 (Giebel et al., 1992; Vandenbark et al., 1992), part of a
cluster of genes encoding type III receptor tyrosine kinases, organized PDGFRA-
KIT-KDR (Spritz et al., 1994b). The first direct evidence for the involvement of
KIT mutations in human piebaldism came from Giebel and Spritz (1991), who
studied an extended kindred with piebaldism and identified a missense mutation,
G664R, within the highly conserved intracellular tyrosine kinase domain, and
demonstrated linkage with a lod score in excess of 6 with no recombinants. Further
support came from analyses of two additional patients, one with a cytogenetic
deletion of 4ql2—q21.1 (Yamamoto et al., 1989), in both of whom KIT and
PDGFRA were found to be deleted (Fleischman et al., 1991; Spritz et al., 1992a).
As shown in Table IV and Fig. 4, a total of 14 different point mutations of the KIT
gene have now been identified in different families with piebaldism. Interestingly,
as illustrated in Fig. 4, these mutations can be classified into three general groups,
each group tending to be associated with piebald phenotypes of differing severity.
Thus, a hierarchical paradigm of pathologic human KIT mutations appears to
account for a graded series of dominant phenotypes in human piebaldism.

The first group of KIT gene mutations consists of missense substitutions. A
total of 7 missense mutations have been identified (Table IV), all located within the
highly conserved tyrosine kinase domain and almost all involving amino acid
residues that have been particularly conserved. Several of these human KIT
substitutions correspond closely to the positions of similar mutations in various
strains of W mutant mice (reviewed in Morrison-Graham and Takahashi, 1993),
underscoring the importance of these sites to function of the KIT receptor. In fact,
the human E583K mutation corresponds precisely to the mouse W37 mutation
(Fleischman, 1992). All of these KIT missense substitutions are associated with
relatively severe piebald phenotypes. This is a consequence of the fact that the KIT
kinase is only activated on dimerization of the receptor, and KIT receptor
heterodimers consisting of one normal KIT polypeptide and one abnormal KIT
polypeptide are inactive. Thus, patients heterozygous for these ‘“dominant-
negative” KIT missense mutations have only one-fourth of the normal amount of
KIT receptor dimer, and accordingly they exhibit relatively severe piebald pheno-
types.

In contrast, the second group of KIT mutations completely eliminates the
production of KIT protein by the mutant gene. Patients heterozygous for these
“loss of function” mutant alleles thus express half of the normal amount of KIT
receptor, resulting in haploinsufficiency for KIT-dependent signal transduction.
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These KIT mutations are thus associated with relatively mild piebald phenotypes,
in which the depigmented patches are usually small and poliosis is often absent,
although affected individuals frequently experience early graying of the hair. In
fact, some members of families with KIT mutations of this type have been so
mildly affected that the clinical diagnosis was only made subsequent to DNA
diagnosis. We have identified three different mutations of this type; two prox-
imally located frameshifts and a nonsense mutation (see Table I'V). Interestingly,
we detected one of these frameshifts, codons 250-251 ACAGT, in three different,
unrelated families with mild piebaldism (Spritz et al., 1993a), suggesting that this
recurrent KIT gene mutation may account for a significant fraction of human
piebaldism, especially among clinically milder cases.

The third group of patients with piebaldism exhibits a rather variable
phenotype, ranging from extremely mild to quite severe, even among affected
members of an individual family. We have identified four different KIT mutations
of this type; three frameshifts and a splice junction mutation (see Table IV). As
shown in Fig. 4, all of these would result in premature termination of translation,
truncating the nascent KIT polypeptide distally within the intracellular tyrosine
kinase domain. Clearly, these mutations would abolish expression of normal KIT
polypeptide from this allele. However, the truncated KIT receptors apparently can
still bind SLF and even form dimers, dominant negatively inhibiting function of
the normal KIT polypeptide (Lev et al., 1992). It is likely, however, that both the
truncated KIT polypeptides and the incompletely translated KIT mRNA are
relatively unstable. Therefore, these mutations probably reduce KIT function to an
amount between one-fourth and one-half of normal, accounting for the intermedi-
ate and highly variable piebald phenotype.

Thus, piebaldism is associated with reduced function of the KIT receptor,
resulting in decreased KIT-dependent signal transduction and abnormal distribu-
tion of melanoblasts during embryologic development. Interestingly, we have
found only a single missense substitution within the extracellular ligand-binding
domain of the KIT receptor, and this appears to constitute a normal polymorphic
variant with no pathologic consequences (unpublished data). As noted above, this
region of the KIT polypeptide consists principally of five immunoglobulin-like
repeat domains, and it is therefore possible that this region may be at least in part
functionally redundant. Accordingly, many amino acid substitutions in this por-
tion of the KIT polypeptide may have little or no effect on ligand binding, and thus
may have little or no phenotypic effect. However, the extracellular portion of the
KIT polypeptide is also thought to contain the segments that mediate receptor
dimerization, and it seems likely that pathologic amino acid substitutions of
residues involved in this process may be encountered in the future.
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Overall, we have identified pathologic point mutations of the KIT in approx-
imately two-thirds of the patients with piebaldism studied to date. About half of
the remaining patients have complete or partial deletions of the KIT gene. The rest
may have occult KIT point mutations not detected by SSCP/heteroduplex screen-
ing, and genetic linkage analyses in three of these families showed complete
linkage of the piebald trait to KIT intragenic markers (unpublished data). None of
these patients have abnormalities of the MGF gene (the human Steel gene
homologue), suggesting that, in contrast with mice, mutations of this gene may not
result in the piebald phenotype in humans. The possible roles that the adjacent
PDGFRA and KDR genes might play in the phenotypes of some of these patients is
also not known. The mouse “patch” (Ph) mutation, which results in a dominant
white spotting phenotype similar to that of W, comprises a deletion that includes
the pdgfra gene but not c-kit (Smith et al., 1991; Stephenson et al., 1991).
Although white spotting in Ph mice might result either from deletion of the pdgfra
gene itself or from inhibitory effects of the large chromosomal deletion on
expression of the nearby c-kit gene, it thus seems possible that some cases of
human piebaldism might result from mutations in PDGFRA.

Waardenburg Syndrome (MIM # 193500)

Waardenburg syndrome, first described in 1951 by a Dutch ophthalmologist
(Waardenburg, 1951), is an autosomal dominant disorder characterized clinically
by piebald-like pigmentary anomalies of the skin and hair, pigmentary abnor-
malities of the iris (heterochromia iridis), lateral displacement of the inner canthi
of the eyes (dystopia canthorum), and sensorineural deafness (Waardenburg, 1951,
DiGeorge et al., 1960). Waardenburg syndrome occurs with an overall frequency
of 1 to 2 per hundred thousand, and accounts for at least 0.5% of cases of
congenital deafness. All of the abnormalities in Waardenburg syndrome involve
the neural crest, and both Hirschsprung’s disease (Currie et al., 1986; Ariturk
etal., 1992) and neural tube defects (Bergleiter and Harris, 1992; Carezani—Gavin
etal.,1992; Chatkupt et al., 1993; Kromberg and Krause, 1993) occur at increased
frequencies among affected individuals. Waardenburg syndrome has thus been
considered a more general disorder of neural crest development than piebaldism.
Three subtypes of Waardenburg syndrome have been clinically distinguished,
Waardenburg syndrome type I (WS]) is the classic form, Waardenburg syndrome
type II (WS2; MIM #193510) lacks dystopia canthorum, and Waardenburg
syndrome type III (WS3; Klein—Waardenburg syndrome; MIM #148820) is
associated with limb abnormalities as well as dystopia canthorum.
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Elucidation of the molecular basis of human Waardenburg syndrome was
facilitated by studies of a similar disorder of mouse, “Splotch” (Sp) (reviewed in
Pierpont and Erickson, 1993; Spritz, 1993a). Splotch mutations typically result in
piebald-like patches of unpigmented skin and hair (Epstein ez al., 1991, 1993;
Goulding et al., 1991; Moase and Trasler, 1992; Goulding ef al., 1993; Vogan
etal., 1993), probably due to delayed migration of melanoblasts or to a reduction
in their number so that melanoblasts fail to reach the affected regions before hair
follicles develop. The murine Splotch (Sp) locus encodes a developmental gene
known as Pax-3, one of a family of so-called “paired box” genes involved in
embryological development (Burri et al., 1989). Although the exact function of
the Pax-3 gene product is not yet known, it is thought to be a transcription factor
critical for activating melanoblasts to begin migration from the neural crest. The
human PAX3 polypeptide contains four principal structural motifs: the “paired
box” domain, a homeobox domain, a conserved octapeptide, and a serine-
threonine-proline-rich carboxyl segment (Fig. 5). The 128—amino acid paired box
domain, from which the name of the gene is derived, and the 60-amino acid
homeobox domain are both highly conserved amino acid sequence motifs present
in a number of mammalian and Drosophila genes involved in controlling segmen-
tation. These motifs form a helix-turn-helix structure and are both thought to
mediate DNA binding.

The murine Splotch locus was mapped to chromosome 1, in a region that is
homologous to part of human chromosome 2q, and the mouse Sp?# mutation was
then found to consist of a deletion in the paired box domain of Pax-3 (Epstein

PAX OCT HOX

oot ¢ Waardenburg Syndrome Type |
® Waardenburg Syndrome Type
® Waardenburg Syndrome Type |l|

Fig. 5. Locations of known PAX3 gene mutations associated with Waardenburg syndrome. The paired
box domain (PAX), conserved octapeptide (OCT), and the homeobox domain (HOX) are indicated.
Symbols are as described in the legends to Figs. 2 and*3.
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et al., 1991). The human Waardenburg syndrome gene was first localized to the
distal long arm of chromosome 2 on the basis of a patient with an chromosomal
inversion of 2q35-q37.3 (Ishikiriyama et al., 1989), and subsequent genetic
linkage analyses demonstrated linkage between WSI and markers in this region
(Foy et al., 1990; Asher et al., 1991), suggesting that human Waardenburg
syndrome and mouse Splotch might be homologous. Although only a portion of
the human PAX3 gene had been characterized, Tassabehji and coworkers (1992)
and Baldwin and coworkers (1992) quickly identified point mutations in several
patients with WS, and demonstrated that these mutations were genetically linked
to the Waardenburg phenotype in these families.

As shown in Fig. 5 and Table V, six different mutations of the PAX3 gene have
now been reported in patients with WS1. These include an in-frame deletion within
the paired box domain (Tassabehji et al., 1992), three frameshifts (Morell ef al.,
1992; Tassabehji et al., 1993), and two missense substitutions, both located within
the paired box domain (Baldwin et al., 1992; Hoth et al., 1993). Furthermore,
Hoth et al. (1993) identified an additional missense mutation, N47H, in a family
with so-called WS3, demonstrating that WSI and WS3 are allelic; these clinically
distinct disorders result from different abnormalities of PAX3. By genetic linkage
analysis of 41 families, Farrer and coworkers (1992) determined that mutations at
the WS locus on distal chromosome 2, apparently the PAX3 gene, account for
about half of cases of WSI. This implies the existence of at least one additional
gene for WSI located elsewhere in the genome.

TABLE V. Published Mutations of the PAX3 Gene
Associated with Waardenburg Syndrome

Mutation Base substitution? Phenotype Reference
N47H AAC (Asn)—>CAC (His) ws3 Hoth et al., 1993
G48A GGC (Gly)>GCC (Ala) Wws2 Tassabehji et al., 1993
P50L CCG (Prog)—CTG (Leu) ws1 Baldwin et al., 1992
R56L CGC (Arg)—>CTC (Leu) ws1 Hoth et al., 1993
M62-167 0 ATGGCCCACCACGGCATCCGG ws1 Tassbehji et al., 1992

(MetAlaHisHisGlylleArg)—
Aceememeceeeees GG (Arg)
164delA ATA (lley—>AT- ws1 Tassabehji et al., 1993
R89-T93del AGGTACCAGGAGACT ws1 Morell et al., 1993
(ArgTyrGInGluThr)—A--
H186-S187delCA* CACAGC (HisSer)—>CA--GC wS1 Tassabehji et al., 1993

aUpper case, coding sequence; lower case, intervening sequence (IVS).
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Two groups recently reported refined map data for the human PAX3 gene.
Tsukamoto and coworkers (1992b) showed that the distal chromosome 2q inver-
sion associated with WS/, described above, interrupted exons 2 and 3 of the PAX3
gene, and they suggested that the PAX3 gene is located within chromosome
segment 2q35. Similarly, Lu-Kuo e al. (1993) showed that the PAX3 gene is
deleted in a patient with Waardenburg syndrome and a distal chromosome 2
deletion (Kirkpatrick et al., 1992), and they mapped the PAX3 gene to 2q36.1—
q36.2. These two map assignments are actually quite close, probably within the
limits of cytogenetic resolution.

The issue of whether or not WS2 is allelic with other forms of Waardenburg
syndrome is not entirely clear. Recently, Hughes and coworkers (1994) reported
localization of the gene WS2 to chromosome segment 3pl2—pl4.1, in close
proximity to MITF, the human homolog of the mouse microphthalmia gene
(Tachibana et al., 1994). As discussed below, mi mutant mice exhibit pigmentary
abnormalities and hearing loss, suggesting that MITF is a good candidate gene for
WS2. Tassabehji et al. (1993) reported a PAX3 missense substitution in a family
that they considered to have WS2; however, clinical photographs of this family are
suggestive of mild dystopia canthorum, and thus WSI. Farrer and coworkers
(1992) found no evidence of linkage between chromosome 2 markers and WS2,
indicating that this disorder usually does not result from mutations of PAX3.

In a surprising turn of events, Barr and coworkers (1993) recently showed that
the PAX3 gene is rearranged in the chromosome 2;13 translocation consistently
observed in cases of alveolar rhabdomyosarcoma (MIM #268220), an aggressive
solid tumor of childhood. In three such tumors the chromosome 2 breakpoints are
located within the fourth intervening sequence of the PAX3 gene, juxtaposing the
upstream PAX3 DNA binding motifs, including the paired box domain, conserved
octapeptide, and homeobox domain, to a specific gene located on chromosome
13ql4. As aresult, an abundant novel mRNA is transcribed, most likely encoding
a novel fusion protein that interferes with the normal controls of striated muscle
cell proliferation. Thus, the PAX3 gene appears to lead a double life: inherited loss
of function mutations result in Waardenburg syndrome and acquired gain of
function mutations result in alveolar rhabdomyosarcoma.

OTHER CLONED GENES AFFECTING PIGMENTATION
IN THE MOUSE

In addition to the correlation of human pigmentary disorders with cloned
genes discussed above, a number of mouse loci with mutant phenotypes that
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include aberrant pigmentation have also been cloned that have not yet been
definitively associated with human disorders (see Table I). However, it seems
likely that at least some of these mouse loci do have counterparts in human genetic
disease, and may provide clues that will prove instrumental for identifying the
human gene defects.

Mottled

The mouse mottled (mo) locus is associated with a semidominant mutant
phenotype involving a variegated pattern of pigmentation, wavy vibrissae and
coat, mild skeletal and neurological abnormalities, and abnormalities of collagen
and elastin (Silvers, 1979; Lyon and Searle, 1989). The murine gene is located on
the X chromosome, and is thought to encode a protein involved in the metabolism
of copper, an essential component of tyrosinase. Altered pigment production in mo
mice might thus result from decreased melanogenic function of tyrosinase (Hol-
stein et al., 1979). Mouse mottled is thought to be homologous to human Menkes
disease (MIM #309400), an X-linked recessive genetic disorder of copper
transport (Camakaris et al., 1980) characterized by hypopigmentation, defective
keratinization of the hair, and neurologic and bone abnormalities. This gene has
recently been cloned and found to encode a copper transporting ATPase, as
expected (Chelly et al., 1993; Mercer et al., 1993; Vulpe et al., 1993).

Pallid

The mouse pallid (pa) locus is associated with a homozygous mutant
phenotype of significant hypopigmentation, otoliths, reduced activity of several
lysosomal enzymes, a storage pool deficiency of blood platelets, and slightly
reduced viability of homozygotes (Silvers, 1979; Lyon and Searle, 1989). There
are abnormal aggregates of subcellular organelles, including melanosomes and
lysosomes (Theriault and Hurley, 1970; Ito et al., 1982), and reduced number and
content of platelet dense granules, resulting in a prolonged bleeding time. Pallid
mice also have a severe deficiency of al—antitrypsin activity (Martorana et al.,
1993), although the cause remains unknown. The murine pa gene has been cloned
(White et al., 1992), and although as yet uncharacterized, the pa gene product
may be required for stabilization of subcellular organelle membranes, analogous
to factors required for stabilizing plasma membranes. Mouse pa may be homolo-
gous to at least some cases of the human Hermansky-Pudlak syndrome (MIM
#203300).
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Pearl

Pearl (pe) mutant mice exhibit a phenotype characterized by slight eye
hypopigmentation and dilute coat color associated with reduced activities of
several lysosomal enzymes and a bleeding diathesis due to a platelet storage pool
deficiency (Silvers, 1979; Lyon and Searle, 1989). Mouse pe may thus also be
homologous to some cases of human Hermansky-Pudlak syndrome (MIM
#203300). The pe mutation arose spontaneously and frequently reverts to wild
type, suggesting that the mutation may involve an insertion or tandem duplication.
The pe gene is located on mouse chromosome 13, and the recent isolation of
closely linked markers may facilitate future efforts at positional cloning (Rikke
et al., 1993).

Microphthalmia

The mouse microphthalmia (mi) locus is associated with a mutant phenotype
that can include microphthalmia, hypopigmentation, various abnormalities of
neural crest development, deficient mast cells, and osteopetrosis (Silvers, 1979;
Lyon and Searle, 1989). The mi gene product is thus apparently required for
normal eye and ear development, and also for fertility and hematopoiesis, and is
required to transduce signals from the CSF1 and SLF receptors (respectively, the
FMS and KIT gene products) (Dubreuil et al., 1991). The mouse mi gene encodes a
novel member of the basic—helix—loop—helix—leucine zipper family of transcrip-
tion factors (Hodgkinson et al., 1993)—proteins that have a variety of roles in
regulating gene expression, cellular proliferation and differentiation—consistent
with the pleiotropic phenotypic effects of mi mutations. Lamoreux et al. (1992)
have reported that in the mouse mi mutations correlate with the vitiligo phenotype.
Although superficially similar to piebaldism, in vitiligo melanocytes are normally
distributed and functional at early ages and pigmentation is normal. Over time,
however, melanocytes in defined areas cease to function, probably due to
melanocyte death, and involvement of the affected areas progresses, often until the
individual is completely depigmented. The human homologue to the mouse mi
gene was recently cloned (MITF) (Tachibana et al., 1994), and it will be of interest
to determine whether this gene is involved in the pathogenesis of vitiligo in
humans.

Furthermore, as discussed above, the MITF gene is a good candidate for
human WS2 (Hughes et al., 1994), although abnormalities of MITF have yet to be
identified in this disorder.
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Dilute

The mouse dilute (d) locus is associated with diluted coat color (Silvers,
1979; Lyon and Searle, 1989). The dendrites of melanocytes in d/d mice are
relatively poorly developed, and the distribution of melanosomes is impaired,
with clumping in the perinuclear region, although their ultrastructure appears
normal. The murine d gene has been cloned, and encodes a protein clearly related
to myosin (Mercer et al., 1991; Sanders et al., 1992). The d gene product may
somehow participate in the progressive movement of melanosomes from the peri-
nuclear region to the dendrites of the melanocyte, which is essential for the
subsequent transfer of melanosomes to keratinocytes and thus to pigmentation of
skin and hair.

Extension

The mouse extension (e) locus is associated with a mutant phenotype in
which there is exclusive production of either eumelanin or pheomelanin (Silvers,
1979; Lyon and Searle, 1989). Both the murine and human e genes have been
cloned and shown to encode the melanocyte specific cellular receptor for
melanocyte-stimulating hormone (MSH) (Mountjoy et al., 1992; Gantz et al.,
1993; Robbins ez al., 1993; Magenis et al., 1994). The e gene product is one of a
family of melanocortin (e.g., MSH and ACTH) receptors that define a subfamily
of receptors coupled to a guanine nucleotide-binding (G) protein, and the relation-
ship between this function and the mutant phenotypes has not yet been elucidated.
The e locus MSH receptor is specifically expressed by melanocytes, whereas the
other receptors in this family are expressed by other types of cells and are probably
required for other types of functions in nonmelanocytic tissues, including the
brain, pituitary, and immune system.

Agouti

The agouti (a) locus in mice regulates the production of eumelanin versus
pheomelanin by a yet unknown mechanism, as well as controlling a variety of
other phenotypic parameters including obesity, susceptibility to neoplasia, and
diabetes. Its effect on pigmentation is somehow coordinated with the opposing
action of MSH from exogenous sources, that is, from cells peripheral to the
melanocyte (cf. discussion of e locus above). The a gene has now been cloned, and
itencodes a unique, 131-amino acid protein with a leader sequence and a cysteine—
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rich carboxy terminus (Bultman ez al., 1992; Miller ef al., 1993). The a gene
product appears to be a paracrine signalling protein, which controls melanin
production primarily within hair follicles. A number of mutant alleles of the agouti
locus have been identified that result in a variety of pleiotropic effects, and several
are lethal when homozygous. Recent studies (Vrieling et al., 1994; Yen et al.,
1994) suggest that the apparent complexity of the a locus is due to effects on a
number of regulatory elements that control a single coding sequence, regulating an
animal’s temporal or geographic gene expression. At least one of these mutations
(yellow, A”) is a deletion that removes a different coding sequence adjacent to a,
and the lethality is not due to the loss of a itself (Duhl et al., 1994; Michaud et al.,
1994). Another mutation, lethal nonagouti (a*) is a deletion involving regulatory
regions of the a gene, and may affect pigmentation by removing an a enhancer
region, while the lethality is due to deletion of yet another adjacent gene, encoding
S-adenosylhomocysteine hydrolase (Miller et al., 1994). There is propensity for
homozygous nonagouti to revert to two other dominant a alleles, termed black-
and-tan (a’) and white bellied agouti (a%), at relatively high frequency. All three of
these a alleles (a, a’ and a%) have insertions into the a gene at precisely the same
location in the first exon (Bultman ez al., 1994). The relatively high frequency of
reversion results from excision of these inserted sequences via homologous
recombination. The distinct insertions present in those alleles apparently elicit
their various effects on pigmentation by affecting the expression of alternatively
processed forms of the a mRNA.

Slaty

Slaty (slt) mutant mice exhibit a phenotype characterized by slight dilution of
coat pigment (Silvers, 1979; Lyon and Searle, 1991). Both the mouse and human sit
genes have been cloned (Jackson et al., 1992; Yokoyama et al., 1994), and shown
to encode a melanocyte-specific protein related to tyrosinase, termed TRP-2.
TRP-2 has features in common with the brown locus (TRP-1) and tyrosinase
proteins, including a transmembrane region, highly conserved putative copper
binding sites, two conserved cysteine—rich domains, potential glycosylation sites,
and a signal peptide. Interestingly, there is evidence that TRP-2 requires iron for
catalytic function rather than copper, as tyrosinase does (Chakraborty ez al., 1991,
1992). The function of TRP-2 has now been established as DOPAchrome tautomer-
ase (Hearing et al., 1992; Tsukamoto et al., 1992a; Yokoyama et al., 1994), the
enzyme that regulates that melanogenic pathway following the production of
DOPAchrome. The biological importance of the regulation of DHICA versus DHI
production in melanocytes by DOPAchrome tautomerase is as yet unknown,
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although the phenotypic properties of melanins produced in the presence or
absence of TRP2 are markedly distinct (Orlow et al., 1992) and they also have
significantly different cytotoxic properties (Urabe et al., 1994).

Silver

Silver (si) mutant mice exhibit a phenotype characterized by variable pig-
mentation (Silvers, 1979; Lyon and Searle, 1991) associated with a reduced
number of pigment granules and somewhat reduced melanocyte survival (Spana-
kis et al., 1992). Pmel 17-1, an anonymous melanocyte cDNA marginally related
to tyrosinase, has been mapped to the si locus of mice (Kwon et al., 1991). The
function of the putative silver protein is unknown, although its expression is
restricted to melanocytes and its abundance correlates well with pigmentation
(Kwon et al., 1987a). The silver protein appears to be closely related to a
melanosomal matrix protein initially identified in chicken melanocytes (Jimbow
etal., 1988; Mochii et al., 1991; Orlow et al., 1993), suggesting that it may have an
integral function in melanosomal structure.
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INTRODUCTION

Replication banding using 5-bromo-2’'-deoxyuridine (BrdUrd) has traditionally
yielded band patterns with extensive cell-to-cell variation, including variation
between homologous chromosomes in the same cell. With the discovery that
cycling cells can be blocked at the R/G transition (the time at which R-band
synthesis is complete and G-band synthesis has yet to begin), either R-bands or
G-bands can be selectively substituted with BrdUrd. This new method (named in
this review as the “Thymidine-BrdUrd permutation culture method”) coupled
with an improved fluorochrome-photolysis-Giemsa (FPG) staining method that
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reveals only unsubstituted chromatin, provides preparations with replication band
patterns as reproducible and with the same resolution as patterns from standard
trypsin-Giemsa banding. In this chapter, we will review the basic cell physiology
of how R/G transition blocking and replication banding work and compare
replication band patterns with classical band patterns.

In mammals, bidirectional replication of replicons begins at replication ori-
gins. Clusters of contiguous replicons begin replication at one time and complete
synthesis in one to two hours. Such a cluster is a replication band (Latt, 1975;
Holmgquist, 1988). Usually, replication bands are visualized by introducing the
thymidine analog BrdUrd during a particular interval of the DNA synthesis phase,
the S-phase of the cell cycle and collecting cells at the subsequent metaphase.
DNA that replicates during this interval incorporates BrdUrd instead of thymidine.
BrdUrd substitution can be detected in a metaphase replication band by several
methods (see p. 59). The replication times of 277 metaphase replication bands
have been determined after pulse labeling cells with BrdUrd and dividing the
S-phase into eighteen contiguous time intervals (Dutrillaux et al., 1976). For all
but one band, R-bands replicate in one of the nine early intervals while G-bands
and C-bands (see Table I for abbreviations) replicate in one of the nine late intervals
(Holmquist, 1992).

The R-band/G-band transition behaves much like a cell cycle checkpoint.
Several inhibitors of DNA synthesis arrest cells at both the beginning of S-phase,
the G,/S-phase transition, and at the R/G transition. After release of inhibition,
cells arrested at the R/G transition burst into metaphase 4 to 5 hours later, long
before cells arrested at the G,/S-phase transition. If cells are fixed during the first
burst, then only metaphases from cells previously arrested at the R/G transition are
obtained. This metaphase burst can be timed exactly and the cytogeneticist can
select a time to fix the burst when most of its cells are in prophase (a stage where
chromosomes are very extended). The dynamics of utilizing the R/G transition
arrest during cell culture are such that the cytogeneticist can choose one of two
methods: (1) before the R/G transition, introduce BrdUrd into only the R—bands,
or (2) after the R/G transition, introduce BrdUrd into only the G- and C—bands of
subsequently observed metaphases. For visualization by transmission light
microscopy (LM), cytogeneticists can then stain the unsubstituted chromatin by
the FPG technique or stain the substituted chromatin by the BrdUrd antibody
binding (BAB) technique. Using only the FPG technique, BrdUrd substitution
before the R/G transition produces a GBG—band pattern almost identical to that of
GTG-bands and exactly complementary to the RBG-band pattern obtained when
BrdUrd substitution occurs after the R/G transition.

Chromosome bandings serve two major purposes: chromosome identifica-
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TABLE 1. Classification of Chromosome Bands
and Definition of the Letter Codes Used to Describe
Banding Techniques Discussed in this Chapter

G-bandings
1. Morphologic or structural type
GAG* G-bands by Acetic saline using Giemsa
GTG# G-bands by Trypsin using Giemsa
QFQ* Q-bands by Fluorescence using Quinacrine
2. Replication or dynamic type
GBG“ G-bands by BrdUrd using Giemsa
GBI G-bands by BrdUrd using Immunological staining
GB-AP  G-bands by BrdUrd using Antibody and Peroxidase
GB-AF  G-bands by BrdUrd using Antibody and Fluoresceine
GB-AAu G-bands by BrdUrd using Antibody and gold (Au)
GB-APA G-bands by BrdUrd using Antibody and Protein A
R-bandings
1. Morphologic or structural type
RHG¢ R-bands by Heating using Giemsa
THG* T-bands by Heating using Giemsa
2. Replication or dynamic type
RBG# R-bands by BrdUrd using Giemsa
RBI R-bands by BrdUrd using Immunological staining
RB-AP  R-bands by BrdUrd using Antibody and Peroxidase
RB-AF  R-bands by BrdUrd using Antibody and Fluoresceine
RB-AAu R-bands by BrdUrd using Antibody and gold (Au)
RB-APA  R-bands by BrdUrd using Antibody and Protein A
C-bandings
CBG“ C-bands by Barium hydroxide using Giemsa
Special bandings

sApproved by ISCN (1985)

tion, including numerical and structural chromosome aberrations, and visualiza-
tion of underlying chromosome organization. For identification, a band can be
defined as a segment of chromatid distinct from its adjacent segments by its lighter
or darker staining (Prieur ez al., 1973). For analysis of chromosome organization, a
chromosome band designates a chromatid segment that presents distinct func-
tional and structural characteristics resulting in specific staining properties after
various banding techniques (Drouin et al., 1991a). These different staining
properties constitute the chromatin flavor of each band. Chromatin flavor de-
scribes the cytological reactivity of a band to each of several techniques (Holm-
quist, 1990a, 1992). The two major sets of mammalian euchromatic chromosome
bands are loosely called G-bands and R-bands.
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Chromosome banding techniques can be classified in two groups: mor-
phologic or structural and dynamic or replication (Table I) (Richer and Drouin,
1990). The former reveals an inherent pattern of chemical heterogeneity that exists
along the length of the chromosomes. Chromatin structure, proteins, and protein—
DNA interactions along with base composition are the major factors responsible
for the differential Giemsa staining after various morphologic banding techniques.
The basis of the heterogeneity observed after different treatments (for instance,
trypsinization or heat treatment) and the mechanisms of these bandings are still
poorly understood (reviewed by Sumner, 1990). The dynamic or replication tech-
niques, rely upon incorporation of a base analog, usually the thymidine analog,
BrdUrd, into DNA during the synthesis phase. The principles, the basis, and the
mechanisms of dynamic banding techniques are fairly well known.

Resolution will henceforth refer to band level, meaning the number of
resolvable bands per haploid genome, and will be designated by a subscript. For
example, a GTG™ »5, band would designate a single band positively stained by
the trypsin and Giemsa technique when a total of 1,250 different bands can be
observed. There is an association between the mitotic stage and the band level
(Table II). Resolution increases with the length of chromosomes used. It varies
with the mitotic stage (Table II). It does not refer to either the culture methods or
the blocking agents used; some S-phase blocking protocols, like methotrexate,
often yield mostly low-resolution mitoses, while the traditional technique using
Colcemid as a blocking agent sometimes yields high-resolution mitoses.

TABLE II. Correspondence Between
Band Level and Mitotic Stage
for Human Chromosomes?®

Band level
Mitotic stages (Bands per haploid set)

Late prophase >1000
Early prometaphase 850-999
Late prometaphase 700-849
Early metaphase 550-699
Middle metaphase 400-549
Late metaphase <400

“These numbers are the ones generally accepted,
but no one has ever shown precisely the corre-
spondence between a band level and a specific
mitotic stage.
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ARREST OF DNA REPLICATION BY DNA SYNTHESIS
INHIBITORS

Two key events occur during the cell division cycle in eukaryotes: DNA
replication (synthesis phase) and nuclear division (mitotic phase). These are
usually separated by gaps or preparatory phases, called G, before DNA replication
and G, before nuclear division (Fig. 1). Cell synchronization methods were
developed to phase an otherwise asynchronous population of growing cells and are
used by cytogeneticists to increase the percentage of metaphase cells harvested.
Colchicine or Colcemid stops the cells at the end of the metaphase. Such mitoses
are arrested in late metaphase when the chromosomes are very condensed and
short (bands,, ., Table II). Chromosomes harvested at late prophase are essen-
tial for high-resolution cytogenetics. To increase the percentage of cells showing
bandsss, | 55, Cytogeneticists usually use S—phase synchronization techniques.

G1‘_"'S

Fig. 1. Schematic representation of the cell cycle, emphasizing the S-phase. The relative duration of
these phases has been determined for human lymphocytes: eight to-ten hr for S (but can be as short
as six hr or as long as 12 hr), two to four hr for G, (S + G, = 10 to 14 hr) and three to six hr for G, (Cave,
1966a,b; Takagi and Sandberg, 1968; Grzeschik et al., 1975; Dutrillaux and Fosse, 1976; Kaluzewski,
1982). The G, period is the most variable and the one the most affected by the cellular environment.
Three indicated transition points are G,/S, R/G and S/G,. S-phase blocking agents used in cytogenetics
arrest DNA synthesis at the G /S and R/G transitions. The mitotic phases indicated are those during
which the chromosomes can be harvested.
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These techniques have three stages: (1) presynchronization, (2) synchroniza-
tion by blocking of DNA synthesis, and (3) release. To an exponentially growing
cell population, a DNA synthesis inhibitor is added to block and accumulate as
many cells as possible during S-phase. The blocking agent is then removed and the
released cell wave is harvested when the wave reaches late prophase. The effects
on the cell cycle of a number of agents that arrest DNA synthesis have been
established: amethopterin or methotrexate (Rueckert and Mueller, 1960; Petersen,
1964; Steffen and Stolzmann, 1969; Stampe Villadsen and Zeuthen, 1970),
5-fluoro-2’-deoxyuridine (FdUrd) (Eidinoff and Rich, 1959; Rueckert and
Mueller, 1960; Hsu, 1964; Priest et al., 1967) and an excess of thymidine (Xeros,
1962; Bootsma et al., 1964) or an excess of BrdUrd (Meuth and Green, 1974). The
agents subsequently adopted for cytogenetic purposes are methotrexate (Epplen
et al., 1976; Yunis, 1976), FdUrd (Nakagome, 1977; Webber and Garson, 1983),
5-fluorouracil (FU) (Rgnne, 1984a,b) (intracellularly converted to FdUrd), an
excess of thymidine (Schempp et al., 1978; Viegas-Péquignot and Dutrillaux,
1978), and high concentrations of BrdUrd (Schempp et al., 1978; Dutrillaux and
Viegas-Péquignot, 1981). These compounds all inhibit DNA synthesis by disturb-
ing the de novo synthesis of one pyrimidine base. Methotrexate and FdUrd starve
cells for thymidine; methotrexate is a potent competitive inhibitor of dihydrofolate
reductase, which is necessary for the conversion of deoxyuridylate to thymidylate
(Bertino, 1963; Werkheiser, 1963), whereas FdUrd is a strong inhibitor of the
enzyme thymidylate synthetase (Cohen et al., 1958; Hartmann and Heidelberger,
1961). An excess of thymidine (Morris and Fischer, 1963; Morris et al., 1963;
Gentry et al., 1965; Bjursell and Reichard, 1973) or high concentrations of BrdUrd
(Meuth and Green, 1974; Ashman and Davidson, 1981) cause depletion of the
deoxycytidine triphosphate (dCTP) pool. High thymidine and high BrdUrd
concentrations induce feedback inhibition of cellular ribonucleotide reductase, an
enzyme that catalyzes the reduction of cytidine diphosphate to deoxycytidine
diphosphate (Reichard, 1988). Since the dCTP pool decreases rapidly after
addition of an excess of thymidine or BrdUrd (Ashman and Davidson, 1981;
Wilkinson and McKenna, 1989) and since the dNTP pool suffices for only a few
minutes of replication (Reichard, 1988), DNA replication should stop quickly after
the addition of an excess of thymidine or BrdUrd. Whether it does so is unknown.

These DNA synthesis inhibition regimens reportedly slow a cell’s rate of
progression through S-phase with particular blocking points at the G,/S border and
the R/G transition. Methotrexate (Rueckert and Mueller, 1960; Zeuthen, 1968),
and FdUrd (Rueckert and Mueller, 1960; Priest et al., 1967) both cause accumula-
tion of cells at the G,/S transition. Using methotrexate, others reported no specific
blocking point but rather a general stoppage during methotrexate treatment and a
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progression through the cell cycle without synchronization (Savage and Prasad,
1988). High concentrations of thymidine cause approximately 50% of the cells to
accumulate at the G,/S border, while the remainder halt at various points in
S-phase (Bootsma et al., 1964). High thymidine concentrations do not prevent the
entry into S-phase but prolong the time during which cells remain in S-phase by
inhibiting the rate of DNA synthesis by up to 90% (Bjursell and Reichard, 1973).
Cytogenetic data from experiments using methotrexate, FdUrd, or thymidine,
support blocking at both the G,/S block point (Epplen et al., 1976, Nakagome,
1977; Vogel et al., 1978, 1985; Yunis and Chandler, 1978; Schmidt, 1980; Kalu-
zewski, 1982) and at the R/G transition (Fig. 1) (Viegas-Péquignot and Dutrillaux,
1978; Camargo and Cervenka, 1980; Meer et al., 1981; Rgnne, 1984a,b, 1985;
Drouin et al., 1990).

In summary, we believe that known inhibitors of DNA synthesis block at two
major points, the G,/S transition and the R/G transition; these represent times
when major groups of replicon clusters begin replication (Figs. 1 and 2). Why the
R/G transition, also called the 3C pause, is so sensitive to blocking is not
understood (reviewed by Holmquist, 1987, 1988). The metabolic inhibition of the
initiation of the replication forks is believed to be much easier than the inhibition of
continued elongation of existing replication forks (Painter, 1982), which would
allow cells already in early S—phase to progress to the R/G transition and stop.

BrdUrd INCORPORATION AND S-PHASE

When BrdUrd is administered to cells during the first or last half of S-phase,
a full early— or late—replication pattern can be seen in chromosomes from the
subsequent mitotic cells. Early replication of the R-bands and late replication of
the G- and C—bands has been demonstrated with cycling asynchronous cells using
a terminal BrdUrd pulse or a terminal thymidine pulse (Table III). These replica-
tion band patterns showed much intercellular variation and discordant patterns
between homologs (Grzeschik et al., 1975; Kim et al., 1975; Latt, 1975; Kondra
and Ray, 1978), which can be reduced or eliminated by cell synchronization.

Release of lymphocytes from DNA synthesis inhibition (Fig. 2) results in two
synchronous waves of cells progressing to mitosis. The first burst of mitotic
activity occurs after four to four-and-a-half hr (Richer et al., 1983a; Drouin et al.,
1988a) and represents cells released from the R/G transition block. The second
burst occurs 10 to 14 hr after the release (Schempp et al., 1978; Schmidt, 1980;
Kaluzewski, 1982; Schwemmle et al., 1989) and represents cells released from the
G//S transition block. Release times varying from four to 14 hr have been reported
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Cell Cycle Phases
Incorporation | Band pattern
{ G, | Early-S | Late-S | G, | M | of BrdUrd in after
S-Phase FPG | BAB
A) R/G transition as the blocking site
Culture phases
i SYNCHRONIZATION | RELEASE | HARVEST
| Thymidine* L BrdUrd | Late R G
B | |
| BrdUrd N Thymidine , Early G R
I | |
B) G1/S transition as the blocking site
iture ph.
SYNCHRONIZATION | RELEASE | HARVEST
| Synchronizing agent**, Thymidine | BrdUrd Late R G
| L I |
Synchronizing agem‘“‘| BrdUrd ) Thymidine | Early G R
| 1 I 1

* Methotrexate and fluorodeoxyuridine have also been used.
** Thymidine, fluorodeoxyuridine, hydroxyurea and methotrexate have been used.

Fig. 2. Relationships between cell cycle, blocking sites, BrdUrd incorporation during the S-phase, and
the replication band patterns. R/G (protocol A) and G,/S (protocol B) transition points are the two
blocking points used in replication banding. To harvest the cells blocked at the G,/S transition (protocol
B), a long release time and the presence of low concentrations of thymidine followed by BrdUrd during
specific intervals or vice versa are necessary, while a short release time and only thymidine or BrdUrd
are necessary to harvest the cells blocked at the R/G transition (protocol A). The thymidine-BrdUrd
permutation (TBP) culture method is illustrated by the protocol A. The permutation point, when
thymidine and BrdUrd are exchanged, is marked by the vertical line between thymidine and BrdUrd or
BrdUrd and thymidine and is aligned with the one separating early and late S-phase.

(Table IV), and we presume the investigators using release periods between four
and eight hr harvested cells blocked at the previous R/G transition or during the
early part of S-phase, whereas investigators using release periods between 11 and
14 hr harvested cells previously blocked at the G,/S transition (Table IV). While
low BrdUrd concentrations, < 3 pg/ml, have no effect on the S-phase duration,
concentrations between 10 and 50 pg/ml noticeably delay the cell cycle (Dutril-
laux and Fosse, 1976; Dutrillaux er al., 1976; Kaluzewski, 1982). Using cells
blocked at the R/G transition, the time between release and metaphase is about 30
minutes longer for release in the presence of 30 pg/ml BrdUrd than for release in
the presence of 3 wg/ml thymidine (Richer ez al., 1983a; Drouin et al., 1988a).

For replication banding of cells blocked at the G,/S border, two releasing
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TABLE III. Selected Reports Showing Early Replication of R-bands
and Late Replication of G- and C-bands of Human Chromosomes
by Adding BrdUrd to an Asynchronous Cell Population

BrdUrd
References Cells studied Pulse detection methods
Dutrillaux er al., 1973, 1976 ~ Lymphocytes Terminal thymidine  Acridine orange
Dutrillaux and Fosse, 1974 Terminal BrdUrd staining
Dutrillaux, 1975a,b, 1977 Middle BrdUrd
Latt, 1973, 1974, 1975 Lymphocytes Terminal thymidine Hoechst 33258
Terminal BrdUrd staining
Epplen et al., 1975 Skin fibroblasts Terminal thymidine FPGe
Epplen and Vogel, 1975 Amniotic fluid cells
Grzeschik et al., 1975 Lymphocytes Terminal thymidine FPG
Kim et al., 1975 Lymphocytes Terminal BrdUrd FPG
Kondra and Ray, 1978 Fibroblasts Terminal thymidine FPG
Sheldon and Nichols, 1981 Renal epithelium Terminal BrdUrd FPG
Lung fibroblasts
Shafer et al., 1982 Lymphocytes Terminal thymidine FPG
Terminal BrdUrd
Vogel et al., 1986 Lymphocytes Terminal BrdUrd BAB?
Aghamohammadi and Savage, Lymphocytes BrdUrd Modified FPG
1990 (reverse staining)

9FPG: Fluorochrome-Photolysis-Giemsa staining.
*BAB: BrdUrd Antibody Binding technique.

conditions, a low concentration of BrdUrd and a low concentration of thymidine
must be exchanged at or near the R/G transition (Fig. 2, protocol B). This approach
has two major drawbacks. First, some synchrony is lost because of the long release
time. Second, the moment when the synchronized cells reach the R/G transition
must be approximated. This method yields preparations with much cell-to-cell
variation and homolog discordance (Schempp and Vogel, 1979; Schempp, 1980).

For replication banding of cells blocked at the R/G transition, one needs only
to release cells in the presence of a low concentration of the alternate base (Fig. 2,
protocol A). Only the R-bands or the G- and C-bands, but never a combination of
both, should incorporate BrdUrd. The thymidine-BrdUrd permutation (TBP)
culture method reliably permits complementary BrdUrd incorporation, that is,
either in R-bands or in G- and C-bands. This method designates either of two
protocols: thymidine block and release in presence of BrdUrd, or BrdUrd block
and release in presence of thymidine, either exogenously added thymidine or
endogenously generated dTTP. This TBP culture method produces a 10% mitotic
index burst at four to four-and-a-half hr post-release without using Colcemid
(Drouin et al., 1988a; Lemieux et al., 1990).
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To assess the percentage of mitotic cells that the TBP culture method had
previously arrested at the R/G transition, the mitotic cells were classified accord-
ing to their replication band patterns as belonging to one of five replication stages
for methotrexate blocked cells released in presence of BrdUrd as described by
Camargo and Cervenka (1980, 1982). Their earliest replication stages, I and II,
represent cells that incorporated BrdUrd during more than half of their S-phase
because they had not reached the R/G transition at the time of release; stage I1I
represents cells that were exactly at the R/G transition at the time of release and
show a fully-developed RBG-band pattern; the later replication stages IV and V
represent cells that incorporated BrdUrd during a short time at the end of the
S-phase because they passed the R/G transition. After the TBP culture method
using a thymidine block, 1% of mitotic cells were in stages I or II, 90-95% were in
stage III, and 5-10% were in stages IV or V (Drouin et al., 1990, 1991a). The TBP
culture method using a BrdUrd block yields about 75 to 80% of the mitotic cells
with identical fully developed GBG-band patterns (Drouin et al., 1990). When the
release time is extended, more cells blocked somewhere between the G,/S
transition and R/G transition are harvested, causing intercellular band pattern
variations and a reduction of analyzable mitoses. In summary, the TBP culture
method reliably yields chromosomes from which it is possible to produce replica-
tion band patterns as reproducible as those from GTG-banding.

When BrdUrd is added during the release period, the blocking agent can be
thymidine, methotrexate or FU-FdUrd (Table IV). Indeed, methotrexate (Drouin
et al., 1988a and FU (Rgnne, 1984a,b, 1985) also arrest many cells at the R/G
transition, because a majority of resulting mitoses show a fully-developed RBG-
band pattern. However, either an excess of thymidine (Drouin et al., 1988a) or an
excess of BrdUrd (Lemieux et al., 1987) produces a higher mitotic index and is
more effective than methotrexate or FU at blocking DNA synthesis at the R/G
transition. Presumably, thymidine and BrdUrd are less toxic because they only
interfere with DNA synthesis by depleting the dCTP pool. Methotrexate and FU-
FdUrd disturb cell metabolism to a great extent, methotrexate creating a folate
deficiency (Bertino, 1963; Werkheiser, 1963) and FU-FdUrd by interfering with
protein synthesis (Heidelberger, 1975).

BrdUrd DETECTION

The dynamic or replication bandings are based on the addition or removal of
BrdUrd during the S—phase of the cells studied later in mitosis. This segmentary
and unifilar BrdUrd substitution pattern can be differentially stained by three main
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classes of methods. For the first class of methods, fluorochromes like acridine
orange (Dutrillaux et al., 1973), Hoechst 33258 (Latt, 1973) and 4'-6-
diamidino-2-phenylindole (DAPI) (Lin et al., 1976a) were used to reveal BrdUrd
substitution, their fluorescence being quenched by BrdUrd-substituted DNA.
Only acridine orange (Viegas-Péquignot and Dutrillaux, 1978; Pai and Thomas,
1980; Schollmayer et al., 1981) has enough contrast to reveal dynamic band
patterns at high band levels. The second class of methods, best exemplified by the
FPG technique, relies on Giemsa staining following specific post-fixation treat-
ments. The third class involves direct BrdUrd detection by immunochemical
methods using an anti-BrdUrd antibody.

Fluorochrome-Photolysis-Giemsa Staining Technique

The Fluorochrome-Photolysis-Giemsa staining technique (FPG) (Fig. 3),
originally called fluorescence-plus-Giemsa technique, was devised to differentiate
unifilarly substituted (TB) chromatids from their sister bifilarly substituted (BB)
chromatids after two rounds of BrdUrd incorporation (Perry and Wolff, 1974). For
replication banding, one must distinguish TB chromatid segments from un-
substituted TT segments after BrdUrd incorporation during part of the S-phase.

BrdUrd sub- -
stitution [P orgrocor®t L[ "Ov-tignt |a-[ Hotsaline |- [O1ems2
) staining Staining
of fixed ) Dye absorbs 360 nm
chromatin AT-specific DNA absorbs 260 nm
ec BrdUrd-DNA absorbs  Solubilization of i
moto:ensmvity Eﬁir: specirie 310nm. chromatin fragments E{aecqckg:?me"
Chanoes chromatin haing Debromination Produces G-bandingin  pya
g€ Non-specific strand breaks unsubstituted
properties binding at high DNA-protein crosslinks  chromatin
dye/DNAratio Protein-protein B-elimination
crosslinks DNA reannealing
=5-5- -> -SH+ HS-  Collapse of partially
DNA denaturation nicked chromatin

Chromatin solublization

Fig. 3. Five elements are involved in the FPG technique (written in the boxes). Following BrdUrd
substitution, there are four possible procedural steps in the FPG technique to produce replication band
patterns. The consequences of the substitution and the molecular mechanisms attributed to each step
are indicated. UV irradiation of substituted chromosomes produces: (1) debromination of BrdUrd-
substituted DNA leading to single-strand breaks (Hutchinson, 1973); (2) DNA-protein (Han et al.,
1975; Kornhauser, 1976; Schiaffonati et al., 1978) and protein-protein crosslinking (Martinson et al.,
1976; Gantt et al., 1979; Hancock and Sumner, 1982); and (3) breakage of disulphide protein bonds
(Buys and Stienstra, 1980; Buys and Osinga, 1981).
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The FPG technique acts upon two changes caused by BrdUrd substitution
into chromosomal DNA. BrdUrd substitution both renders DNA more photosensi-
tive and alters DNA-protein interactions. Banding mechanisms work upon these
two changes to enhance visual differentiation of BrdUrd—substituted chromatin
from unsubstituted chromatin. These two mechanisms involve selective photolysis
of substituted chromatin, and alterations of DNA-protein (chromatin) structure
caused by BrdUrd substitution. The first mechanism relies mainly on selective
photolysis of BrdUrd-DNA into small pieces with subsequent dissolution of these
pieces. It is rather independent of DNA-protein interactions. The second mecha-
nism can be generalized as BrdUrd-dependent alterations of DNA-protein inter-
actions that affect either dissolution or subsequent Giemsa staining.

The four steps involved in differentiating replication bands by the FPG
technique are shown in Fig. 3, along with the molecular mechanisms attributed to
each step. Table V shows that investigators using quite different conditions for each
step have nonetheless arrived at satisfactory differentiation.

Staining Differentiation by Giemsa Staining

Several different mechanisms have been proposed to explain why, after
trypsinization, GTG-bands become refractory to Giemsa staining even though no
DNA and very little protein is extracted during the banding procedure (Comings,
1975a; van Duijn et al., 1985; Holmquist and Motara, 1987; Sumner, 1990). These
studies show that DNA must be present for positive Giemsa staining but that
protein denaturation conditions such as trypsinization or hot saline can easily alter
methanol-acetic acid fixed chromatin and differentially mask the Giemsa
stainability of its DNA. The various published FPG protocols, designed to reveal
replication bands and sister chromatid differentiation (Table V), often include
protein denaturation conditions and hot saline treatments such as those used for
RHG and GAG banding, which are particularly effective at altering chromatin to
differentially mask Giemsa staining of its DNA. The FPG conditions (Lemieux et
al., 1987; Lemieux and Richer, 1989; Drouin et al., 1988a) (Table V) recom-
mended for GBG or RBG banding were designed to exclusively utilize the photolysis
mechanism while avoiding masking effects of conditions that denature proteins.

Staining Differentiation by Selective Photolysis
of BrdUrd-Substituted DNA

1. The fluorochrome, Hoechst 33258, a nonintercalating dye, has two modes
of binding. The primary tight noncovalent binding occurs at a low dye/DNA-
phosphate ratio, shows base specificity, and is salt-insensitive, while the second-
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ary weak binding occurs at a high dye/DNA ratio, shows no base dependence,
involves a highly cooperative side stacking mode of binding, and is abolished at
high salt levels (Bontemps et al., 1975; Latt and Wohlleb, 1975; Stokke and Steen,
1985, 1986; Jorgenson et al., 1988). At a low dye/DNA ratio, Hoechst exhibits a
strong specificity for AT base pairs (Bontemps ef al., 1975; Comings 1975b; Latt
and Wohlleb, 1975; Miiller and Gautier, 1975) and fits snugly into the minor groove
of the double helix when four AT base pairs are adjacent (Mikhailov et al., 1981;
Martin and Holmes, 1983; Harshman and Dervan, 1985; Pjura er al., 1987,
Jorgenson et al., 1988; Teng et al., 1988; Hird et al., 1990). Hoechst binds duplex
DNA with a five fold greater affinity for poly(dA—BrdUrd) than for poly(dA—dT)
(Latt and Wohlleb, 1975; Jorgenson et al., 1988). For more selective binding to
BrdUrd-DNA, a low concentration (< 15 pg/ml) of Hoechst diluted in water is
recommended for replication banding (Richer and Drouin, 1990).

2. Without a photosensitizer, incorporation of BrdUrd sensitizes DNA to
nicking by UV light in proportion to the extent of replacement of thymine by
BrdUrd (Hutchinson, 1973; Hutchinson and Kohnlein, 1980). UV induces bro-
mine photodissociation of BrdUrd, leaving uracil with a free radical at the C5
position. While forming uracil, a hydrogen atom is extracted from the adjacent C2’
of the deoxyribose of the nucleoside on the 5’ side of the debrominated base; this
causes the DNA single-strand break (Hutchinson, 1973; Hutchinson and Kéhnlein,
1980). These nicks can be prevented if hydrogen donors such as sulphydryl groups
(-SH) instead of the deoxyribose furnish the H* (Hutchinson, 1973; Hutchinson
and Kéhnlein, 1980). Nicking is maximal at 313 nm (Hutchinson, 1973; Hutchin-
son and Kohnlein, 1980) instead of at the 260 nm absorption maximum of
unsubstituted DNA. In unifilarly substituted DNA, the B-strand is 100—1,000 fold
more sensitive to photoinduced strand nicks than the T—strand (Hutchinson,
1973), leading to the fragmentation of the B—strand into much smaller pieces than
the T-strand.

3. Hoechst 33258 sensitizes BrdUrd-substituted DNA to 360 nm UV-
induced nicking (Stetten et al., 1976; Rosenstein et al., 1980). When Hoechst
binds to DNA, it shifts the absorption maximum of the dye from 338 nm to 360 nm
(Comings, 1975b; Latt and Wohlleb, 1975; Jorgenson et al., 1988). The 360 nm
light is absorbed by the dye, not by the free DNA. This allows a great degree of
selectivity in producing DNA nicks only where dye is bound; the 360 nm excitation
of bound fluorochrome leads to the ejection of an electron, which is captured by
the BrdUrd causing the loss of the bromine (Rahn and Sellin, 1992). This
represents a redox reaction whereby the excited Hoechst oxidizes BrdUrd and is
itself reduced (Hérd et al., 1990). Thus, compared with 313 nm UV irradiation in
the absence of dye, Hoechst combined with 360 nm UV light enhances the
efficiency with which the debromination occurs and increases the amount of
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breaks per bromine lost. It has been shown that combined Hoechst-UV treatment
can cause double-strand breaks even though only one DNA strand is BrdUrd—
substituted (Limoli and Ward, 1993). The frequency of double-strand breaks is
proportional to the level of BrdUrd substitution. This would happen when the
released bromine reacts to either produce an alkali-labile site (Krasin and Hutchin-
son, 1978) or causes an actual single-strand break by abstracting an H atom from a
deoxyribose on the opposite strand leading to a double-strand break (Limoli and
Ward, 1993). DAPI, which has the same characteristics as Hoechst, can also act as
a BrdUrd-DNA photosensitizer (Buys et al., 1981, 1986; Buys and van der Veen,
1982).

4. Atthe chromosome level, the preferential fragmentation and extraction of
BrdUrd-substituted DNA by Hoechst-UV treatments have been documented
using the Feulgen reaction and using radio-labeled nucleotides (Goto et al., 1975,
1978; Sugiyama et al., 1976; Ockey, 1980; Safronov et al., 1981; Webber et al.,
1981; Jan et al., 1984). A black light lamp provides the most efficient light source
for photolysis because its peak emission wavelength is at 360 nm (Goto et al.,
1978; Chen and Lin, 1985; Drouin et al., 1988a). The pH of the mounting solution
should be between 7 and 8.5 and the temperature of the slides during UV exposure
should be about 60°C (Goto et al., 1978; Chen and Lin, 1985). This temperature
can be easily achieved by using high-wattage lamps and putting the slides very
close to the lamps (Chen and Lin, 1985; Drouin et al., 1988a).

5. Using monoclonal anti-BrdUrd antibodies in transmission electron mi-
croscopy (TEM), we observed that staining with Hoechst 33258 diluted in water
followed by black light irradiation resulted in complete absence of immunochemi-
cal banding (no gold bands) (Drouin et al., 1989b). An extensive loss of antigenic
sites by DNA extraction was postulated; this conclusion is supported by observa-
tions by mean of scanning electron microscopy (SEM) (Takayama and Taniguchi,
1986), and by the banding obtained from TEM, which shows that BrdUrd-
substituted bands are less opaque to the electrons than unsubstituted ones follow-
ing the Hoechst-UV treatment (Drouin et al., 1989b). This extensive loss of
material suggests that the UV irradiation causes not only the loss of DNA
fragments but also the loss of crosslinked chromosomal proteins.

6. UV irradiation assists chromatin dissolution by a variety of effects, some
of which result in DNA denaturation. The irradiation treatment heats the slide
considerably (Perry and Wolff, 1974). UV treatment (254 nm) for 14 to 20 hr
generates single-stranded regions in the chromosomal DNA allowing binding of
polyclonal antinucleoside antibodies (Schreck et al., 1974). Working with mouse
antihuman DNA monoclonal antibodies, specific for single-stranded DNA, Mez-
zanotte et al. (1989b) confirmed that the Hoechst-UV treatment (254-366 nm)
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produces single-stranded DNA in unifilarly substituted DNA. However, in our
experiments, black light exposure alone for two-and-a-half hours did not produce
DNA denaturation (Drouin ef al., 1989b). Hoechst binding increases the Tm of
DNA by 15-25°C (Comings, 1975b), countering the effects of UV-induced de-
naturation.

7. Hot saline treatment (about 60°C) helps to solubilize degraded BrdUrd-
DNA and, as demonstrated by Ockey (1980) and Webber et al. (1981), is necessary
only when the Hoechst-UV treatment is not optimum (Table V). In addition, some
authors used 5 N HCI incubation (Gonzalez-Gil and Navarrete, 1982; Cortés and
Andersson, 1987) or trypsin digestion (Scheid, 1976), to complete DNA break-
down, denature DNA fragments and remove the fragments. The hot saline
treatment, which can produce a morphologic G—band pattern (Eiberg, 1973), may
collapse the partially nicked BrdUrd-DNA, as verified by SEM (Jack et al., 1989).

8. BrdUrd-substituted chromatin is lightly stained with Giemsa following a
hot alkaline saline treatment (Korenberg and Freedlender, 1974; Burkholder, 1978,
1979, 1982; Sakanishi and Takayama, 1977; Takayama and Sakanishi, 1978). This
treatment selectively denatures BrdUrd-DNA and preferentially solubilizes, by
hydrolysis, BrdUrd-DNA with minimal extraction of chromosomal proteins
(Burkholder, 1979, 1982).

Staining Differentiation by Altering the Structure of BrdUrd-
Substituted Chromatin

1. BrdUrd-substituted chromosomes and chromatin differ significantly from
their unsubstituted counterparts with respect to several structural and physical
parameters which include a higher thermal stability, and increased supercoiling
(Augenlicht ez al., 1974; David et al., 1974; Lapeyre and Bekhor, 1974; Simpson
and Seale, 1974). The Van der Waals radius of bromine (0.195 nm) is smaller than
that of the methyl group of thymine (0.2 nm) and the bromine is more electronega-
tive than the methyl group (Hutchinson and Kéhnlein, 1980). This may contribute
to the enhanced affinity of proteins, mainly the positively charged histones, for the
BrdUrd-DNA (Gordon et al., 1976; Lin et al., 1976b; Matthes et al., 1977,
Schwartz, 1977; Fasy et al., 1980).

2. When chromatin contains BrdUrd, the amount of DNA-protein crosslink-
ing induced by UV light (254 and 313 nm) is increased in proportion to the extent
of BrdUrd substitution (Weintraub, 1973; Lin and Riggs, 1974; Schiaffonati et al.,
1978). However, the amount of crosslinking that occurs in unifilarly and bifilarly
substituted chromatids remains the same (Schiaffonati et al., 1978). As much as
80% of the DNA can be crosslinked to approximately 10% of the total chromo-
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somal proteins. Of this 10%, two-thirds of the crosslinked proteins are nonhistone
proteins and the remaining one third are histones (Schiaffonati et al., 1978). The
selective BrdUrd-substituted DNA-protein crosslinking increases by a factor of 5
when irradiation is changed from 254 nm to 313 nm probably because of the higher
absorption of 313 nm radiation in BrdUrd-substituted DNA (Weintraub, 1973).
This specific crosslinking involves the loss of bromine and the formation of a
covalent bond to the C5 position of the uracil ring (Hutchinson and Kohnlein,
1980). The same mechanism is probably responsible for the extensive DNA-
protein crosslinking that occurs after 360 nm UV light irradiation of BrdUrd-
DNA, and only in the presence of a low concentration of Hoechst 33258 (Guo et
al., 1986).

3. The selective UV-induced DNA-protein crosslinking both blocks access
of enzymes [DNase I and II (Burkholder, 1982; Jan et al., 1985), restriction
endonucleases (Bianchi ef al., 1984, 1985), exonuclease III, or SI nuclease
(Mezzanotte et al., 1989a)], and prevents the extraction of cut DNA following such
digestions.

4. DNA-protein interactions can be altered so that staining patterns are the
reverse of the usual. For example, BrdUrd-substituted chromatids stain darkly and
unsubstituted chromatid segments stain lightly with standard Giemsa staining
following hot acid treatment of the chromosomes (Burkholder, 1978, 1979, 1982;
Takayama and Sakanishi, 1977; Sakanishi and Takayama, 1978). The hot acid
treatment concomitantly denatures the unsubstituted DNA and preferentially
extracts the less tightly bound histone 1 of the unsubstituted chromatin causing
dispersion of histone 1 depleted DNA outside the boundaries of the chromosomes
(Burkholder, 1979, 1982). This explains the higher protein content of BrdUrd-
substituted chromatin after acetic acid-methanol fixation of chromosomes (Buys
et al., 1982). Alternatively, Giemsa staining in various conditions of salinity with
high pH stains the BB chromatid darker than the TB chromatid (Alves and
Jonasson, 1978; Takayama and Sakanishi, 1979; Takayama and Tachibana, 1980)
suggesting that the staining conditions differentially modify bifilarly substituted
chromatin structure allowing the Giemsa to bind.

5. The UV-induced breakage of disulphide bonds (max =250 nm for simple
organic disulphide) leading to formation of sulphydryl groups appears to be higher
in the BrdUrd-substituted chromatin than in unsubstituted chromatin (Buys and
Stienstra, 1980; Buys and Osinga, 1981). Furthermore, the breakage of disulphide
bonds loosens the chromatin structure, thus altering the spatial arrangement of
binding sites for Giemsa, leading to lighter staining of this chromatid (Wolff and
Bodycote, 1977).

6. If replicating cells are exposed to BrdUrd, both chromatids will have
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homogeneous unifilarly substituted DNA (TB-TB). The template strand still
contains only thymidine (T strand), while the nascent strand will be BrdUrd-
substituted (B strand). A second cycle in the presence of BrdUrd allows chromatid
differentiation (TB-BB), the first letter of each pair designating the template
strand and the second one designating the nascent strand. During the second cycle,
addition of thymidine instead of BrdUrd also allows chromatid differentiation
(TT-BT). Contrary to expectations of how BrdUrd substitution affects FPG
staining, unifilarly substituted TB and BT chromatids respond differently to
identical FPG treatments designed to maximize differences in chromatin struc-
ture, TB chromatids being darkly stained and BT chromatids being lightly stained
(Speit, 1984; Speit and Haupter, 1985). Mezzanotte e al. (1989b), using mono-
clonal antibodies to single- and double-stranded DNA, showed that, after identical
FPG treatment, TB chromatids contained mostly double-strand fragments,
whereas BT chromatids contained mostly single-strand fragments. BT and BB
chromatids are lightly stained with Giemsa (Speit, 1984; Speit and Haupter, 1985)
and show the same ultrastructural features with SEM after the same FPG
treatment, but these morphologic features are different from the ones seen with TB
chromatids (Jack et al., 1989). TB chromatids are either darkly stained in TB-BB
sister chromatid differentiation (SCD) or weakly stained in TT-TT and TB-TB
differentiation (replication banding). Considering all the mechanisms formerly
discussed, the FPG technique should not be able to distinguish between TB and
BT chromatids. The molecular basis of this differentiation is unknown, but,
apparently, BrdUrd in the template strand causes more extreme chromatin alter-
ations than BrdUrd in the nascent strand and the FPG techniques used display this
as differential Giemsa staining.

FPG Conclusion

A variety of published methods successfully produce an acceptable FPG
technique (Table V) by a variety of different mechanisms (Fig. 3). For example,
the Hoechst plus black light irradiation method will favor the photolysis mecha-
nism, while germicidal lamp irradiation will favor the DNA-protein interaction
class of mechanisms. Thus, replication bands can be revealed with selective
BrdUrd-substituted chromatin loss, or without loss but by masking of DNA
stainability, or by any combination of these two extremes. Many methods used for
SCD, especially those relying on alteration of chromatin structure, were never
successfully applied to replication banding because they produce fuzzy ill-defined
bands.
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To reveal the thinnest replication bands with maximal resolution of band
boundaries, conditions that favor the photolysis mechanism are recommended;
these require a high level of BrdUrd substitution. BrdUrd, added to the culture
medium, can be incorporated very efficiently, since up to 90% of the thymidine
can be replaced by BrdUrd in the nascent strand with a concentration of 30 pg/ml
(1074 M), and 60% of thymidine replacement can be achieved with a concentra-
tion of only 3 pg/ml (105 M) (Schwartz and Kirsten, 1974; Stetten et al., 1976;
Schiaffonati et al., 1978; Severin and Ohnemus, 1982). Hence, 45 to 55%
thymidine replacement by BrdUrd (1 pg/ml) is sufficient to demonstrate SCD
(Richer et al., 1987) whereas at least 75% substitution (10 pg/ml) is necessary to
reveal replication bands (Drouin et al., 1988a). Exclusive photolysis requires that
Hoechst 33258 and black-light UV act synergistically to preferentially photolyse
BrdUrd-substituted DNA and that the conditions for BrdUrd-DNA photolysis be so
optimal that all substituted DNA is solubilized during photolysis, making a
subsequent hot salt extraction step unnecessary (Lemieux ef al., 1987; Lemieux
and Richer, 1989; Drouin et al., 1988a) (Table V). The avoidance of the hot salt
treatment obviates the creation of DNA-protein interactions that make insoluble
chromatin inaccessible to Giemsa. The result (Fig. 4) is a Giemsa staining of only
unsubstituted DNA.

BrdUrd Antibody-Binding (BAB) Technique

The immunochemical detection system utilizes a specific antibody, usually a
mouse monoclonal anti-BrdUrd antibody (Gratzner, 1982), which binds to an
accessible epitope, BrdUrd, in single-stranded DNA. A secondary antibody when
needed is an antimouse immunoglobulin (IgG), either unlabeled or labeled with
fluoresceine, peroxidase, gold or any other suitable labeling system. Hence,
replication bands can be visualized in light microscopy (LM) with FITC,
peroxidase-3,3'—diaminobenzidine (DAB), or alkaline phosphatase (Vogel et al.,
1986, 1989; Karube and Watanabe, 1988) and in transmission electron microscopy
(TEM) either with gold (which can be coupled with streptavidin, antibody, protein
A or protein G) (Drouin ez al., 1988b, 1989a; Vogel et al., 1990; Fetni et al., 1991)
or with proteins (A or G) (Fetni et al., 1992). The BAB technique shows BrdUrd-
substituted bands positively stained while the FPG technique shows them as
negatively stained; thus the same BrdUrd regimen will yield complementary band
patterns using the different detection techniques (Figs. 2 and 4). For more
technical details, the readers should refer to Richer and Drouin (1990).

The BAB technique is an extremely sensitive method for detection of BrdUrd
in chromosomes, at least 20 times more sensitive than the FPG technique (Speit
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Fig. 4. Molecular model for FPG and BAB (BrdUrd antibody binding) techniques. Specific DNA
fragments are BrdUrd-substituted during S-phase. Chromosome condensation permits clustering of
substituted DNA into specific bands. The synergistic action of a photosensitizer and UV light
selectively breaks the substituted DNA, depolymerizing and solubilizing it, leaving unsubstituted
DNA as the only substance remaining to be stained by Giemsa. Alternatively, the DNA is denatured to
allow the binding of the anti-BrdUrd antibody, which can be revealed with a labeled antimouse
immunoglobulin (anti-IgG) antibody. The FPG technique shows the BrdUrd-substituted bands as
negatively stained while the BAB technique shows them positively stained; thus the same BrdUrd
incorporation regimen can yield complementary band patterns.

and Vogel, 1986; Tucker et al., 1986; Shiraishi and Ohtsuki, 1987). BrdUrd
substitution levels as low as 0.5% to 2.0% of thymine replacement in a single DNA
strand is sufficient for a signal (Pinkel et al., 1985; Natarajan et al., 1986; Vogel
etal., 1989). The BAB technique is specific in that unsubstituted chromosomes are
never stained.

While the exact epitope for the anti-BrdUrd antibody is undetermined, a
substituent on C-5 of uridine and the deoxyribose component are both required for
antibody recognition (Miller et al., 1986) (Fig. 4). The epitope is inaccessible
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when the DNA is double-stranded (Gratzner, 1982; Dolbeare et al., 1983; Miller
et al., 1986). Mild denaturation conditions that produce only partial DNA de-
naturation are adequate for antibody accessibility only to the less condensed
interphase chromatin (Gratzner, 1982; Dolbeare et al., 1983; Morstyn et al., 1983;
Moran et al., 1985; Vanderlaan et al., 1986). The highly condensed chromatin of
mitotic chromosomes requires stronger denaturation conditions to expose the
epitope to the antibody. On fixed chromosomes, HCI (Morstyn et al., 1983; Raza
etal., 1985; Natarajan et al., 1986; Karube and Watanabe, 1988), NaOH (Speit and
Vogel, 1986; Vogel et al., 1986; Latos-Bielenska et al., 1987; Shiraishi and
Ohtsuki, 1987; Drouin et al., 1988b), boiling water (Tucker et al., 1986), and
formamide (Pinkel ef al., 1985; Tucker et al., 1986; Drouin et al., 1989b) have
been used to expose the epitope. Exonuclease III, effective in digesting one of the
two strands of chromosomal DNA, produces good replication banding with the
BAB technique (Fetni ez al., 1995). Formamide denaturation gives more consistent
results with better preserved chromosome morphology (Drouin et al., 1989b) than
do other DNA denaturing agents. The extent to which the epitope is removed or
remains inaccessible after these procedures is unknown.

COMPARATIVE BAND PATTERN ANALYSIS

Replication Band Patterns

In euchromatin, the replication band patterns GBGy5_| gg9 and GBlys, | o500
(Table I) are absolutely identical, and display a 100% band-for-band identity
matching (Figs. 5 and 6, Fetni er al., 1995). Similarly, RBG450_L250- and
RBI,s50 1 pso-band patterns (Figs. 5 and 6, Fetni et al., 1995) are absolutely
identical. GBG and RBG are obtained with the FPG technique, while GBI and
RBI are obtained with the BAB technique. Since GBI and RBI can be produced for
LM or TEM analysis, the same congruency was noted in TEM as in LM (Drouin et
al., 1988b, 1989a). Using chromosomes from human lymphocytes and bone
marrow at a lower band level, Savary et al. (1992) confirmed the strict similarity
between GBI, 550 and GBG, 55, as well as between RBI, 5, 55, and RBG54 550

In euchromatin, the replication band patterns GBG 5 | ogo and GBl,s, | 99
display a 100% band-for-band complementary matching to RBGs, 550 and
RBI50 1 250 band patterns (Figs. 5-7; Drouin et al., 1989a, 1990; Fetni et al.,
1995). The only overlapping observed is at band junctions and can be explained by
the optical halo effect imparting more visual substance to bands positively stained
by each technique (Drouin and Richer, 1985). The paired patterns GBG and RBG
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Euchromatin
GTG GBG 100% GBI
l X 100% 100%
RHG
75 - 85% RBG 100% RBI
Heterochromatin
(inactive X chromosome & C-bands)
40% %
GTG 0% GBG GBI
40% 100%
85% 60% Jos% 80% |80%
RHG RBG
100% RBI

—_— Congruencg
wmmm  Complementarity

Fig. 6. A summary of the percentage of congruence (horizontal lines) and complementary (vertical
and diagonal lines) between various bandings, oo, ; 550 See Drouin et al. (1991a) for technical details.

allow every part of each chromosome to be stained positively. Each euchromatic
chromosome segment is either GBG* or RBG*; a given segment is never posi-
tively or negatively stained by both bandings.

If the extensive similarities and complementarities mentioned above are
correct, then all the following statements must also be true:

1. In euchromatin and at 1,250 bands/genome resolution, a set of bands, R—
bands, replicate in their entirety before the artificially imposed block at
the R/G transition seen in Figs. 1 and 2.

2. The remaining and complementary set of all euchromatic bands, the
G-bands, replicate in their entirety after the R/G transition block is
released.
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3. The TBP culture method reliably allows complementary BrdUrd incor-
poration, in either R—bands or G—bands.

4. The FPG technique, which mostly utilizes the photolysis-dissolution
mechanism (Lemieux et al., 1987; Lemieux and Richer, 1989; Drouin et
al., 1988a in Table V), stains all unsubstituted bands positively and all
BrdUrd-substituted bands negatively.

5. The BAB technique, as developed for either LM or TEM, stains all
BrdUrd-substituted bands positively and all unsubstituted bands nega-
tively.

Replication Band Patterns versus Morphologic Band
Patterns

In euchromatin, GTGgy, ; g0 @and GBGgy | ggo-band patterns are almost
identical (Fig. 7) (Meer et al., 1981; Lemieux et al., 1990; Savary et al., 1991).
They display 95% band-for-band identity matching (Fig. 6) with some minor
differences being observed in the telomeric regions of Sp, 8q, 11q, 13q and 20q
(Fig. 7, Table VI) (Lemieux et al., 1990). Other groups confirmed telomeric
differences for 5p (Savary et al., 1991) and 11q (Scheres et al., 1982). At lower
band levels, spanning the two chromatids, there is a slight difference in that GBG
bands characteristically appear as sharp twin dots and hence differ somewhat from
GTG bands that look linear (Lemieux et al., 1990). As expected, the RBG-band
pattern is almost exactly complementary (reverse, 95%) to the GTG-band pattern
(Figs. 6 and 7).

After analysis of hundreds of chromosomes, idiograms for RHGq,,-banded
chromosomes (Richer et al., 1983b) and RBGI,ZSO-banded chromosomes (Fig. 8;
Drouin and Richer, 1989) were made. While constructing these idiograms, we
found that, in euchromatin, RHGgs, ¢50- and RBGqs, , ,5,-band patterns shows
75% to 85% band-for-band identity matching (Figs. 6 and 7) (Drouin et al.,
1991a). These dissimilarities diminish with decreasing band levels and vary from
one chromosome region to another (Fig. 7). For example, Sp, the distal third of
6q, the distal third of 8q, and the distal half of 13q show striking dissimilarities
between RBG— and RHG-band patterns; the proximal third of 1p, 3q, 15q and
16q show less obvious differences; while 6p, 7p, 14q and 20q appear quite identical
after RHG and RBG bandings (Fig. 7). Several bands that are uncharacteristically
RHG*-RBH~ or RHG™-RBG™ are listed in Table VI. Savary et al. (1991),
studying lower band level chromosomes, did not find as many differences, except
for the telomeric area 5p, 6p, and 10q. The unexpected 15 to 25% noncongruency
between the RHG— and the RBG-band patterns depends upon three factors:
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TABLE VI. Cytological Characteristics of Several Bands

GTG GBG RHG RBG

Common characteristics
2p25.11
6ql4.3
12p13.1
13g31.1

Uncommon characteristics
4q35.21
5pl15.32 -
11925.2 -
17q24.2 -
19q13.431 +

o+
+ o0+
I+ 1+
I

+ o1+
+ 4+
!

(1) staining features of banding, (2) replication time of bands, and (3) BrdUrd-
dependent condensation delay.

The morphological GTGgs, 1400~ and RHGqs, ¢5,-band patterns display less
than 90% complementarity matching (Fig. 6) (Drouin and Richer, 1985; Drouin
et al., 1991a). Complementarity varies from one chromosome region to another.
79, 8p, 9p, 20p, 20q and 21q are complementary, while the proximal third of Ip, the
distal part of 4q, and the distal halves of 17q, 19p and 19q show several noncomple-
mentary areas (Fig. 7). Examples of GTG"- RHG" and GTG~-RHG™ bands are
listed in Table VI.

RBG™ 5 | »50 bands appear sharp and crisp, whereas RHG" ¢4, 45, bands
appear fuzzy (Fig. 7; Drouin et al., 1991a; Savary et al., 1991). Over 70% of the
RBG™ bands are darkly stained, while 30%, though positively stained, appear
paler (Figs. 7, 8). RHG banding produces a higher percentage of grey bands than
does RBG banding and, consequently, confers a paler overall appearance to RHG-
banded chromosomes (Figs. 7 and 8). By comparing the RBG (Drouin and Richer,
1989) and RHG (Richer et al., 1983b) idiograms, one sees that most pale
RBG™, ,5, bands are also pale RHG"4, bands. The remaining pale and grey
RHG* ¢, bands correspond to dark RBG*L250 bands. RHG banding produces a
much better contrast at low band level than at high band level, while RBG banding
reveals the finest and sharpest bands at high band levels. Grey bands fading into
one another without precise delimitation are characteristic of morphologic GTG-
and RHG-band patterns at high band levels. These cytological properties hinder
comparisons between morphological and replication bandings and could account
for some noncongruence. We found that a hot saline treatment following the black
light treatment makes RBG banding look more like RHG banding (Drouin and
Richer, unpublished data).
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BrdUrd incorporation slows the condensation rate of many substituted bands,
so that in early mitoses, delayed bands are wider and less condensed, than they
would have been if unsubstituted. GC-rich, early replicating (RBG*-GBG™)
bands show almost no visible condensation delay; several AT-rich, late replicating
(RBG~-GBG™) bands, such as 11q12.3, 14q24.2, and 17q12, show very little
delay; while several other AT-rich, late replicating (RBG~-GBG™) bands, such as
5pl4, 9p21 and 1331, display a high degree of condensation delay (Figs. 7, 8).
The BrdUrd-dependent effect on chromosome condensation is not an inhibition,
but a delay, since it is related to the mitotic stage; the delay decreases during the
progression of mitosis and is almost fully corrected by late metaphase. Very few
bands show evidence of BrdUrd-induced condensation delay in late metaphase
chromosomes. Consequently, RHG- and RBG-band patterns are more congruent
at low band levels than at high band levels (Drouin et al., 1991a).

The BrdUrd-dependent condensation delay is determined by three factors:
(1) the degree of BrdUrd substitution (see above), the condensation delay increases
with BrdUrd concentration (Zakharov and Egolina, 1972), (2) the AT content, the
greatest delays correlate with AT-rich clusters (Goyanes and Mendez, 1981;
Rgnne, 1983) which also contain the highest amount of BrdUrd; and (3) the time
interval between BrdUrd incorporation in a band during S-phase and mitosis
(Zakharov and Egolina, 1972; Zakharov et al., 1974); this means that for a band
that replicates late, this time interval is short, and the band displays greater
condensation delay than a band replicating earlier during S-phase. Consequently,
bands that are the AT-richest and the latest replicating, display the greatest degree
of BrdUrd-dependent condensation delay. Indeed, bands displaying the greatest
condensation delay (2pl2, 4pl3, 5pl4, 13q21, and 13q31) (Drouin et al., 1991a),
generally replicate during the latest intervals (XIV to XVIII) as defined by
Dutrillaux et al. (1976) and are the brightest when stained with quinacrine
(Dutrillaux et al., 1976).

Because late replicating BrdUrd-substituted subbands inside an R-band (a
group of RBG* 4, | 5, subbands, separated by tiny RBG~ subbands that fuse to
form one R-band,,) display almost no delay, the RBG™ ;| ,5, bands tend to be
grouped in clusters, which are separated by elongated (unstained) regions (these
are RBG~ 44, | 550 bands containing no, or one pale RBG* band, which form one
GBG™,,, band, Figs. 7 and 8) (Drouin et al., 1991a). The BrdUrd-dependent
condensation delay is more pronounced in the late replicating bands. The thinnest
RBG~ bands are elongated by BrdUrd substitution, while the thinnest GBG~
bands are not elongated by BrdUrd substitution, and these barely visible thin
unstained bands, which look like “cleavage furrows” in big dark bands (idiograms
of Fig. 7), are responsible for the highest level of band resolution. This explains
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why RBG banding can be accomplished at a higher band level (1,250 bands/
genome) than GBG banding (1,000 bands/genome).

Replication band patterns at high band levels have been reproducibly pro-
duced using the TBP culture method (see section 3), not only with human
lymphocytes but also with amniotic fluid cells (Qu et al., 1989; Savary et al.,
1991), chorionic villus cells (Savary er al., 1991), bone marrow cells (Lemieux et
al., 1987; Savary et al., 1992) and tumor cells (Dutrillaux et al., 1986; Muleris
et al., 1986, 1987a,b,c; Lemieux and Richer, 1989, 1990; Lemieux et al., 1989).
No tissue-specific differences in the replication band patterns were observed or
reported at high band levels. Using unsynchronized cell populations, Sheldon and
Nichols (1981) are the only investigators to report ill-defined tissue-specific
differences in the band,, o, patterns of late replication.

Importance of Complementarity to Idiograms

Standard idiograms, diagrams of band patterns, have been based on either
GTG banding or RHG banding but never on both, because these two bandings are
not quite complementary (Drouin and Richer, 1985; Drouin et al., 1991a). Such
idiograms inevitably overemphasize the darkly stained bands, and consequently
inadequately represent features of the underlying chromatin pattern. The two
replication bandings, GBG and RBG banding, being exactly complementary,
together represent a positive staining of the entire genome, providing an accurate
basis for making genomic idiogram.

In conclusion, all R-bands are not the same and not the reverse in staining to
all G-bands; a variety of different chromatin flavors can be distinguished using the
standard morphologic and dynamic bandings (Table VI). The response of a band to
RHG banding using hot acidic Earle’s balanced salt solution (Dutrillaux and
Lejeune, 1971; Richer et al., 1983a; Drouin et al., 1988a), a treatment which
presumably selectively denatures low Tm DNA and therefore indicates the base
composition of a band (Holmquist et al., 1982; Ambros and Sumner, 1987,
Sumner, 1990), is moderately related to replication time; the correspondence being
about 80% (Fig. 6). In contrast, the sensitivity of a band to trypsin is, for 95%
of all euchromatic bands, correlated with replication time; GTG* bands are almost
always late replicating and GTG™ bands are almost always early replicating.

Late replication is a phenomenon associated with gene repression (Holm-
quist, 1987; Goldman, 1988); only tissue specific genes reside in late replicating
bands and thus, their resident replicon, but not the entire G-band (Selig et al.,
1992), becomes early replicating in tissues where they are expressed. Replication
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band patterns are more primitive than morphologic band patterns (Schempp and
Schmid, 1981; Holmquist, 1987), and their patterns are more strongly conserved
during mammalian evolution (von Kiel ez al., 1985). Replication bands or clusters
of temporally synchronous replicons are probably present in all chordates, while
only vertebrates show GTG banding and only warm blooded vertebrates (birds and
mammals) evolved the base composition differences necessary for reasonable
quinacrine or RHG differentiation of R-bands (Holmquist, 1987, 1988, 1989;
Medrano et al., 1988). Thus, replication bandings reflect the distribution of a
function, late replication-repression, and hence, are more important indicators of
gene function and genome evolution than are morphologic bandings.

Juxtacentromeric Area

According to the International System for human Cytogenetic Nomenclature
(ISCN) (1985) idiogram, a GTG*-CBG~ band exists between the centromeric
CBG™ band and the most proximal RBG™* band of chromosome arms 5p, 11p, 11q,
and 12q. However, our results indicate that a CBG* 1,250 band (RBG-GBGY) is
always immediately followed by an RBG™| ,5,-GBG™, ,5, band, maintaining the
alternation of early and late replicating segments; no G-band was found between a
C-band and an R-band (Drouin ez al., 1990).

C-band Area

Constitutive heterochromatin differs entirely from euchromatin in that GTG,
GBG, RHG and RBG bandings lack the accustomed congruencies and comple-
mentarities of euchromatin (Fig. 6). Indeed, the GTG and GBG bandings display
low congruency for the C-band regions (the centromeric regions, secondary
constrictions of chromosomes 1, 9, and 16, and heterochromatin of the Y
chromosome), while the RHG and RBG bandings display a high degree of
congruency for these regions. C-band regions are generally GTG*, GBG*, RHG~
and RBG~ (Fig. 7), but often are GTG~ and each C-band region can be partly
GTG™ and partly GTG™~ (Fig. 7). After GBG banding, the secondary constrictions
of chromosomes 1, 9, and 16, often appear to comprise distinct blocks of dark-
staining material separated by thin bands of unstained material (Lemieux et al.,
1990). On the other hand, after RBG and RHG bandings, one or two small and
pale, positive bands can be visualized at high band levels (Richer et al., 1983b;
Drouin and Richer, 1989). These pale bands do not appear complementary to the
unstained bands observed after GBG banding (Fig. 6). These RHG* and RBG*
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bands could represent satellite DNA regions identified immunochemically as GC-
rich by Miller et al. (1974).

Another interpretation problem is that after GB-AP banding, the C-band
regions are not always positively stained (Fig. 5), while after GB-AAu banding
(Table 1), the display of gold particles is different than the one seen with
euchromatic bands (Drouin et al., 1988b). This type of chromatin most likely has a
different structure and the epitope is not as accessible to the BrdUrd antibody.

The short arms of the acrocentrics, bands pl11.12 and pll1.22, are RBG*-
RBI*-RHG*-GBG~-GBI~-GTG™, whereas p11.21 has the opposite staining (Fig.
5, 7, and 8). Hence, bands p11.12 and p11.22 are early replicating while p11.21 is
late replicating. The inconstant, early replicating and probably GC-rich (Okamoto
et al., 1981) band, p11.22, sometimes known as “p noir” or “p*” (Dutrillaux,
1973a), may be totally absent or present in one chromosome per pair, or in both.
This band is very useful to quickly determine uniparental disomy with R-banding.

The heterochromatic portion of Yq also shows great interindividual variation
in size and replication band patterns. C-banding, in situ hybridization using a
satellite DNA repeat sequence probe that hybridizes to Yq (Wall ez al., 1988; Wall
and Butler, 1989), and GBG550—1,000 banding (Drouin et al., 1990; Lemieux et al.,
1990), all show a discontinuous distribution of the heterochromatin into one to four
blocks, interspersed with unstained material. Avoidance of prolonged exposure to
Colcemid allows these distinct heterochromatin blocks to be revealed after
C-banding (Wall and Butler, 1989). After RBGi;, | 55, banding without using
Colcemid, one to four pale bands can be observed in the distal part of Yq
(Schempp and Miiller, 1982; Drouin and Richer, 1989); these pale bands are
separated by negative bands showing extreme BrdUrd-induced condensation
delay. The excellent complementarity of RBGys, | )5~ and GBGssg  go0-band
patterns for the heterochromatic portions (Fig. 7) (Drouin et al., 1990) shows that
these late replicating heterochromatin blocks are separated by early replicating
segments. This observation strongly suggests that these fragments could be
euchromatic.

Telomeric Area

In this context, we designate as “telomere” or *“telomeric region” the most
distal band,y, 4o,. This band consists of several subbands, (. With replication
banding, heterogeneity was found in such telomeric regions. After RBG banding,
the 48 different telomeric regions of the human karyotype fall into five distinguish-
able morphological classes (for description and classification see Drouin et al.,
1990). Type I telomeres are illustrated by 5q, 11p, and 14q; type II telomeres are
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represented by 6q, 8p, 8q, and 12q; type III telomeres are exemplified by 3p, 4q,
and 19q; the short arms of the acrocentrics constitute type IV; and only Yq can be
included in type V (Figs. 7, 8). While the complementary band pattern is found in
the telomeric area with the dynamic bandings (RBG and RBI complementary to
GBG and GBI), several type III telomeric bands are GTG* and RHG* (Table VI,
Fig. 7) (Drouin et al., 1990; Richer and Drouin, 1990).

Telomeric regions of type II and III contain less early replicating DNA and
more late replicating DNA than the telomeric regions of type I. Ten Hagen et al.
(1990) have reported that telomeric repeats of human cells could replicate early or
late, but they did not distinguish the replication of individual telomeres. There
is no association between a specific type of telomeric region and T-bands, very
GC-rich bands or very Alu-rich bands (Holmquist and Drouin, unpublished data).
We want to emphasize that this classification is based upon the morphology of the
telomeric regions after dynamic banding, and thus reflects the replication time.
The biological significance of these telomeric classes remains unknown.

Inactive X-Chromosome

The inactive X-chromosome shows that morphologic band patterns and
dynamic band patterns are independent phenomena. The inactive X and active X
have identical GTG- and RHG-band patterns even though the inactive X replicates
its DNA during late S-phase and has replication band patterns different from the
active X (Drouin et al., 1990). The TBP culture method now reveals two additional
replication features of the inactive X: the five earliest replicating bands of the
inactive X actually replicate before the R/G transition instead of afterwards as
previously believed, and, since all inactive X-chromosomes retain similar replica-
tion band patterns after the TBP culture method, previously reported differences in
cell and tissue specific band replication times are minor because the varying band
replication times never transgress the R/G transition.

The inactive X, after the TBP culture method allowing late-BrdUrd incor-
poration, appears decondensed and filiform with fewer RBG* 5, | ,5, bands than
its homolog; these positive bands are smaller and paler than their counterparts on
the active X (Drouin et al., 1990). After GBG45(H,000 banding, some small
unstained (GBG™) bands are interspersed in an otherwise darkly (GBG™) stained
inactive X (Drouin et al., 1990; Lemieux et al., 1990). Since the RBG45(H‘250 and
GBGy5_; oo band patterns are complementary, these five small bands are consid-
ered to replicate before the R/G transition. Indeed, bands pll1.2, p22.31 or p22.13
(undetermined as to precisely which one), p22.33, q13, and q26 in the inactive X
replicate at least in part before the R/G transition (Fig. 8; Drouin et al., 1990).
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Even in the inactive X, sequential R-band replication followed by G-band replica-
tion is conserved (Camargo and Cervenka, 1982; Schmidt ez al., 1982; Babu et al.,
1986; Reddy et al., 1988; Schwemmle et al., 1989), although several authors
firmly believe that R-band replication in the inactive X starts after the R/G
transition and coincides with autosomal G-band replication (Camargo and Cer-
venka, 1980, 1982; Schmidt ef al., 1982; Schmidt and Stolzmann, 1984; Reddy
et al., 1988; Schwemmle et al., 1989).

The bands of the inactive X-chromosome replicating before the R/G transi-
tion and concurrent with euchromatic R-bands reveal chromatin areas that escape
inactivation. Indeed, active, early replicating genes have been mapped to these
bands (Wiles et al., 1988; Fisher et al., 1990; Brown et al., 1991; Ellison et al.,
1992; Wang et al., 1992). There is a congruent replication pattern in the pairing
segments of both X and Y chromosomes and band Xp22.3 would correspond to
Ypll.3, although the resemblance is not obvious after GTG banding (Miiller and
Schempp, 1982; Schempp and Meer, 1983). Bands p11.2, p22, and q13 have been
considered those which initiate replication of the inactive X (Willard, 1977;
Biemont et al., 1978; Schmidt et al., 1982; Schempp and Meer, 1983; Babu et al.,
1986).

Studies done at low band,y, <5, levels and with unsynchronized cell popula-
tions displayed a striking interindividual and intercellular variability in the
replication band patterns of the inactive X chromosome (Latt ez al., 1976, 1981;
Willard and Latt, 1976; Willard, 1977; Kaluzewski, 1982; Schmidt er al., 1982;
Schmidt and Stolzmann, 1984; Tsukahara and Kajii, 1985; Babu et al., 1986;
Reddy et al., 1988). The TBP culture method, which showed bands, ,s, replicating
before the R/G transition, cannot be used to address the replication sequence of
bands replicating after the R/G transition. We believe that variations in replication
time of these bands, all of which replicate after the R/G transition, will be
irrelevant to the question of replication repression (Holmquist, 1987).

Homolog Discordance

In the euchromatin of a given pair of homologs, slight band pattern differ-
ences may exist; this difference is called discordance. Discordance is based on
visual differences in band number, band size, and band position; the degree of
homolog discordance is the percentage of arm pairs that show differences in any
one of these three different band characteristics. The degree of discordance
increases with available visual information, that is, band level (Schwartz and
Palmer, 1984; Drouin et al., 1988a; Lemieux et al., 1990). Discordance can be
ascribed to three causes: (1) replication asynchrony, (2) unequal BrdUrd-
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dependent condensation delay, and (3) technical factors. Only the third factor
applies equally to both morphologic and replication bandings. The interpretations
of previous replication bandings have always been limited by intercellular vari-
ability and homolog discordance. The TBP culture method combined with a good
banding method (FPG or BAB), serves to dramatically reduce the intercellular
variability of the band patterns (see p. 63), and also decreases homolog discor-
dance. Indeed, after dynamic bandings, homolog discordance is not greater than
that of morphological bandings (Fig. 9) (Drouin et al., 1988a,b, 1989a; Lemieux
et al., 1990). Consequently, technical factors explain the homolog discordance
observed after dynamic bandings and morphologic bandings.

When discordance of replication bands is due to replication asynchrony, a
given band does not replicate simultaneously with its homologous band. This
phenomenon has been widely reported with protocols following treatment of
unsynchronized cell populations with BrdUrd and seems to affect predominantly
the late replicating bands (Grzeschik et al., 1975; Kim et al., 1975; Latt, 1975;
Dutrillaux et al., 1976; Kondra and Ray, 1978). When the cells are released from a

25 <

20+

15 4

Percentage of homolog discordance

T T T T

0 200 400 600 800 1000 1200

Number of bands

Fig. 9. Relationship between the total number of bands per haploid set and the percentage of homolog
discordance for GTG, GBG, RHG, and RBG banding (combination of figures from Drouin et al.,
1988a and Lemieux et al., 1990).
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G,/S transition block, replication asynchrony between homologs is a common
finding (Schempp and Vogel, 1979; Schempp, 1980). With the TBP culture
method, there is complete synchrony between homologs at the R/G transition,
including band 15q11.2. This synchrony may be ascribed to the blocking agent,
although the R/G transition could be a checkpoint during the cell cycle. In all
likelihood, some asynchrony within each half of the S-phase occurs, therefore,
when asynchrony is found, the cell probably had not been released from an R/G
transition block. Indeed, Izumikawa et al. (1991) studied the R-band 15q11.2 in
particular, which contains the Prader-Willi syndrome critical region, and found
replication asynchrony between homologs in about 40% of the cells. They used a
methotrexate block and most of the mitoses studied had not been stopped at the
R/G transition. This higher replication asynchrony for 15q11.2 than for other
autosomal R-bands is presumably due to an imprinting effect (Izumikawa et al.,
1991). Molecular cytogenetic studies have confirmed the replication asynchrony
between homologs of the imprinted chromosomal region 15q11-15q13 (Kitsberg
et al., 1993; Knoll et al., 1994).

BrdUrd delays condensation of both chromosomes of a pair equally and does
not increase the homolog discordance. One may regard the differential condensa-
tion delay pattern for a given chromosome as stable and specific. We have never
observed the striking discordance found by Schollmayer et al. (1981) in the
condensation process of the BrdUrd-substituted bands of homologs as reflected by
the variability of the arm ratio.

The technical factors, which include hypotonic treatment, fixation, spread-
ing, chromosome overlapping, slide cleanliness, banding technique, and staining,
explain why replication banding shows more discordance than morphologic
banding at low resolution (<500 bands) (Fig. 9). At low band levels, FPG and
BAB techniques are less reliable at revealing fine bands along metaphase chromo-
somes. Technical factors can also be responsible for very high homolog discor-
dance after dynamic banding (Schwartz and Palmer, 1984; Latos-Bielenska et al.,
1987).

Lateral Asymmetry

Lateral asymmetry (Lin ez al., 1974) is seen as sister chromatid differentia-
tion (SCD, differentiation of TB-TB chromatids) in C-band regions after BrdUrd
incorporation for only one replication cycle (For extensive review, see Richer and
Drouin, 1990; Sumner, 1990). In some C-band regions, only one chromatid
fluoresces brightly after staining with Hoechst 33258 (Latt ez al., 1974; Lin et al.,
1974) or DAPI (Lin and Alfi, 1978); one chromatid stains darkly while the other
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stains lightly after the FPG technique (Angell and Jacobs, 1975); and one shows
green fluorescence while the other shows red fluorescence after acridine orange
staining (Dutrillaux ez al., 1976). Lateral asymmetry is seen in the long arm of the
Y chromosome; the secondary constrictions of 1, 9, and 16; the short arm of
chromosome 15 and the centromeric regions of human chromosomes 2, 3, 4, 5,
7,13, 14, 17, 19, 20, 21, 22; and of all mouse chromosomes (ref. in Richer and
Drouin, 1990). It is a heritable heteromorphic feature, not present in every
individual but constant within an individual (Angell and Jacobs, 1978; Lin and
Alfi, 1978).

Lateral asymmetry is presumably associated with an asymmetric strand
distribution of A and T in satellite DNA of C-banded regions (Latt et al., 1974; Lin
et al., 1974). One replication cycle with BrdUrd produces asymmetrical BrdUrd
incorporation in such a satellite; one daughter chromatid is rich in thymidine
(template strand) and poor in BrdUrd (nascent strand) and the other chromatid is
poor in thymidine and rich in BrdUrd. A banding technique sensitive to this
difference in BrdUrd concentration should differentiate the chromatids in such a
satellite region. This explanation probably applies well to the mouse C-bands
whose major murine satellite DNA (Pardue and Gall, 1970) contains one strand
with 45% thymine while the other strand has only 22% thymine (Flamm ef al.,
1967). However, in humans there are at least four classes of well-defined satellite
DNA (Saunders, 1974) and the strand difference in thymine distribution is only
about 10% (32% and 42% in the heavy and light strands respectively) for satellite
DNA, and about 4% (26% to 30%) for satellite Il DNA; but it is not known for
satellite I1I and IV DNA (Schildkraut and Maio, 1969; Galloway and Evans, 1975).
These smaller differences in thymine content were presumed responsible for the
less pronounced asymmetry in fluorescence of human chromosomes than of
mouse chromosomes (Latt et al., 1974).

There are contradictions to this explanation for lateral asymmetry in humans:

1. Lateral asymmetry was not observed after RBGy | ,5, banding (Viegas-
Péquignot and Dutrillaux, 1978; Pai and Thomas, 1980; Meer et al., 1981;
Schollmayer et al., 1981; Drouin et al., 1988a). Lateral asymmetry seems
to be a characteristic of low-band-level chromosomes. The lateral differ-
entiation appears to be much less pronounced on chromosomes at high
band levels than on chromosomes at low band levels (Schempp and
Miiller, 1982).

2. Lateral asymmetry has never been reported with the BAB technique.

3. When this sister chromatid differentiation was initially revealed by the
FPG technique, the FPG protocol used always favored the second mecha-
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nism, i.e., alterations of chromatin properties (sec above). The hot saline
treatment seems to be an essential step of the FPG technique in order to
reveal the lateral asymmetry.

If strand asymmetry is the basis for lateral asymmetry, then it is revealed on
chromosomes at low band level through BrdUrd-induced conformational chroma-
tin changes. We believe the very sensitive approaches (high band level, FPG
technique optimizing selective photolysis and BAB technique) do not detect small
interstrand differences, each chromatid having more than enough BrdUrd incorpo-
rated to be stained lightly or darkly depending upon the method used.

R/G TRANSITION AND 3C PAUSE

The R/G transition reflects the transition from early (R-) to late (G- & C-)
band DNA replication. This important physiological transition during the S-phase
has been referred to as the 3C pause (Holmquist ez al., 1982; Holmquist, 1988).
While the concept of an R/G transition is well accepted, the concept of the 3C
pause is much more controversial. Some reports showed a clear demarcation
between early and late S-phase (Schmidt, 1980; Kaluzewski, 1982; Vogel et al.,
1985; Vogel and Speit, 1986) and an absence of DNA synthesis occurring in the
middle of the S-phase was reported (Klevecz et al., 1975; Schempp and Vogel,
1978, 1979; Holmquist et al., 1982). However, studies of unsynchronized cell
populations found no period of complete cessation of DNA synthesis and demon-
strated overlapping between R- and G-band replication (Dutrillaux, 1975a; Kim
etal., 1975; Cawood and Savage, 1985; Vogel et al., 1989; Aghamohammadi and
Savage, 1990). On the other hand, our results showing that a fully-developed
R-band pattern is complementary to a fully-developed G- and C-band pattern
(Drouin et al., 1989a, 1990; Fetni er al., 1995) indicate that all R-bands terminate
their replication before all G- and C-bands initiate their replication. It is possible
that the DNA synthesis blocking agents generate an artificial synchrony by
allowing chain elongation of the R-band replicon clusters while blocking initiation
of G-band replicon clusters. How the R/G transition occurs still remains largely
unresolved.

During the four to four-and-a-half hours after release of cells previously
blocked at the R/G transition, there occur the synthesis of late replicating DNA,
wherein the G- and C-bands replicate, and G,. The duration of the late S-phase
(S,) was previously believed to be roughly as long as the early S-phase (Sg)
(Dutrillaux et al., 1976; Schempp et al., 1978; Schmidt, 1980). However, if G,
lasts two hours, only two to two-and-a-half hours are available for S;; thus S;
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would represent 20 to 30% of the S-phase duration, assuming that the duration of
the S- and G,-phases for cultured human lymphocytes varies from eight to ten
hours and two to four hours, respectively. Placing the 3C pause at 65 to 75% of the
total duration of S-phase would offer a plausible explanation for the short S, (Figs.
1, 2). In addition to this short release period, other evidence supports this
hypothesis. First, during S; , only 33 to 40% of the DNA replicates. Second, flow
cytometry studies of several mammalian cell types showed that S, constitutes
60 to 70% of the length of the S-phase (Klevecz et al., 1975; Klevecz, personal
communications). Third, using very short BrdUrd pulse labeling of unsyn-
chronized lymphocytes, Vogel et al. (1989) found that S; was much shorter than
Sg (5,:25% versus Sg:75%).

Two other factors might explain the short duration of S, . (1) A temporary
inhibition of DNA synthesis by the S-phase synchronizing agent could be followed
by an increase in replication origins and result in bursts of DNA synthesis and
shortening of the S, (Carnevali and Mariotti, 1977; Taylor, 1977). (2) Since late
replicating DNA is inactive and more repetitive, replication could be faster, since
it is known that heterochromatin replicates its DNA more rapidly than euchromatin
(Schmid and Leppert, 1969; Comings, 1970; Stubblefield and Gay, 1970; Kimura
et al., 1980).

QUANTIFICATION OF R-, G- AND C-BAND CHROMATIN

The relative amount of each type of replication bands, ,s, is shown in Fig. 10
and Table VII. These calculations were possible because RBG and GBG bandings
are exactly complementary patterns of positive information and can be used
together to compensate for the halo effect (overrepresentation of positive informa-
tion). More than half of the DNA is early replicating (Fig. 10) (Drouin et al.,
1991a), in accordance with flow cytometry studies showing that about 60% of the
DNA is replicated during the early S-phase (Klevecz et al., 1975), with the R/G
transition occurring after 60 to 66% of the DNA has been replicated (see p. 92).

G, ,50-bands within metaphase R,y,-bands represent less than 10% of the
width of R,q-bands, while the R, ,5,-bands within metaphase G,,-bands repre-
sent almost half of G,,,-bands (Table VII). However, the premitotic condensation
of G-band chromatin (Goyanes and Mendez, 1981) could decrease its relative
proportion compared with R-band chromatin after cytogenetic evaluation. Further-
more, the DNA concentration might be higher in G-bands because they consist of
more condensed DNA than do R-bands. G-band chromatin could contain more
DNA than is cytogenetically estimated from band width.
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4.6%

Fig. 10. Relative amounts of the three main types of chromosome bands, ,, based on the width of each
band.

TABLE VII. Percentage of Prophase
Chromosome Length in Different Kinds

of Bands

C-bands 4.6%
Prophase G ,5,-bands 27.7%
In metaphase G, -bands 23.5%
In metaphase R,,,-bands 4.2%
In mundane R,-bands 1.9%

In vAlut vGC~ Ry-bands 0.3%

In vAlu~ vGC* R, -bands 0.7%

In vAlu* vGC* R, -bands 1.3%
Prophase R, ,5,-bands 67.7%
In metaphase Gj-bands 11.8%
In metaphase R,,-bands 55.9%
In mundane R,y-bands 32.9%

In vAlu* vGC~ Ry,-bands 2.9%
In vAlu~ vGC* R,y -bands 7.3%
In vAlu* vGC* R, -bands 12.8%
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The human genome can be separated according to base content into five
buoyant density fractions. These correspond to various base-composition iso-
chores, which are large genomic DNA segments (well above 200 kb) of fairly
homogeneous base composition (Bernardi er al., 1985). The three heaviest
fractions (H1, H2, and H3) are GC-rich and constitute 34% of the genome; it has
been suggested that they corresponded to R-band DNA. The two lighter (L1 and
L2), GC-poor, fractions constitute 66% of the genome and could correspond to
G-band DNA (Cuny et al., 1981; Bernardi et al., 1985; Bernardi, 1989). Our
estimates of 60 to 66% R-band DNA represent much more DNA than is in
Bernardi’s H1-3 isochore fractions, so many R-bands must contain DNA from the
AT-rich (GC-poor) isochore fractions. Indeed, the R-bands which are not T-bands,
are composed of an almost equal amount of L and H1 isochore families (with a
minor contribution of the H2 and H3 families) (Saccone et al., 1993). Saccone et
al. (1993) also showed that G-bands consist essentially of L isochore families, with
a minor contribution of H1 isochores. The relative proportion of light and heavy
isochore fractions could represent the molecular basis for the different chromatin
flavors of the R-bands (Holmquist, 1990a, 1992), and account for both the
incomplete complementarity between RHG and GTG band patterns and the
incomplete congruency between RHG and RBG band patterns (see section 5.2).
The very GC-rich (vGC*) (Ambros and Sumner, 1987) and THG* (Dutrillaux,
1973b) bands are composed predominantly of GC-rich isochores of the H1 and H2
families and in part of the GC-richest isochores of the H3 family (Saccone et al.,
1993). The high content of GC-rich isochores of the T-bands probably represents
the banding basis of the THG* bands which are more resistant to heat denaturation
(Dutrillaux and Covic, 1974).

CONDENSATION AND REPLICATION:
TWO INTERRELATED PHENOMENA

Chromosome condensation was evaluated cytogenetically from late pro-
phase, bandl‘zso, to late metaphase, band,, (Drouin ez al., 1991b). This phenome-
non is seen as the shortening of chromosome segments and fusion of subbands.
During mitotic condensation, many of the 1,250 subbands of prometaphase
chromosomes fuse until, at metaphase, only 300 distinguishable bands remain
(Fig. 11). Generally, two major (thicker) subbands, flanking one minor (thinner)
subband coalesce and fuse together, forming one band with cytological charac-
teristics similar to the original flanking subbands (Fig. 11). The band resulting
from fusion always maintains the cytological features of the two major flanking
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Ri2s0 Rgso Rsoo G350

Fig. 11. RBG- and GTG-banded chromosome 5 at various stages of chromosome condensation
(modified from Holmquist, 1992). The number of different resolved bands per haploid genome, as
indicated by subscripts, decreases as the chromosomes condense (Drouin et al., 1991b). The decrease is
due to fusions of many prophase subbands. The lines indicate the fusion of 7 bands, ,s, (4 RBG* and 3
RBG™). During this fusion, three G-bands are swallowed without affecting the cytological features of
the final R-band,s;, (RBG* and GBG™). In some regions of preferential condensation, subbands fuse
quite readily. Other regions (arrows) show no fusion. More than one third of the 125 metaphase
GBG;, bands do not show any fusion, while less than 4% of the 164 metaphase RBG* ;;, bands fail to
fuse (Drouin et al., 1991b). The leftmost chromosome, at 850-band level, was treated by THG-
banding. It shows that, at prophase, the heat-resistant Tgs-subbands are clustered. In shorter
chromosomes, these clusters are fused and form a single metaphase T,-band (not shown).

subbands, that is, the minor band and its contribution to the fused band seem to
disappear. This is true for replication banding using FPG or BAB detection and for
morphologic GTG and RHG bandings. This implies that during condensation, the
chromatin structure is reorganized to allow the middle bands to be integrated and
take on the cytological features of the flanking bands.

Exactly how subbands fuse remains a mystery. The disappearance during
fusion of a minor band from FPG or BAB detection may imply that the FPG and
BAB techniques do not simply differentiate BrdUrd-substituted from un-
substituted chromatin as suggested above. Immunochemical banding studies in
TEM showed that many anti-BrdUrd antibody binding sites become inaccessible



Chapter 2: High-Resolution Replication Bands 97

during band fusion (Messier et al., 1989). All staining results concerning band
fusion are inconsistent with the tight stacking of subbands as suggested in the
coiling models of chromatin structure (Manuelidis and Chen, 1990).

During G, and early prophase, late replicating DNA (G-bands) is the first
chromatin to condense followed by the early replicating DNA (R-bands) which
condenses less rapidly (Kuroiwa, 1971; Goyanes and Mendez, 1981). From late
prophase to late metaphase, R-bands condense more rapidly than G-bands, and
this trend is present throughout this mitotic period (Drouin ez al., 1991b). Fusion of
subbands along the chromosomes occurs in a specific chronological order so that
all cells of one mitotic stage have the same pattern of fused bands (Drouin et al.,
1991b). Fusion of subbands is asynchronous along the chromosome, there being
regions of preferential condensation and regions of slight condensation (Fig. 11)
(Richer ef al., 1983a,b; Drouin and Richer, 1985, 1989; Romagnano e al., 1987,
Drouin et al., 1991b). In general, the degree of condensation by band type is
T-bands followed by R-bands followed by G-bands (Holmquist, 1992). Since the
order of replication during S-phase is T-bands, followed by R-bands followed by
G-bands, the replication time of a band and its degree of mitotic condensation
seem directly related.

The fusion process, which is highly coordinated like replication, represents
as characteristic a feature of chromosome organization as does banding or
replication pattern. Metaphase G- and R-bands behave dynamically as indepen-
dent units of chromatin condensation (Goyannes and Mendez, 1981; Drouin et al .,
1991b). Presumably, the regulation of replication and condensation is not only
interrelated but is autonomous for each G- and R-band unit. Indeed, after DNA
replication, each metaphase band is a unit where the DNA is packaged into a
defined and specific structure. Each of these structural units is distinguished from
its neighbors by the banding techniques. At any condensation step, the cytological
features of a band remain the same; for example, a T-band remains a T-band from
the 850- to the 300-band level (Fig. 11) (Holmquist, 1992).

The numbering of prophase subbands in idiograms is based on and requires
an exact knowledge of the fusion pathways of each subband (ISCN, 1985). Since
the ISCN idiograms have been generated almost entirely from G-banded chromo-
somes, these idiograms have favored G-bands and do not properly reflect the
band fusion pathway. For example, in the ISCN idiograms, the R-band 9q32 is
shown undivided while the G-band 9q33 is subdivided in three subbands (Fig. 8
follows ISCN numbering). However, the fusion pathway derived from GTG,
GBG, RHG and RBG bandings (Drouin and Richer, unpublished data) shows very
clearly that in 9932 two R-subbands fuse and a middle G-band disappears, while
9933 never fuses from the 1,250 to the 300 band level (9q32.1, 32.2, 32.3) instead
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TABLE VIII. Distinctive Features of R-Bands and G-Bands*
Band features R-bands G-bands
Cytological features
Quinacrine Dull Bright
Hoechst 33258 fluorescence? Dull Bright
Acridine orange fluorescence® Yellow-green Orange-red
Chromomycin A, fluorescenced Bright Dull
Basophilia sensitivity to protein Sensitive (GTG™) More resistant
denaturation (GTG")

Basophilia sensitivity to heat denaturation
DNase II and Hae III sensitivity

Access to DNAse I-nick translation
Pachytene DNA

Heteropycnosis in prometaphase

Functional features

Replication time during the S-phase
Condensation rate during mitosis®
Mitotic chiasmata frequency
Meiotic chiasmata frequency
X-ray-induced break frequency
Synaptic initiation

Synapsis

Molecular features

Base composition

Third codon bases

Mapped genes

Housekeeping vs tissue specific (TS)
location

CpG islands in housekeeping and TS
genes

Promoter sequence

Interspersed repetitive sequences
Specific repeats

Amplification rate

Sequence divergence rate
Immunocytochemical features

Affinity of anti-Z-DNA antibodies (Ab)
Affinity of tumor antigen Ab

Affinity of anti-double-stranded DNA
AbS

Affinity of anti-triplex DNA Abs

Affinity of high-mobility group I protein
Abh

Acetylation of H4 histones’

More resistant (RHG™)
Sensitive

Open
Inter-chromomeres
Negative

Early

Fast

High

High

High

Yes
Homologous

dG+dC rich DNA
dG+dC rich

Most of the genes

All housekeeping genes
many TS genes (>50%)
Yes

Upstream GGGCGGG
SINE rich

Alu in humans

B1 and B2 in rodents
High

Slow

Strong
Weak

Strong

‘Weak
Weak

Yes

Sensitive (RHG™)
More resistant
Closed
Chromomeres
More condensed

Late

Slow

Low

Low

Low

No

Homology independent

dA+dT rich DNA
dA+dT rich

Few

Only TS genes

No

Rare Sp1 binding
sequence

LINE rich

L1 retroposons

Low
Faster molecular clock

Weak

Bind anti-T-antigen
Ab

Weak

Strong
Strong

(Continued)
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TABLE VIII. (Continued)

Band features R-bands G-bands
Immunocytochemical features (Cont.)
Fucosylation of nonhistone proteins/ No Yes
Other features
Abortion frequency in trisomic state Frequent Less frequent
Virus integration sites Hepatitis B virus Mouse mammary
tumor virus
bovine leukemia virus Epstein-Barr virus

“Most of these features were tabulated by Holmquist (1989, 1990b,c) or were presented at the 11t
International Chromosome Conference or reported as properties of chromatin flavors (Holmquist,
1992). Several new features were added; see FNs b—j for references.

#Raposa and Natarajan, 1974

‘Couturier et al., 1973

dSchweizer, 1977

¢Drouin et al., 1991b

/Magaud et al., 1985 (the Ab showed specificity for dG-dC and the band patterns were obtained after
slight trypsin digestion of the methanol-acetic acid-fixed chromosome preparations)

¢Burkholder er al., 1988

"Disney et al., 1989

Jeppesen and Turner, 1992

JMyllyharju and Nokkala, 1992

of 9q33.1, 33.2, and 33.3). Chromosome condensation should always be studied
with complementary banding techniques.

FEATURES OF R- AND G-BANDS

Based on combinations of extreme Alu richness (vAlu) and GC-richness
(vGC), Holmquist (1990a) distinguished four different subsets of R-bands based
on their chromatin flavors: vAlu~-vGC~ (mundane R-bands), vAlut-vGC—,
VAlu=-vGC™* and vAlut-vGC*. Each R-band subset has distinctive features
(Holmquist, 1992). Subsets of different kinds of G-bands have not been described.
However, we believe that several late replicating G-bands (4q13, 5pl4, 5q34,
8q23, 9p2l, 9p23, 1lpl4, 13q21, 13q31, and 14q31) are distinct from other
G-bands. They share the following distinguishing features: (1) very late replication
(groups XV to XVIII, Dutrillaux et al., 1976), (2) failure to fuse or just one fusion
(Drouin et al., 1991b), (3) an extreme BrdUrd-induced condensation delay (Drouin
et al., 1991a), and (4) only one gene has been mapped to any of these bands
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(Human Gene Mapping 11, 1991). These may represent a subset of G-bands, which
are particularly AT-rich and particularly devoid of genes.

So far, two major sets of euchromatic bands have been defined according to
their Giemsa stainability after trypsin treatment, G-dark (GTG*) and G-light
(GTG™) bands. This implies that all bands are G-bands (Sumner, 1990). GTG~
bands are not equivalent to RHG* bands and neither are GTG* and RHG™.
Sumner’s definitions are therefore confusing and incorrect. With the TBP culture
method, the genome was segregated into two distinct phases, distinguishable by
their replication time according to the R/G transition, which acts much like a cell
checkpoint. This precisely defines an early replicating subgenome and a late
replicating subgenome. Hence, a euchromatic band should be primarily defined
by its replication time, an early replicating band being an R-band and a late
replicating band being a G-band (RBG* = GBG™~ and RBG~ = GBG). Based on
this primary definition, R- and G-bands have many distinctive features (Table VIII).

The highest band resolution ever attained by replication banding, using either
the FPG technique (Drouin ez al., 1988a, 1990) or an ultrastructural immuno-
histochemical method (Drouin ez al., 1988b, 1989a), was 1,250 bands per genome.
Only one early report discerned more bands (GTG-bands) (Yunis, 1981). Even the
premature chromosome condensation technique (Hameister and Sperling, 1984)
does not provide higher resolution. Thus, we believe 1,250 bands to be the most
likely maximum number of attainable replication bands. Each would represent
represent approximately 2,500 to 3,000 kb of DNA and contain 10 to 50 replicons
of 50 to 330 kb (Hand, 1978). This number of chromosome replication units is in
agreement with the number of replication granules found with the interphase nuclei
(Nakamura et al., 1986; Nakayasu and Berezney, 1989; Fox et al., 1991; O’Keefe
et al., 1992).

CONCLUSION

Replication banding can be reproducibly revealed by blocking DNA synthesis
at the R/G transition and incorporating BrdUrd into DNA replicated either before
the block or after its release. Banding techniques that reveal very specifically the
BrdUrd-substituted DNA are available. The thymidine—BrdUrd permutation
(TBP) culture method combined with an appropriate banding technique produces
replication R-band patterns exactly complementary to replication G-band patterns
and are almost exactly congruent to GTG-band patterns. Since the replication time
of a band relative to the R/G transition can be determined, it is important to verify
the replication time of bands after chromosome rearrangement. Karube and
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Watanabe (1988) found a switch from late to early replication of the chromosome
segment at the site of a translocation in a case of acute myeloid leukemia with a
chromosome translocation. Furthermore, with the TBP culture method, a DNA
fragment can be localized to an R- or G-band by in situ hybridization directly on
banded, ,5, chromosomes (Fetni et al., 1991, 1992; Lemieux et al., 1992); such
cytological resolution for gene localization is unprecedented. An idiogram repre-
senting both the early and late replicating bands (Fig. 8 represents only RBG*
bands) would represent band widths proportional to the DNA content of each band
and would be very useful for genome mapping.
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INTRODUCTION

The disease described by Charcot and Marie involves a slowly progressive distal
muscular atrophy with initial involvement of the feet and legs, followed by
variable progressive weakness of the hands (Charcot and Marie, 1886). Indepen-
dently, Tooth had reported on a peroneal type of progressive muscular atrophy
with essentially the same clinical findings (Tooth, 1886). While the inherited
nature of the disease was noted in both studies, Tooth had correctly postulated
that the disorder is due to an underlying neuropathy, instead of a myelopathy as
Charcot and Marie had proposed.

Charcot-Marie-Tooth disease (CMT) represents the most common inherited
disorder of the peripheral nervous system, with an estimated population frequency
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of 1:2500 (Skre, 1974). CMT is a type of hereditary motor and sensory neuropathy
(Dyck et al., 1993) which exhibits both clinical and genetic heterogeneity (Lupski
etal., 1991a). Linkage analyses have revealed at least six genetic loci correspond-
ing to subtypes of CMT (Vance et al., 1989; Bird et al., 1982; Chance et al., 1990;
Gal et al., 1985; Ben Othmane et al., 1993a; Ben Othmane e al., 1993b).
Furthermore, a combination of positional cloning and candidate gene strategies
has identified three genes associated with CMT (Valentijn et al., 1992a; Roa et al.,
1993c; Kulkens et al., 1993; Hayasaka et al., 1993a; Bergoffen et al., 1993a).
Molecular studies have demonstrated that alternative mutational mechanisms of
DNA duplication and point mutation are responsible for this disease. These
findings serve to elucidate the molecular bases of CMT as well as other inherited
primary peripheral neuropathies, and provide key insights into the basic biology
of the peripheral nerve.

PATHOLOGICAL FEATURES

Charcot-Marie-Tooth Disease

Charcot-Marie-Tooth polyneuropathy syndrome is characterized by an insid-
ious onset and slowly progressive weakness of the distal muscles (Lupski et al.,
1991a). Clinical features include initial weakness of the intrinsic foot muscles and
distal leg muscles, including peroneal muscular atrophy, leading to foot defor-
mities and gait abnormalities, respectively. Atrophy of the distal leg muscles can
be prominent in some patients, and variable weakness of the intrinsic hand
muscles may occur later in the course of the disease. Sensory involvement is rare,
although decreased pain to pricking in a stocking distribution is seen in some
patients (Lupski et al., 1991a; Lupski, 1992). Clinical symptoms usually manifest
within the first two decades of life (Bird and Kraft, 1978), and considerable
variation of clinical severity is observed among unrelated CMT patients (Lupski
et al., 1991a), in affected individuals within the same family (Kaku et al., 1993a),
and even between identical twins (Garcia et al., 1992).

Two major forms are differentiated by electrophysiological studies. CMT
type 1 (CMT1), which is also known as hereditary motor and sensory neuropathy
type I (HMSNI) (Dyck et al., 1993), is a myelin-defective neuropathy that exhibits
moderately to severely reduced motor nerve conduction velocity (NCV) (Lupski
et al., 1991a; Kaku et al., 1993b). The conduction deficit in CMT]1 is bilaterally
symmetric, from nerve to nerve, and between nerve segments, suggesting an
intrinsic Schwann cell defect (Kaku et al., 1993b). The electrophysiological
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finding of symmetrically reduced motor NCV is a fully penetrant phenotype
usually evident by two years of age, before the onset of clinical symptoms
(Nicholson, 1991; Kaku et al., 1993b; Kaku et al., 1993a). In contrast to the myelin
deficit in CMT1, an axonal lesion underlies CMT type 2 (CMT2). CMT2, which is
also known as hereditary motor and sensory neuropathy type II (HMSNII),
exhibits normal or only mildly reduced motor NCV with decreased amplitudes
(Dyck et al., 1993; Lupski et al., 1991a).

Peripheral nerve biopsies on CMT] patients reveal a marked decrease in the
degree and number of myelinated fibers, and hypertrophic changes due to onion
bulb formations (Lupski and Garcia, 1992). These formations consist of concentric
membranes derived from Schwann cells around myelinated and demyelinated
internodes. In contrast, onion bulb formations are only occasionally seen in
peripheral nerves of CMT2 patients (Lupski et al., 1991a; Dyck et al., 1993;
Lupski and Garcia, 1992).

Inherited Primary Peripheral Neuropathies Related
to CMT

Hereditary neuropathy with liability to pressure palsies (HNPP), also called
tomaculous neuropathy, was first described in a family with three generations of
affected members who experienced recurrent peroneal neuropathy after digging
potatoes in a kneeling position (De Jong, 1947). Symptoms of this autosomal
dominant neuropathy include periodic episodes of numbness, muscular weakness,
and atrophy following relatively minor compression or trauma to the peripheral
nerves (Windebank, 1992). Mild reductions in NCV may be observed by electro-
physiology, with evidence of conduction blocks (Dyck et al., 1981). Segmental
demyelination and remyelination of the peripheral nerves with tomaculous or
sausage-like focal thickenings of the myelin sheath are characteristic features of
HNPP (Windebank, 1992).

Dejerine-Sottas syndrome (DSS) is a relatively rare, dysmyelinating hyper-
trophic neuropathy that was first described in a pair of siblings who were affected
in infancy and at 14 years of age (Dejerine and Sottas, 1893). Dejerine-Sottas
syndrome or hereditary motor and sensory neuropathy type IIT (HMSNIII) shares
considerable overlap with the clinical, electrophysiological and histopathological
findings of CMT, although the symptoms of DSS have an earlier onset and are
more severe (Dyck et al., 1993). Motor nerve conduction velocities are greatly
reduced (Dyck et al., 1971), and peripheral nerve biopsies reveal dysmyelination
and onion bulb formation (Dejerine and Sottas, 1893). Autosomal dominant and
autosomal recessive cases of Dejerine-Sottas syndrome have been reported
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(McKusick, 1992). The inherited primary peripheral neuropathies HNPP, DSS,
and Charcot-Marie-Tooth disease type I all appear to involve a Schwann cell-
autonomous defect (Chance et al., 1993; Roa et al., 1993c; Lupski and Garcia,
1992; Roa et al., 1993a; Kaku et al., 1993b). The genetic lesions underlying these
related disorders will be discussed in the succeeding sections.

GENETIC HETEROGENEITY OF CHARCOT-MARIE-
TOOTH DISEASE

The most common inherited peripheral neuropathy, CMT, exhibits all forms
of Mendelian inheritance. The more common dysmyelinating form, CMT1, can be
inherited as an autosomal dominant, autosomal recessive, or X-linked trait;
sporadic cases of CMT1 have been reported (McKusick, 1992). The axonal or
neuronal form of the disease, CMT type 2, is an autosomal dominant disorder that
has been genetically differentiated from CMTI by linkage analysis (Hentati et al.,
1992; Loprest et al., 1992) and by mutation analysis (Wise et al., 1993). However,
patients with apparent homozygous expression of a CMT?2 mutation were reported
to exhibit a severe clinical and electrophysiological phenotype similar to HMSNIII
or Dejerine-Sottas syndrome (Sghirlanzoni et al., 1992).

Most cases of dysmyelinating CMT!1 exhibit autosomal dominant inheri-
tance, and three subtypes have been defined by genetic linkage analysis. The most
common subtype is CMTI1A, in which the disease locus demonstrates linkage to
DNA markers in 17p11.2p12 (Vance et al., 1989). The locus for CMTIB is linked to
markers in the 1g21.2q23 region (Bird et al., 1982). A third subtype, CMTIC,
appears to be associated with a third autosomal dominant locus, which maps
outside of the 1q and 17p regions (Chance et al., 1990; Chance et al., 1992b). The
locus for CMTX maps to proximal Xq (Gal et al., 1985; Bergoffen er al., 1993b).
In the case of the axonal form of the disease, CMT type 2, an autosomal dominant
locus (CMT2A) has been mapped to chromosome lp; in addition, genetic
heterogeneity is apparent in CMT2 (Ben Othmane et al., 1993b).

Autosomal recessive cases of dysmeylinating CMT1 are relatively rare and
represent a heterogeneous group, for which the designation of CMT type 4 was
recently proposed (Ben Othmane et al., 1993a). A locus was mapped on 8q13q21.1
for a genetic subtype of the disease, CMT4A (Ben Othmane et al., 1993a). In
comparison to autosomal dominant cases, the clinical and electrophysiological
findings in autosomal recessive cases of dysmyelinating CMT were found to be
more severe (Allan, 1939; Harding and Thomas, 1980). The loci corresponding to
other forms of autosomal recessive CMT1 remain to be mapped.
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GENE DOSAGE AS A NOVEL MECHANISM FOR CMT
TYPE 1A

DNA Duplication as the Major Cause of CMT1A

Charcot-Marie-Tooth disease type 1A comprises the majority of CMT cases
(Lupski et al., 1991a). CMTIA is usually associated with a stable tandem DNA
duplication of a 1.5-Mb region on 17p11.2p12 (Lupski et al., 1991b; Raeymaekers
et al., 1991; Lupski et al., 1993b; Pentao et al., 1992; Lupski, 1992). The
cytogenetically undetectable CMTI1A duplication was identified by a number of
molecular methods, including (1) detection of three alleles of a polymorphic (GT),
repeat mapping within the duplication (D/75122) in fully informative patients,
(2) demonstration of dosage differences of two-allele RFLPs in heterozygous
patients, (3) fluorescence in situ hybridization (FISH) analysis using probes within
the duplicated region, and (4) the identification of a 500-kb SacIl junction
fragment specific to the CMTIA duplication by pulsed-field gel electrophoresis
(Lupski et al., 1991b).

The DNA duplication is completely linked and associated with the neuro-
pathological phenotype of CMTIA as demonstrated by the original studies
conducted on U.S. French-Acadian and Ashkenazi-Jewish families (Lupski et al.,
1991b), and independently in twelve European kindreds (Raeymaekers et al.,
1991). Electrophysiological analyses in families segregating the CMTIA duplica-
tion showed a clear bimodal distribution between reduced motor NCVs in patients
carrying the duplication (<42 meters/second), versus normal NCVs in individuals
without the duplication (Kaku er al., 1993a). The causative role of the CMTIA
duplication was further substantiated by multiple reports of de novo duplication
concordant with onset of the disease phenotype (Raeymaekers et al., 1991;
Hoogendijk et al., 1992; Wise et al., 1993). The presence of the CMTIA
duplication was confirmed in different CMTIA patient populations including
American (Chance et al., 1992b), Australian (Nicholson et al., 1992), British
(Hallam et al., 1992), Belgian and Dutch (Raeymaekers et al., 1992), French
(Brice et al., 1992), Italian (Bellone et al., 1992), and Welsh (MacMillan e? al.,
1992) cohorts.

The frequency of the CMTIA duplication among unrelated CMT] patients
was estimated at approximately 70%—85%, according to three large independent
studies (Wise ef al. 1993; Ionasescu et al., 1993a) (Van Broeckhoven, European
Neuromuscular Disorders CMT Consortium Group, written communication, Sep-
tember 13, 1993). Furthermore, two studies that dealt with CMT1 patients with no
family history have indicated that de rovo CMTIA duplication could account for
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approximately 90% of sporadic CMT1 cases (Hoogendijk et al., 1992) (Van
Broeckhoven, European Neuromuscular Disorders CMT Consortium Group,
written communication, September 13, 1993).

Analysis of patient DNA by pulsed-field gel electrophoresis had demon-
strated that the same Sacll duplication junction fragment of approximately 500 kb
was present in the original U.S. French-Acadian and Ashkenazi-Jewish families
(Lupski et al., 1991b), in European CMT1A families (Raeymaekers et al., 1991;
Raeymaekers et al., 1992), and subsequently in 43 unrelated CMT1A patients of
different ethnic backgrounds (Wise et al., 1993). In a separate study, 74 unrelated
patients were identified carrying the 1.5-Mb CMT1A duplication; this study also
identified a CMT1A patient with an alternatively sized DNA duplication of 460 kb
(Valentijn et al., 1993). In addition, two other CMT1A families were reported to
segregate DNA duplications smaller than 1.5-Mb, although the exact sizes were
unknown (Ionasescu et al., 1993b; Palau et al., 1993). In all three of these cases,
the PMP22 gene was encompassed by the alternative DNA duplications (Valentijn
etal., 1993; Ionasescu et al., 1993b; Palau et al., 1993). However, these cases are
rare in comparison to the vast majority of CMTI1A patients with DNA duplication
of 1.5 Mb at 17p11.2p12.

The Region Duplicated in CMT1A Is Flanked by Large
Regions of Homology

The finding that a consistently-sized DNA duplication had occurred repeat-
edly at the 17p11.2p12 region strongly suggests the presence of intrinsic structural
features of the genome that predispose the region to discrete DNA rearrangements.
Physical mapping of the 17p11.2p12 region in normal and affected individuals
determined that the CMT1A duplication is a 3.0-Mb DNA duplication of a 1.5—
Mb monomer unit that is flanked by complex CMTIA-REP repeats of approx-
imately 35 kb (Pentao et al., 1992; Chance et al., 1994). The tandem arrangement
of the monomer units in the CMTIA duplication was determined by physical
mapping (Pentao et al., 1992) and FISH analysis (Valentijn et al., 1992b). Fig. 1
shows the wild-type physical map of the 1.5-Mb region (Pentao et al., 1992),
which contains the peripheral nerve myelin gene PMP22 (Patel et al., 1992;
Valentijn et al., 1992b; Timmerman et al., 1992; Matsunami et al., 1992). The
corresponding structure of the 3.0-Mb CMTIA duplication is also shown in
Fig. 1.

In contrast to the CMT1A duplication, the apparent reciprocal deletion at the
17p11.2pl2 region is associated with HNPP (Chance et al., 1993). The HNPP
deletion is 1.5-Mb in size, as determined by PFGE detection of SacIl junction



Chapter 3: Molecular Genetics of CMT 123

NORMAL CHROMOSOME
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Fig. 1. DNA structure of the 17p11.2p12 region. The 1.5-Mb monomer unit of DNA in the normal
chromosome is represented by the thick region. The stippled boxes represent the proximal (light) and
distal (heavy) CMT1A-REP repeats of approximately 35 kb, and the solid box represents the PMP22
gene. The Sacll restriction sites (S) are shown with the indicated 550-kb, 600-kb, and 720-kb PFGE
fragments detected by a probe to CMTIA-REP. The CMTI1A duplication chromosome structure and the
500-kb Sacll duplication junction fragment are shown in the middle of the figure. The HNPP deletion
chromosome structure, and the dual 770-kb and 820-kb Sacll deletion junction fragments, are shown
at the bottom.
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fragments specific to the deletion (Fig. 1) (Chance et al., 1993; Roa et al., 1993b).
Furthermore, the duplication and deletion boundaries appear to lie at CMT1A-
REP (Pentao et al., 1992; Chance et al., 1994). The flanking CMTIA-REP is
present in three copies in the interstitially duplicated CMTIA chromosome
(Pentao et al., 1992), and in a single copy on the deleted HNPP chromosome
(Chance et al., 1994) as shown in Fig. 1. A model of unequal crossing over
mediated by repeat regions (Bridges, 1936) was applied to the generation of the
CMTIA duplication and the HNPP deletion, where reciprocal rearrangements
presumably occur via unequal crossing over at misaligned CMT1A—REP repeats
during meiosis (Raeymaekers er al., 1991; Pentao et al., 1992; Chance et al.,
1994). The proposed recombination model for the CMTI1A duplication and the
reciprocal HNPP deletion is depicted in Fig. 2.

Evidence Supporting the Gene Dosage Model
for CMT1A

The DNA duplication underlying CMTIA could theoretically elicit the
disease phenotype by a number of proposed mechanisms (Lupski et al., 1991b).
However, the cumulative evidence strongly supports a gene dosage model, in
which an extra copy and increased expression of a critical gene within the
duplicated region causes the CMT1A disease phenotype (Lupski et al., 1992; Roa
et al., 1993d). Consistent with this mechanism, homozygous expression of the
CMTI1A duplication was seen to result in a more severe clinical phenotype
compared with heterozygous duplication patients (Fig. 3, pedigrees HOU42 and
HOU218) (Killian and Kloepfer, 1979; Lupski et al., 1991b). Furthermore, a total
of four rare dup17p partial trisomy patients were identified with larger duplications
and different boundaries relative to the CMT1A duplication (e.g., pedigree
HOU137 shown in Fig. 3). These patients exhibited the CMT1 electrophysiological
phenotype of uniformly decreased NCV as part of their complex phenotype, which
argued strongly against a model of gene interruption at the CMTI1A duplication
boundary (Lupski et al., 1992; Chance et al., 1992a; Upadhyaya et al., 1993; Roa
et al., 1993d). Finally, a candidate gene was identified in the form of PMP22, a
gene encoding a 160—amino acid peripheral nerve myelin protein (Patel et al.,
1992; Valentijn et al., 1992b; Timmerman et al., 1992; Matsunami et al., 1992).
PMP22 maps within the 1.5-Mb region that is duplicated in CMTIA and is not
disrupted at the duplication boundary (Patel et al., 1992; Pentao et al., 1992).
Moreover, the PMP22 gene remained duplicated in a rare CMTI1A patient with a
460-kb alternative duplication (Valentijn et al., 1993). PMP22 was also duplicated
in two other CMTIA patients reported to carry smaller DNA duplications of
undetermined size (Ionasescu et al., 1993b; Palau et al., 1993).
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NORMAL CHROMOSOMES

A PMP22 B_
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Fig. 2. Proposed recombination model of unequal crossing over leading to the CMTIA duplication and
the HNPP deletion. Normal chromosomes are illustrated at the top, where filled boxes represent PMP22
and the stippled boxes represent the CMT1A-REP repeats flanking the 1.5-Mb region, as in Fig. 1. The
boxes are stippled differently to designate the proximal (A and A’} and distal (B and B’) CMTIA-REP
repeats on two different chromosomes. Misalignment at meiosis between the distal (B) and proximal
(A") CMTIA-REP regions of two chromosomes is depicted in the middle of the figure. Unequal
crossing over leads to a nonsister chromatid exchange, resulting in either of two reciprocal recombina-
tion products. Recombination pathway 1 (long dashes) ieads to the CMTIA tandem duplication of
3.0-Mb, and recombination pathway 2 (short dashes) results in the HNPP deletion of 1.5-Mb.
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THE PMP22 GENE IN CHARCOT-MARIE-TOOTH
DISEASE AND INHERITED PRIMARY PERIPHERAL
NEUROPATHY

PMP22 and Charcot-Marie-Tooth Disease Type 1A

The PMP22 gene associated with CMT1A was identified through a combina-
tion of positional cloning and candidate gene strategies. Two proposed animal
models for CMT]1, the Trembler (Suter et al., 1992b) and Trembler’ (Suter et al.,
1992a) mice were found to carry allelic point mutations in the Pmp-22 gene (for
Peripheral nerve Myelin Protein, 22-kDa M,). This gene encodes a glycosylated
membrane-associated myelin protein (Manfioletti et al., 1990). The mouse
Pmp-22 gene was identified based on homology to the rat gene, which was isolated
by cDNA subtractive hybridization as a down-regulated gene following peripheral
nerve injury (Suter et al., 1992b; Welcher et al., 1991). The Pmp-22 gene of
peripheral myelin turns out to have been previously identified as SR13 (Welcher
etal.,1991), CD25 (Spreyer et al., 1991), gas3 (Schneider et al., 1988; Manfioletti
et al., 1990), and PASII (Kitamura et al., 1976). The human homolog of the
PMP22 gene is highly expressed in peripheral nerve (Patel et al., 1992) and maps
within the 1.5-Mb region in 17p11.2p12 that is duplicated in CMTIA patients
(Patel et al., 1992; Valentijn et al., 1992b; Timmerman et al., 1992; Matsunami et
al., 1992). Point mutations in PMP22 were identified in non-duplication CMTIA
patients, confirming the direct role of the PMP22 gene in the CMTI1A disease
process. One mutation predicts a Leul6Pro substitution identical to that of
Trembler’ mouse (Valentijn et al., 1992a), and a de novo mutation was identified
that leads to a Ser79Cys substitution in PMP22 (Roa et al., 1993c) (Table I) (Fig.
3, pedigree HOU226). These autosomal dominant mutations affect putative trans-
membrane domains and probably constitute gain of function alleles in PMP22
(Roa et al., 1993c).

An apparent recessive PMP22 mutation associated with CMTI1A was identi-
fied in a family with individuals affected for CMT1A and HNPP (Table I and Fig.
3, pedigree HOU44) (Roa et al., 1993b). A compound heterozygote patient
exhibiting the CMT1 phenotype carried a PMP22 point mutation on one chromo-
some (predicting a Thrl18Met substitution, Table I), in combination with a
deletion of PMP22 and the surrounding 1.5-Mb region on the homologous
chromosome (Roa et al., 1993b). This CMT]1 patient had one heterozygous son
who carried the PMP22 point mutation in combination with a wild-type PMP22
allele and exhibited no clinical phenotype. Two other sons were heterozygous for
the 1.5-Mb DNA deletion and displayed the distinct clinical phenotype of HNPP.
The disease mechanisms in this unusual family are diagramed in Fig. 3, pedigree
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HOU44 (Roa et al., 1993b). Thus, the CMTIA disease phenotype can be caused
by autosomal dominant and apparent autosomal recessive point mutation alleles in
PMP22. Fig. 3 also diagrams the different mutational mechanisms involving the
17p11.2p12 region in representative kindreds with inherited primary peripheral
neuropathies, CMT1A, Dejerine-Sottas syndrome and HNPP.

PMP22 and Dejerine-Sottas Syndrome

Dejerine-Sottas syndrome (DSS) is a related dysmyelinating disorder whose
clinical symptoms overlap with CMT1. Mutational analysis of the PMP22 gene in
patients with DSS identified point mutations associated with the disorder. A de
novo mutation was identified in a DSS patient that predicts a Met69Lys substitu-
tion, and a second mutation in an unrelated patient led to a Ser72Leu substitution
in PMP22 (Table 1) (Roa et al., 1993a). Although the lack of affected parents in
most DSS pedigrees is consistent with autosomal recessive transmission, the
heterozygous state of these PMP22 point mutations suggests the action of autoso-
mal dominant alleles (Roa et al., 1993a). Dejerine-Sottas syndrome is an example
that demonstrates that autosomal dominant new mutation, instead of presumed
autosomal recessive inheritance, can be responsible for the disease. A well
characterized precedent is the case of osteogenesis imperfecta type II, where the
disease which appeared to show a recessive pattern of inheritance was caused
largely by new dominant mutations in the COLAI and COLA2 genes of type I
collagen (Byers, 1989). The molecular data on CMT disease and DSS further
indicate that instead of being completely distinct entities, these two disorders
represent a spectrum of related clinical phenotypes that can arise from allelic
missense point mutations in the PMP22 gene (Roa et al., 1993a).

PMP22 and Hereditary Neuropathy with Liability to
Pressure Palsies

The autosomal dominant dysmyelinating disorder HNPP is associated with
the apparent reciprocal deletion of 1.5-Mb at 17pl1.2p12, which implicates
decreased dosage and expression of the PMP22 gene as a possible cause of HNPP
(Chance et al., 1993). This was confirmed by the identification of an apparent loss
of function PMP22 mutation in an HNPP patient who was not deleted for the 1.5—
Mb CMTI1A/HNPP region (Table I). The 2 bp deletion frameshift mutation in this
HNPP patient introduces a premature stop codon early in the reading frame of
PMP22 (Nicholson et al., 1994). This is in contrast to allelic missense PMP22
point mutations associated with CMTI1A and DSS (Table I).
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The results from PMP22 mutational studies illustrate that PMP22 is the
principal dosage-sensitive gene within the 1.5-Mb CMTIA/HNPP region at
17p11.2p12 responsible for peripheral neuropathy. Underexpression of the PMP22
gene leads to HNPP, which is either associated with deletion of the 1.5-Mb region
containing PMP22 (Chance et al., 1993), or with a nonsense mutation in the
PMP22 gene (Nicholson et al., 1994). In contrast, increased dosage of the region
containing PMP22 appears to be responsible for the majority of CMTI1A cases.
While the CMTI1A duplication is almost always 1.5-Mb in length, rare CMTIA
patients with smaller-sized DNA duplications that encompass the PMP22 gene
have been identified (Valentijn et al., 1993; Ionasescu et al., 1993b; Palau et al.,
1993). Alternatively, CMTIA can be caused by PMP22 point mutations that
presumably lead to an altered function of the protein (Roa et al., 1993c; Valentijn
et al., 1992a). It is notable that all the PMP22 missense point mutations identified
to date (Table I) predict substitutions between nonequivalent amino acids that are
most likely to perturb the structure and function of the native protein (Bordo and
Argos, 1991). A complete understanding of the mutational mechanisms awaits the
determination of the exact role of PMP22 in peripheral nerve physiology.

GENES ASSOCIATED WITH OTHER FORMS OF CMT

The Myelin Protein Zero (MPZ) Gene and CMT1B

The MPZ gene encoding myelin protein zero (Py) maps to the 1q22-q23
region where the CMTI1B locus was previously assigned (Hayasaka et al., 1993c).
The P, protein is the most abundant structural protein of peripheral nerve myelin
(Lemke, 1993). The first exon of MPZ contains the signal sequence, and exons 2
and 3 encode the extracellular immunoglobulin-like (Ig) domain that is important
to P, function as a homophilic adhesion molecule in myelin compaction (Lemke et
al., 1988; Filbin et al., 1990; D’Urso et al., 1990). Exon 4 of MPZ encodes a
transmembrane segment, and exons 5 and 6 code for the cytoplasmic domain
(Lemke er al., 1988). Multiple autosomal dominant mutations in the MPZ gene
were identified in CMT1B patients (Table I), where the mutations either result in
single amino acid substitutions (Hayasaka er al., 1993a; Hayasaka et al., 1993e;
Himoro et al., 1993; Hayasaka et al., 1993d), or an in-frame codon deletion in the
extracellular domain of Py (Kulkens et al., 1993). Except for one CMTIB-
associated mutation, which predicts the Asp(90)Glu substitution (Hayasaka et al.,
1993a), all the missense point mutations identified in MPZ lead to substitutions
between structurally nonequivalent amino acids (Table I) (Bordo and Argos, 1991).
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MPZ and Dejerine-Sottas Syndrome

Allelic mutations in the MPZ gene were similarly identified in sporadic
patients with DSS. Individual amino acid substitutions predicted by these de novo
mutations reside in the extracellular and in the transmembrane domains of P
(Hayasaka et al., 1993b). A list of MPZ mutations associated with CMTI1B and
DSS is shown in Table I. In each case, the amino acid residues are numbered from
the translation start site, and not the mature P, protein. Interestingly, deletion of
serine codon 63 (corresponding to deletion of serine codon 34 of the mature P
protein) is associated with CMTIB (Kulkens et al., 1993), while a serine-to-
cysteine substitution at the same residue (Ser63Cys) is associated with DSS
(Hayasaka et al., 1993b; Patel and Lupski, 1994). These findings on MPZ
mutations are consistent with those of PMP22, indicating that CMT type | and
DSS constitute a spectrum of peripheral neuropathy phenotypes with common
genetic bases.

The Cx32 Gene and X-linked CMT

The X-linked form of CMT (CMTX) is associated with mutations in the gene
encoding connexin-32 (Cx32 or GJBI), which maps to Xql3.1 (Bergoffen et al.,
1993a). The Cx32 mutations identified in CMTX patients lead to single amino acid
substitutions, a codon deletion, or frameshifts, as listed in Table I (Bergoffen
et al., 1993a; Fairweather et al., 1994; lonasescu et al., 1994). All but two of the
predicted single amino acid substitutions in connexin-32 (the Gly(12)Ser substitu-
tion [Bergoffen et al., 1993a} and the Val(63)Ile substitution [Fairweather et al.,
1994}) occur between structurally nonequivalent amino acid residues (Bordo and
Argos, 1991). Connexin subunit proteins assemble to form membrane-spanning
half-channels called connexons; these interact with connexons in adjacent cells to
form complete intercellular channels for transport of ions and small molecules.
The localization of gap junction proteins to peripheral nerve myelin was unprece-
dented (Bergoffen et al., 1993a).

IMPLICATIONS OF CMT STUDIES ON PERIPHERAL
NERVE BIOLOGY

The genetics and physiology of myelin are comprehensively discussed in a
number of recent reviews (Lemke, 1988; Hudson, 1990; Lemke, 1993). Compact
myelin sheaths surrounding the axons facilitate the saltatory conduction of nerve
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impulses in both the central nervous system (CNS) and the peripheral nervous
system (PNS). Myelin in the CNS is derived from oligodendrocytes while
Schwann cells give rise to PNS myelin, with differences in some of their
respective protein components. However, the basic structure of compact myelin is
the same in the two systems. A composite illustration of myelin organization in the
CNS and in the PNS is shown in Fig. 4, which is adapted from several sources
(Lemke, 1988; Lemke, 1993; Bergoffen et al., 1993a).

The characterization of the PMP22, MPZ, and Cx32 genes has provided
additional insights into the function of peripheral nerve myelin components. The
PMP22 gene encodes a membrane-associated 17 kDa protein whose apparent
molecular weight is increased to approximately 22 kDa by glycosylation (Man-
fioletti et al., 1990). PMP22 expression occurs at high levels in fully differentiated
Schwann cells, but is rapidly downregulated by loss of axon-Schwann cell contact
resulting from nerve injury (Spreyer et al., 1991; Welcher et al., 1991). The
integral membrane protein PMP22 was located in the compact portion of myelin-
ated fibers in the PNS, but not in the CNS (Snipes et al., 1992). Structural
modeling predicted four putative transmembrane domains in PMP22 (Suter et al.,
1992a), which bears striking similarity to proteolipid protein (PLP) of CNS myelin
(Fig. 4). The location and membrane-spanning nature of PMP22 have suggested a
role in peripheral nerve myelin compaction (Lupski, 1994). Mutations within the
PMP22 gene, as well as increased dosage of the 1.5-Mb region containing
PMP22, independently give rise to the CMT1A phenotype of uniformly decreased
nerve conduction associated with abnormal myelin compaction. Although all this
is known, the exact function of PMP22 remains to be determined (Suter et al.,
1993).

The P, protein is the major glycosylated structural protein that comprises
approximately 50% of mammalian peripheral nerve myelin (Lemke, 1988; Hud-
son, 1990; Lemke, 1993). P, is produced by myelinating Schwann cells and is
located at the compact myelin layers of the PNS as depicted in Fig. 4. The mature
P, protein contains a glycosylated extracellular domain highly homologous to
those of the immunoglobulin gene superfamily (Lemke and Axel, 1985). Based on
structural considerations, the extracellular domain was postulated to mediate
adhesion between the extracellular faces of the myelin membrane to form the
intraperiod line (Lemke and Axel, 1985). Homophilic adhesion properties of the P,
extracellular domain have been demonstrated in mammalian cells transfected with
P, cDNA (Filbin et al., 1990; D’Urso et al., 1990). The complex carbohydrate
moieties on the mature P, extracellular domain were shown to be important in
conferring adhesiveness (Filbin and Tennekoon, 1991). The majority of MPZ
mutations identified in CMT1B and Dejerine-Sottas patients were found to reside
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in the extracellular domain (Table I). Moreover, the inability of transgenic mice
homozgyous for P insertion mutations to form intraperiod lines in myelin
provides convincing evidence for the adhesion role of the extracellular P, domain
(Giese et al., 1992). In addition to the role of the extracellular domain, the highly
basic P, intracellular domain was postulated to participate in the formation of the
major dense line of compact myelin. The basic cytoplasmic domain of P is
thought to interact with acidic phospholipids on the intracellular surface of the
myelin membrane to bring about compaction in a manner analogous to that of
myelin basic protein (MBP) in CNS myelin (Lemke and Axel, 1985; Lemke, 1988;
Hudson, 1990). Notably, the lack of MBP in the shiverer mouse disrupts major
dense line formation in CNS myelin but not in PNS myelin (Kirschner and Ganser,
1980). This suggests that major dense line formation in PNS myelin could be
carried out by another protein such as P, by virtue of its basic intracellular domain
(Lemke, 1988). Further mutational analysis of the MPZ gene in CMTI1B patients
may yet uncover mutations residing at the highly basic intracellular domain, which
would support a different role in myelin compaction for the carboxy terminal
domain of P,.

The Cx32 gene is highly expressed in peripheral nerve, and the connexin—32
gap junction proteins are localized adjacent to the nodes of Ranvier and the
Schmidt-Lanterman incisures, as shown in Fig. 4 (Bergoffen et al., 1993a). The
distribution and apparent function of connexin—32 suggests a role in the formation
of intercellular gap junctions to connect the folds of Schwann cell cytoplasm in
peripheral nerve myelin. Connexin—32 gap junctions were proposed to mediate
transport to the innermost layers of compact myelin, and perhaps indirectly to the
axon as well. This proposed function could be consistent with the findings of
combined myelin disruption and axonal degeneration in X—linked CMT (Bergof-
fen et al., 1993a).

GENETIC DIAGNOSIS FOR CMT AND ASSOCIATED
NEUROPATHIES

Detection of the CMT1A Duplication

The CMTIA duplication constitutes the most common cause of the disease,
having been detected in >70% of patients diagnosed with CMT]1 on the basis of
electrophysiology (Wise et al., 1993; Ionasescu et al., 1993a) (Van Broeckhoven,
European Neuromuscular Disorders CMT Consortium Group, written communi-
cation, September 13, 1993). Thus, molecular detection of the CMTIA duplication
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is a useful DNA diagnostic test for patients with inherited as well as sporadic
peripheral neuropathies.

Detection of the CMT1A duplication can be accomplished through various
methods (Lupski ef al., 1991b), with advantages and limitations inherent to each
technique (Wise et al., 1993; Lupski et al., 1993a). Methods requiring the analysis
of polymorphic alleles to detect the presence of an extra allele within the
duplicated region depend on the informativeness of the markers used. Alter-
natively, careful quantitation of the signal intensities of duplicated homozygous
markers relative to a nonduplicated marker (internal control) has also been used to
detect the CMT1A duplication (Hensels et al., 1993; Hoogendijk et al., 1992). In
analyzing dosage differences of duplicated alleles, however, it should be noted that
artifacts such as partial restriction enzyme digestions, degradation of genomic
DNA, or gel overloading could render the results uninterpretable (Hensels et al.,
1993; Lupski et al., 1993a; Wise et al., 1993). PCR-based methods such as (GT),
repeat analysis could be limited by the number of distinguishable alleles and by the
reduced quantitative nature of PCR. Analysis by two-color FISH of interphase
nuclei can graphically visualize the cytogenetically invisible 1.5-Mb CMT1A
duplication. The case of CMT1A was the first application of FISH to the molecular
diagnosis of an autosomal dominant disorder due to a cytogenetically undetectable
DNA rearrangement (Lupski et al., 1991b). Perhaps the most informative method
at present is pulsed-field gel electrophoresis followed by Southern hybridization to
detect the junction fragment specific to the CMTIA duplication. This relatively
labor-intensive method has the potential of simultaneously detecting and sizing the
DNA duplication in CMTIA, whether it be the 1.5-Mb duplication seen in the
overwhelming majority of patients (Lupski et al., 1991b; Wise et al., 1993), or rare
alternatively sized duplications (Valentijn er al., 1993; Ionasescu et al., 1993b;
Palau er al., 1993). An additional advantage of PFGE would be the unambiguous
detection of the reciprocal HNPP deletion through identification of the junction
fragments specific to the 1.5-Mb HNPP deletion (Chance et al., 1994; Roa et al.,
1993b).

Mutation Analysis of Genes Associated with CMT

CMT1 and Dejerine-Sottas patients negative for the CMTIA duplication can
be directly screened for mutations in genes associated with CMT: PMP22, MPZ,
and, if X-linked segregation can not be ruled out, Cx32. Mutational screening
through heteroduplex analysis (Roa et al., 1993c.; Roa et al., 1993b; Roa et al.,
1993a) and single-strand conformation polymorphism (Kulkens et al., 1993;
Nicholson et al., 1994) have proven to be effective methods for screening
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significant numbers of patient samples. Direct sequencing based on PCR ampli-
fication of cDNA or genomic DNA has been a powerful tool for detecting and
identifying mutations within CMT-associated genes. The recent identification of
the PMP22, MPZ, and Cx32 genes now provides for the direct analyses for coding
sequence alterations in genes associated with CMT. This may be carried out in the
absence of linkage information, which is typically the case in most families and in
sporadic cases of peripheral neuropathy. The mutational analysis of specific genes
would best be applied to CMT]1 patients known not to carry the CMTIA duplica-
tion, which is the single mutation responsible for the majority of CMT cases.

MOLECULAR INSIGHTS RELATED TO THE CMT1A
DUPLICATION

CMT1A Duplication and HNPP Deletion
at the 17p11.2p12 Region

The identification of the CMTIA duplication on 17pl1.2pl2 had profound
effects on the genetic and physical mapping of the CMTIA locus. For genetic
mapping, it was shown that failure to consider DNA duplication at this region
could distort the positioning of the CMTIA locus by conventional linkage analysis
(Lupski et al., 1991b; Lupski, 1992). When dosage differences occurring in a two-
allele RFLP system were not recognized, the deduced parental origin of alleles
was subject to misinterpretation. These errors appear as increased recombination
frequency and reduced LOD scores between marker and disease locus. The
inclusion of these errors in multipoint linkage analysis have been demonstrated to
result in incorrect mapping of the CMTIA locus when the CMTIA duplication is
not taken into consideration (Lupski e al., 1991b; Nicholson et al., 1992). In
contrast, the effect of the reciprocal deletion in HNPP results in nontransmission
of deleted alleles to the affected offspring. This lack of transmission could be
erroneously interpreted as nonpaternity or nonmaternity (Chance et al., 1993).
Moreover, the identification and physical mapping of the 1.5-Mb duplication/
deletion in 17p11.2p12 defined a critical region for the rapid evaluation of candidate
genes, which facilitated the characterization of the PMP22 gene.

The CMTIA duplication/HNPP deletion involving 1.5-Mb of DNA at the
17p11.2p12 region represent stably inherited, repeatedly occurring DNA rearrange-
ments that result in autosomal dominant disease phenotypes. The presence of large
regions of homology flanking the 1.5-Mb duplication/deletion region suggests a
mechanism of unequal crossing over at misalignhed CMT1A—-REP elements during
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meiosis. The model in Fig. 2 depicts the proposed unequal exchange occurring
between nonsister chromatids (Raeymaekers et al., 1991; Pentao et al., 1992).
Furthermore, analysis of eleven de novo CMTI1A duplications indicated an
exclusively paternal origin with apparent unequal, nonsister chromatid exchange
taking place during spermatogenesis (Palau et al., 1993; Wise et al., 1993).

DNA duplications have been observed in various genomes and can vary in
extent, from a portion of a gene as in the haptoglobin Hp? allele duplication
(Smithies ef al., 1962), to large spans that include multiple genes and intergenic
DNA. An example of the latter is the Bar locus duplication of Drosophila
melanogaster for which the unequal crossing over model was originally proposed
(Bridges, 1936). In the case of the CMTIA/HNPP “locus,” with its apparent
ancestral duplication of flanking CMT1A-REP regions, determination of the
recombination mechanisms would require extensive sequence comparisons of the
proximal and distal CMT1A-REP repeats and a better understanding of recom-
bination pathways in humans. At this point, it would be helpful to consider
information derived from other model systems for insights into the recombination
events leading to the CMT1A and HNPP peripheral neuropathies.

Homologous Recombination in Model Systems

Prokaryotic genomes contain various low-copy number repeated sequences
such as insertion elements, rRNA operons, tRNA genes, and short interspersed
repeats such as REP and ERIC sequences (Lupski and Weinstock, 1992). The
major large repeat units of E. coli and S. typhimurium chromosomes are the seven
rrn ribosomal RNA operons of approximately 5 kb each (Petes and Hill, 1988). A
relatively frequent class of DNA duplications and deletions involving ribosomal
RNA operons involve recombination between the E. coli rrnB and rrnE operons,
which lie in direct orientation with 39.5 kb of intervening DNA (Hill et al., 1977).
Similarly, the analysis of duplications along the S. typhimurium chromosome
showed that tandem duplications involving the ilv, metF, leu or thr genes very
often had duplication endpoints mapping to rrn operons that flank the duplicated
region in a direct orientation (Anderson and Roth, 1978).

The substrate homology requirements of E. coli recombination in vivo were
analyzed using lambda phage and plasmid vectors to correlate the rate of recom-
bination with the length and degree of the homologous regions (Shen and Huang,
1986). The results indicated that a minimum length of uninterrupted homology
was required for efficient recombination, and that the length of the minimal
efficient processing segments (MEPS) in E. coli was 23-27 bp for the RecBC
pathway and 44-90 bp for the RecF pathway (Shen and Huang, 1986). Similar
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analyses of homology requirements in mammalian recombination were carried out
using a simian virus 40-pBR322 hybrid substrate in cultured monkey cells,
indicating a minimum homology requirement (MEPS) above 200 bp for the major
pathway of extrachromosomal recombination in mammalian cells (Rubnitz and
Subramani, 1984). Furthermore, the extrachromosomal recombination frequency
increased linearly with length of substrate homology over a range of 0.25-5 kb
(Rubnitz and Subramani, 1984). A related study of intrachromosomal recombina-
tion in mouse cells showed that a minimum stretch between 134 and 232 bp of
perfect sequence homology was required for efficient recombination (Waldman
and Liskay, 1988). It was also shown that single base-pair mismatches interrupting
continuous stretches of homology had a more detrimental effect on intra-
chromosomal recombination rather than on extrachromosomal recombination,
denoting differences in the two mechanisms (Waldman and Liskay, 1987). Further-
more, gene targeting experiments in mouse embryonic stem cells showed that the
gene targeting frequency increases approximately 200—fold as homology is
increased from 1.3 to 6.8 kb in replacement and insertion vectors (Hasty ez al., 1991).

The preceding experiments mostly involved recombination substrates sepa-
rated by a few kilobases of DNA, while the CMTI1A duplication/HNPP deletion at
17p11.2p12 involves large CMT1A-REP repeat sequences that are separated by
1.5-Mb of DNA. These distant CMT1A-REP sequences could perhaps be brought
into close proximity by higher order chromatin structures. Chromatin loops
contain an average of 50—100 kb of DNA in human metaphase chromosomes, and
the scaffolding organization appears to be mediated by the interaction of “‘scaffold
associated regions” (SAR) with DNA-binding proteins such as topoisomerase 11
and histone H1 (Gasser et al., 1986; Laemmli et al., 1992). The recombination at
misaligned CMT1A-REP repeats may require a considerably larger MEPS unit of
uninterrupted sequence identity to facilitate unequal crossing over at meiosis.
Nucleotide sequence analysis of the proximal and distal CMT1A-REP repeats, and
the fusion CMTIA-REP sequences will be required to delimit the crossover
regions for the CMTIA duplication and the HNPP deletion. This sequence
information could enable the design of PCR primers flanking the crossover points
that could lead to the development of a rapid and efficient PCR assay for the
CMTIA duplication and the HNPP deletion.

DNA Rearrangements Associated with
Disease Phenotypes

The CMTIA/HNPP region flanked by CMTIA-REP and the globin gene
clusters of tandemly duplicated genes represent comparable systems where un-
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equal homologous recombination apparently occurs at flanking homologous re-
gions in direct orientation. DNA rearrangements associated with thalassemia are
well-characterized, in which thalassemia may result from a reduction in o or 8
globin gene dosage by deletion events at tandemly repeated globin gene clusters
(Maniatis, 1980; Weatherall and Clegg, 1982). The o globin gene cluster on
chromosome 16p, which spans approximately 30kb, includes a single embryonic
globin gene, three pseudogenes, and the functional adult o and o, genes
(5'-8,-UL, ooy -0,-ar -0-3") (Lauer er al., 1980). The different classes of
a-globin gene rearrangements include short a—thal-2 deletions that eliminate one
o globin gene as an apparent result of unequal crossing over between the o, and a,
genes (Maniatis, 1980; Weatherall and Clegg, 1982). Individuals were identified
with the apparent reciprocal recombinant chromosome containing three copies of
a instead of the normal two copies (Goosens et al., 1980; Zimmer et al., 1980;
Shimizu et al., 1986). The  globin gene cluster on chromosome 11 has a similar
structure of tandemly arrayed genes (5'-e-Gy-Ay-UB-3-B-3’), which includes a
functional embryonic € globin gene, two fetal y genes, and one pseudogene, and
two functional adult & and 3 globin genes (Slightom et al., 1980; Shen et al.,
1981). The identification of the Hb Lepore type encoding a f—type fusion protein
(N8, C'B) in B-thalassemia provided the classic evidence for deletion resulting
from unequal crossing over between highly homologous linked genes (Baglioni,
1962). Different Hb Lepore types were further differentiated on the basis of their
respective deletion crossover regions (Metzenberg et al., 1991). In addition,
gamma thalassemia has been associated with fetal y gene deletion, wherein
unequal crossing over between the Gy and Ay genes apparently results in a fusion
GyA+y gene (Sukumaran et al., 1983). The apparent reciprocal duplication chromo-
some carrying three copies of y was similarly identified in multiple individuals
from different ethnic groups (Trent et al., 1981; Liu et al., 1988).

While some parallels may be drawn between CMTIA/HNPP and the
thalassemias, it must be noted that the disease phenotypes are elicited by dosage
effects of different regions relative to the endpoints of the duplication/deletion.
CMT1A and HNPP apparently depend on the dosage of the PMP22 gene that lies
between the flanking CMT1A-REP sequences where recombination occurs. On the
other hand, thalassemias are associated with reduced dosage of tandem globin
genes, which also appear to be the endpoints of the DNA rearrangements in most
cases (Maniatis, 1980; Weatherall and Clegg, 1982).

CMTI1A and HNPP may be thought of as examples of a “genomic disease,”
whose mutational mechanism is a function of intrinsic structural features located
at the 17p11.2p12 region of the human genome. The CMTI1A duplication is not
strictly an ancient inherited mutation, but one that has arisen repeatedly in de novo
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cases. Other examples of “genomic diseases” would include thalassemias result-
ing from DNA rearrangements at tandemly duplicated a-like and B-like genes on
chromosome 16 and 11, respectively. A more recently characterized example is the
X-linked severe hemophilia A, which can be caused by inversions that disrupt the
factor VIII gene. These inversions apparently result from intrachromosomal
crossover between an A gene located within the factor VIII gene, and either of two
A genes lying outside the factor VIII gene in an inverse orientation (Lakich et al.,
1993). It remains to be seen whether other genetic diseases such as contiguous
gene deletion syndromes are generated by a similar mechanism of homologous
recombination at flanking repeat sequences.

CONCLUSIONS

The molecular analysis of Charcot-Marie-Tooth disease has been highly
informative in elucidating the underlying causes of this genetically heterogeneous
nerve disorder. The cytogenetically undetectable CMTIA duplication of 3.0 Mb,
which includes the PMP22 gene was found to be the major cause of demyelinating
CMT type 1. This presents a novel mechanism whereby increased gene dosage
due to a submicroscopic DNA duplication results in an autosomal dominantly
inherited disorder. Alternatively, CMT1A can be caused by point mutation of the
PMP22 gene in the absence of DNA duplication. Thus far, three genes have been
identified for subtypes of demyelinating CMT type 1: the PMP22 gene of CMTIA,
the MPZ gene of CMTIB, and the Cx32 gene of CMTX. The proteins respectively
encoded by these genes are illustrated in Fig. 4. The identification of multiple
mutations, particularly in the case of the MPZ gene, has enabled structure-
function correlations that are important to elucidating the CMT disease process
and the basic biology of the peripheral nerve.

The PMP22 gene has been particularly interesting due to its involvement in
alternative mutational mechanisms, and in different primary inherited peripheral
neuropathies. Increased dosage of PMP22 through duplication (three copies of
PMP22 versus two normal copies) is apparently the major cause of CMTIA. It
appears that other Mendelian disorders apart from CMT can also be secondary to
gene dosage effects. The dysmyelinating neuropathy Pelizacus-Merzbacher dis-
ease is associated with duplication of the PLP gene, which encodes the proteolipid
protein of central nervous system myelin (Cremers et al., 1987; Ellis et al., 1993).
Interestingly, PLP bears some structural similarity to PMP22 as illustrated in Fig.
4. Autosomal dominant retinitis pigmentosa provides another example, where
transgenic mice expressing increased levels of the normal human rhodopsin gene



144 Benjamin B. Roa and James R. Lupski

were shown to develop photoreceptor degeneration characteristic of the disease
(Olsson et al., 1992).

On the other hand, underexpression of PMP22, mainly through the reciprocal
deletion, is associated with the distinct demyelinating disorder HNPP. CMT1A and
HNPP provide a key example in which human Mendelian disorders arise by means
of reciprocal duplication/deletion events generated by unequal crossing over
(Chance et al., 1993; Chance et al., 1994). Although multiple genes may lie in the
1.5-Mb CMTIA duplication/HNPP deletion region, the collective evidence
strongly points to PMP22 as the key dosage-sensitive gene. The PMP22 gene is
contained within the reduced critical region of 460-kb defined by an alternative
CMTIA duplication (Valentijn et al., 1993). Also, an apparent loss of function
mutation in PMP22 results in the HNPP phenotype (Nicholson et al., 1994). This
demonstrates that underexpression of PMP22 alone, out of all the potential genes
in the 1.5-Mb deletion region, is sufficient to cause HNPP. The CMT1A and
HNPP disease states associated with PMP22 copy number differences due to
reciprocal DNA duplication/deletion provide a novel example in humans wherein a
full range of dosage of a particular gene results in distinct phenotypic conse-
quences (Chance et al., 1993). Moreover, these findings serve to blur the artificial
boundaries between two major classes of genetic diseases: single gene disorders
that segregate in a Mendelian pattern, and chromosome aberration syndromes
resulting from either altered chromosome number (aneuploidies) or altered chro-
mosome structure (microduplication or microdeletion syndromes).

In the absence of gene dosage effects due to duplication, CMTIA can be
caused by autosomal dominant and apparent autosomal recessive point mutation
alleles of the PMP22 gene. Dominant point mutation alleles of PMP22 that predict
single amino acid substitutions can also give rise to Dejerine-Sottas syndrome. A
similar case is seen with the MPZ gene, where allelic mutations in MPZ are
associated with CMTIB and with Dejerine-Sottas syndrome. These findings
indicate that CMT type 1 and Dejerine-Sottas syndrome represent a spectrum of
overlapping clinical phenotypes sharing common genetic bases. Furthermore, the
identification of heterozygous de novo point mutations in PMP22 and MPZ
demonstrates that Dejerine-Sottas syndrome, which was largely considered to be
an autosomal recessive disorder, could actually arise from autosomal dominant
new mutations in myelin genes.

The molecular studies on CMT have significantly advanced our understand-
ing of the disease processes involved, and ongoing investigations continue to yield
additional information. A fundamental understanding of the underlying disease
mechanisms could provide a foundation for the eventual development of therapeu-
tic regimens for CMT. Gene replacement strategies have been successful in
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disorders such as adenosine deaminase deficiency, where the defect can be
compensated by supplying the functional gene (Anderson, 1992). This approach
may be of limited efficacy for CMT1 however, since the majority of cases are
caused by DNA duplication apparently leading to increased dosage of a normal
PMP22 gene. Gene replacement could potentially apply to cases of inherited
primary peripheral neuropathy, where loss of gene function is the underlying
defect. For the majority of cases involving the CMTIA duplication, down-
regulation of gene expression by using antisense nucleic acid constructs could
theoretically be considered (Wickstrom, 1991). It should be kept in mind, however,
that the PMP22 gene is extremely dosage sensitive, and that reduced expression of
PMP22 below a certain threshold apparently leads to the different, although
relatively less severe neurological phenotype of HNPP. Apart from gene therapy,
conventional drug design could lead to a viable therapeutic regimen. Nevertheless,
a comprehensive understanding of the molecular mechanisms responsible for
CMT is required for the development of any effective therapeutic intervention for
the most common inherited primary peripheral neuropathy. The studies on
Charcot-Marie-Tooth disease have already generated a considerable amount of
exciting information, which have provided insights extending to the molecular
bases of human inherited disease at large.
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INTRODUCTION

During the past twenty years, the molecular causes of several heritable disorders of
connective tissue have been firmly established. These advances have been facili-
tated by the development of new means of experimental analysis, and by the
identification of new extracellular matrix (ECM) components. Most of the prog-
ress has increased our understanding of collagenopathies and the contribution of
the fibrillar collagens to the structural integrity of bone, cartilage, skin, ligaments
and internal organs (Lee er al., 1991a). We have also discovered causal associa-
tions between mutations in nonfibrillar collagens and the clinical manifestations of
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epidermolysis bullosa, Alport’s syndrome, and the Schmid form of metaphyseal
chondrodysplasia (Uitto and Christiano, 1992; Hudson et al., 1993; Jacenko et al. ,
1994).

Progress has also occurred in the study of noncollagenous connective tissue
disorders. Advances in elastic fiber biology have led to the recent linkage between
the phenotype of Marfan’s syndrome (MFS) and mutations in fibrillin, a compo-
nent of the elastic fiber (Ramirez er al., 1993). MFS is a systemic disorder with
autosomal dominant mode of inheritance and cardinal manifestations in the ocular,
skeletal, and cardiovascular systems. The first evidence for a possible involvement
of fibrillin in the pathogenesis of MFS came with the immunolocalization of this
protein to the many tissues altered in the disease phenotype (Sakai et al., 1986).
Subsequently it was observed that immunofluorescence with antifibrillin anti-
bodies was substantially less in MFS samples than control samples (Hollister et
al., 1990). This was later supported by a biosynthetic study showing abnormal
fibrillin in cultured fibroblasts from individuals with MFS (McGookey-Milewicz
et al., 1992). The cloning work of Lee et al. (1991b) and Maslen ez al. (1991)
derived part of the fibrillin structure, and mapped the gene (FBNI) to the same
region of chromosome 15 where the MFS locus had been previously located
(Kainulainen et al., 1990). Finally, the first FNB1 mutation was identified in two
sporadic cases of MFS (Dietz et al., 1991). The FBN1 gene was also associated
with dominantly inherited ectopia lentis (EL) (Tsipouras et al., 1992). In addition,
the cloning work identified a second fibrillin transcript from a gene (FBN2)
located on chromosome 5 and genetically linked to the congenital contractural
arachnodactyly (CCA) phenotype (Lee et al., 1991b). This rare connective tissue
disorder has significant clinical overlap with MFS, including all typical skeletal
features but no ocular or aortic involvement (Beals and Hecht, 1971).

Altogether, these findings raised the possibility that abnormalities related to
microfibrils might form the basis for a variety of diseases with features similar to
those found in MFS. In addition, they implied that mutations in microfibrillar
components other than fibrillin may also lead to phenotypes that could ultimately
be classified as microfibrillar diseases. In this chapter, we will discuss with recent
advances in microfibril biology with particular reference to our current under-
standing of MFS pathogenesis.

ELASTIC FIBERS AND MICROFIBRILS

Elastic fibers, the supramolecular aggregates ubiquitously distributed in the
ECM of elastic tissues (Cleary and Gibson, 1983), consist of two morphologically
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distinct components: a core of elastin and a sheath of microfibrils (Fig. 1).
Microfibrils can also be found without association with elastin in both elastic and
nonelastic tissues.

Using conventional electron microscopic techniques, microfibrils can easily
be distinguished from banded collagen fibers. Individual microfibrils have a
uniform diameter of about 10~12 nm and display no periodic banding pattern,
unlike collagen fibers, which have variable diameters and a clear banding pattern.
Microfibrils are organized into fiber bundles rather than into webs or nets of
individual strands. In longitudinal sections, microfibrils display characteristic
light and dark staining patterns, giving the microfibril a beaded appearance (Fig.
2); in cross sections, microfibrils can appear to be hollow. In elastic fibers,
microfibrils form a peripheral mantle and are also thought to be embedded within
the amorphous elastin core (Fig. 1).

Organization and Distribution

The gross organization of elastic fibers and microfibrils varies in the different
connective tissues. In skin, a network of elastic fibers containing differing ratios of
elastin and microfibrils has been described. At the dermal—epidermal junction,
bundles of microfibrils that have little to no association with elastin extend
perpendicularly toward the dermal—epidermal junction. These microfibrils have
been called “oxytalan” fibers. Deeper in the dermis, and coursing in a more
parallel direction to the dermal—epidermal junction, are thicker elastic fibers with
large amorphous elastin cores. Connecting the bundles of microfibrils at the
dermal—epidermal junction with the deep dermal elastic fibers are “elaunin
fibers” or bundles of microfibrils with small, varying amounts of amorphous
elastin (Cotta-Pereira e al., 1976). Oxytalan and elaunin fibers have been thought
to be “immature” forms of elastic fiber. The light microscopic pattern of the
elastic fiber network in skin is easily distinguished (Dahlback et al., 1990)
(Fig. 3a).

Elastic fibers are abundant in blood vessel walls. In this connective tissue,
elastic fibers form concentric rings around the lumen of the vessel (Fig. 3b).
Several layers of elastic lamellae are connected with one another by finer elastic
fibers. Smooth muscle in other tissues, such as stomach and uterus, is also well-
endowed with elastic fibers. Ligaments and tendons are also rich in elastic fibers.
In these tissues, the fibers are characteristically long with parallel orientation,
following the basic tissue organization. Elastic fibers are a predominant structural
feature of the developing cartilage, where they form a large circumference. In
perichondrium and periosteum, elastic fibers are long and they appear to intercon-
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nect with merging elastic fibers from tendons and with finer fibers within the
cartilage matrix. In cartilage, the finer fibers appear to be organized in a honey-
comb configuration. In elastic cartilage, they contain both elastin and fibrillin; in
hyaline cartilage, they are solely made of fibrillin. Microfibrils and elastic fibers
are present in many other connective tissues, like the dural sheaths, the thin
sheaths around muscles and nerves (Fig. 3c), and in areas close to basement
membranes (e.g., lung alveolar connective tissue and kidney glomerulus). How-
ever, in tissues which have only small amounts of matrix, the histological
significance of microfibrils and elastin fibers is unclear.

As mentioned, some tissues contain microfibrils without elastin: the corneal
stroma, where microfibrillar fiber bundles are highly organized (Burns et al.,
1987); and the ciliary zonule (Raviola, 1971), the suspensory ligament that
connects the muscles at the wall of the eye directly to the surface of the lens
(Fig. 4). Zonular microfibrils travel across the surface of the lens until they appear
to merge directly into the basement membrane of the lens capsule. The ciliary
zonule appears to be composed solely of microfibrils, with no other structural
elements (Fig. 4).

Composition

Cross-linked elastin constitutes the amorphous core of the elastic fibers.
Elastin is a hydrophobic protein initially synthesized in a precursor form, tropo-
elastin, with a molecular weight of about 72,000. Elastin is relatively rich in
glycine and proline and, to a lesser extent, lysine. Unlike those of collagen, the
proline residues of elastin are not subjected to posttranslational modifications. The
tropoelastin structure consists of an alternating series of several hydrophilic and
hydrophobic segments. Within the highly basic carboxy-terminus is a conserved
14 amino acid sequence containing two cysteines (Rosenbloom et al., 1993).

The polyfunctional cross-links of elastin involve the posttranslational mod-
ification of most of the 40 lysyl residues by the enzyme lysyl oxidase. A pair of
lysines is usually located in the intercalating hydrophilic segments of the tropo-
elastin molecule. The composition and organization of these cross-linking sites

Fig. 1. Elastic fibers in skin visualized by transmission electron microscopy with high pressure
cryopreservation techniques (top), and with conventional fixation techniques (bottom). Conventional
fixation and embedding techniques lead to the loss of some ECM components, which are better
preserved by the high pressure freezing technique. The ECM around microfibrils and in the “spaces”
between collagen fibers and elastic fibers is actually densely occupied, suggesting noncovalent
interactions between the structural components of the fibrous elements (which remain after conven-
tional fixation) and other ECM components. Bars = 150 pm.
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across the taxa are strictly maintained (Rosenbloom et al., 1993). Mature elastin
protein has several isoforms, but their functional significance is still the subject of
speculation (Raju and Anwar, 1987; Indik et al., 1987). Rosenbloom et al. (1993)
postulate that the elastin isoforms may produce tighter or looser networks by
changing the relative distance between two adjacent cross-linking sites. Another
structural property of the elastin molecule, notably its ability of adopting various
random-coil configurations, has also been used to explain the rubberlike behavior
of the elastic fiber. Synchronous changes in the random-coil conformation of
cross-linked elastin molecules are believed to be responsible for the expansion and
contraction of the entire network as a single unit. It has also been hypothesized that
the microfibrillar mantle may prevent excessive stretching of the fibers, and thus
tearing of the elastic tissue. In this respect, the two cysteines of the highly basic
carboxy-terminus of elastin are thought to mediate the postulated interactions with
the acidic components of the microfibrils.

Microfibrils, the other morphologically distinct component of the elastic
fiber, have proven to be extremely difficult to analyze because they are so highly
insoluble. Since microfibrillar components have not been easily identified, it is
still unclear whether or not microfibrils are compositionally identical. Currently,
the fibrillins, microfibril associated glycoprotein (MAGP) and associated micro-
fibril protein (AMP) are believed to contribute to microfibrils (Gibson et al., 1991;
Horrigan et al., 1992). Although initially thought to be a single gene product,
fibrillin is now recognized to represent a small family of structurally related
proteins. They include the products of the FBN1 and FBN2 genes, as well as FLP, a
putative fibrillin-like protein recently identified by cloning experiments (Ramirez
et al., 1993; Rosenbloom er al., 1993). Other proteins, such as emilin, lysyl
oxidase, and elastin, reside in elastic fibers without contributing to microfibril
structure (Bressan et al., 1993; Kagan et al., 1986). There may also be microfibril-
associated proteins interacting with some microfibrils but not others. Examples of
these include vitronectin, amyloid P component, and the 36,000 molecular weight
MAP (microfibril associated protein) found in aorta (Dahlback er al., 1989;
Breathnach er al., 1991; Kobayashi et al., 1983). Proteoglycans have also been
suggested to be associated with microfibrils, and versican has been specifically
localized in skin to microfibrils (Baccarani-Contri et al., 1990; Zimmerman et al.,
1994).

In developing elastic tissues, microfibrils are the first component to appear in

Fig. 2. Rotary shadowed beaded fibril showing periodically spaced globules connected by many linear
arms (top). Conventional transmission electron microscopy of microfibrils (bottom). If beaded fibrils
are pelleted, fixed and stained as for tissue samples, they take on the appearance of microfibrils. Bars =
100 pwm.
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the ECM; subsequently, elastin is found deposited on the microfibrils (Greenlee
et al., 1966). Elastin deposition and the formation of the mature elastic fibers
continues throughout embryogenesis up to early childhood. Thereafter, elasto-
genesis ceases almost completely, unless stimulated by local injury. Thus, the
organization and composition of the mature elastic fibers are determined during
the relatively early stages of organ growth, and there is very little turnover of
elastic fiber components during the great majority of an individual’s life.

FIBRILLINS

Fibrillin was first identified with the aid of monoclonal antibody technology
(Sakai et al., 1986). Subsequently, it was described as pepsin-resistant fragments
obtained from extracts of human amnion and as intact native molecules obtained
from cell culture medium (Maddox et al., 1989; Sakai et al., 1991). Initial inves-
tigations demonstrated that fibrillin is large (mass 350 kiloDaltons), cysteine-rich,
and likely to contain significant intrachain disulfide bonds. Fibrillin was given its
name because of the hypothesized structural role in uniting a ubiquitous class of
morphologically similar microfibrils (Sakai et al., 1986). Fibrillin has now been
designated fibrillin 1 in order to distinguish it from a structurally related protein,
fibrillin 2 (FBN2), more recently identified through cloning experiments (Zhang
et al., 1994),

The molecular structure of the fibrillin proteins has been derived in its
entirety through the cloning and sequencing of overlapping cDNAs (Lee et al.,
1991b; Maslen et al., 1991; Corson et al., 1993; Pereira et al., 1993; Zhang et al.,
1994). The size and overall modular nature of the fibrillins are strikingly similar;
accordingly, their common structural features will be discussed together.

Protein Structure

The fibrillin protein consists of five structurally distinct regions (A-E in
Fig. 5) preceded by a short signal peptide. Two of these regions (B and D, Fig. 5)
are exclusively made of cysteine-rich sequences, the majority of which adhere to
the epidermal growth factor (EGF) peptide motif. This sequence is characterized
by the presence of six cysteinyl residues, which form three intramolecular

Fig. 3. Immunofluorescence of elastic fiber organization in (a) skin, (b) artery, and (c) nerve and
muscle as demonstrated by anti-fibrillin antibodies. E, epidermis; L, lumen; M, muscle; N, nerve. Bar
= 50 wm.
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disulfide bonds (C1-C3; C2-C4; C5-C6) in an antiparallel B-pleated sheet
conformation (Fig. 6) (Savage et al., 1973; Cooke et al., 1987). In fibrillin, the
invariant distance between the last cysteine of one EGF-like repeat and the first of
the next one suggests that an additional 3-sheet might form between each of these
sequences (Pereira et al., 1993). This, in turn, may allow a series of EGF-like
repeats to act as a functional unit. It is predicted that a replacement of one cysteine
would have an obligate effect on the conformation of an individual repeat and on
the function of a tandem array.

Both the carboxy and amino termini of fibrillin (Fig. 5, A and E) are
sequences of unique composition. The latter is highly basic, while the former is
somewhat enriched in lysines and contains an invariant peptide with two cysteines
(Fig. 5). The fibrillins contain putative glycosylation sites and cell-attachment
signals at comparable locations (Fig. 5). Finally, the most striking difference
between the two fibrillin proteins is the substitution of the proline-rich region C of
fibrillin 1 for the glycine-rich region of fibrillin 2 (Fig. 5).

There are 47 EGF-like repeats in fibrillin; four of them are of the generic
type. Three are positioned directly adjacent to the amino terminal sequence, and
the fourth one is adjacent to region C (Fig. 5). The remaining 43 EGF-like repeats
form a special subtype, the calcium-binding type of EGF-like repeat (cbEGF-like
repeat) (Handford et al., 1990). In fibrillin, the cbEGF-like repeats have the
consensus sequence shown in Fig. 5. As discussed more extensively later, the
cbEGF-like repeat contains a consensus sequence associated with calcium binding
in other proteins and engineered domains.

Fibrillin molecules bind calcium, but only when intrachain disulfide bonds
are intact (Corson et al., 1993). Although this supports the notion that the cbEGF-
like repeat might be involved in this function, it does not exclude that other
sequences may also be responsible for calcium binding by fibrillin. Moreover, it is
not known whether all or only some of the 43 potential calcium binding sequences
are utilized.

By analogy to other proteins, such as protein S and Drosophila Notch, which
also contain cbEGF-like repeats, calcium binding may stabilize protein conforma-
tion and mediate protein—protein interactions (Dahlback et al., 1990; Fehon et al .,
1990). For fibrillin, conformational stability is likely to be important for proper
assembly of microfibrils, and for the long-term stability of microfibrils against
proteases. Because microfibrils are complex structures that may perform a variety

Fig. 4. Scanning electron microscopic visualization of ciliary zonule (top) and transmission electron
micrograph of a zonular fiber (bottom), apparently composed only of microfibrils. Bars = 200 pm.
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Fig. 6. Structure of fibrillin cbEGF-like domain as modeled after the solution structure of native EGE
Disulfide linkages (bold lines) between the six predictably spaced cysteine (C) residues create an
antiparallel B-pleated sheet conformation. The positions of the aspartic acid (D), asparagine (N), and
aromatic (tyrosine (Y)) residues that are believed critical for calcium binding are indicated. Numbers
indicate the corresponding positions in the first coEGF-like domain of coagulation factor IX. The sites
of naturally occurring mutations are indicated by asterisks. The position of the only mutation that does
not substitute a highly conserved residue (arginine (R) to proline (P)) is shown by the arrow.

functions in various regions of the connective tissue space, important calcium—
mediated protein—protein interactions can be hypothesized.

In addition to the EGF-like repeats, fibrillin contains seven cysteine-rich
motifs characterized by the presence of eight cysteine residues with the consensus
sequence shown in Fig. 5. It is not yet known whether the cysteine residues in
these repeats are free or involved in intrachain disulfide bonds. However, the
cluster of three consecutive cysteines in the center of the motif may implicate free
cysteines here. So far, these eight-cysteine repeats have been found in only one
other gene, namely, the one coding for the TGF-B1 binding protein (Kanzaki
et al., 1990). Incidentally, the potential cell-attachment sequences of the fibrillins
are both within these eight-cysteine sequences (Fig. 5).

One other cysteine-rich motif is repeated twice in fibrillin. It has been called
the hybrid motif, because it is similar to the consensus sequence of the eight-
Cysteine repeat at its amino terminal end and more similar to the EGF-like
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sequence at the carboxyl end. A similar hybrid motif is also found in TGF-B1
binding protein.

Gene Structure

The modular arrangement of the fibrillin protein is replicated in the multi-
cassette organization of the genes, which contain 65 exons and span more than 100
kilobase-pairs of DNA (Pereira ez al., 1993). Fifty of the 57 cysteine-rich motifs
are encoded by single exons. Sixty of the exons begin and end with in-phase split
codons. Because of this configuration, most of the mutations removing one or
more exons are expected to give rise to in-frame shortened proteins. Another
interesting feature of the fibrillin gene organization is the presence of “mosaic”
exons coding for the sequences of transition between the major structural regions
of the protein.

Based on the genomic organization, it has been suggested that most of the
ancestral fibrillin gene arose by multiple duplications of a cbEGF-like coding exon
(Pereira et al., 1993). Following the inclusion of the eight-cysteine coding exon,
rearrangements between this and the cbEGF-like coding exon produced the units
for the other cysteine-rich motifs in fibrillin. Once established, the ancestral gene
duplicated and transposed on different chromosomes to give rise to FBN1 (chro-
mosome 15q15-21) and FBN2 (chromosome 5q23-31).

Microfibrillar Assembly

Using rotary shadowing electron microscopic techniques to visualize fibers
present in the vitreous, Wright and Mayne (1988) first suggested that an unusual
“beaded fibril” might represent the microfibril present in the ciliary zonule.
Subsequently, Keene er al. (1991) demonstrated that similar beaded fibrils from
amnion and skin contain fibrillin and that, when fixed and stained, the beaded
fibrils have the same appearance as microfibrils in tissues. Rotary shadowed
images of beaded fibrils (Fig. 4) depict periodically spaced globular domains
separated by many (six-to-eight) linear arms.

Since rotary shadowed images of fibrillin monomers isolated from cell
culture medium revealed flexible linear molecules, fibrillin molecules may con-
ceivably form the arms and contribute to the globular domain of the beaded fibril
as well (Sakai et al., 1991). Immunolocalization of a monoclonal antibody specific
for fibrillin demonstrated periodic labeling just to one side of each globule,
suggesting one fibrillin monomer per globular period (Keene et al. 1991). In
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tissues, immunolocalization of multiple different fibrillin antibodies yielded a
single periodicity (Sakai et al., 1991). These data, together with double immu-
nolocalization of fibrillin antibodies, suggested that fibrillin molecules are ar-
ranged in a head-to-tail fashion in the microfibril.

How do fibrillin molecules assemble into microfibrils? Fibrillin, with its high
content of cysteine residues, is likely to be stabilized by extensive intrachain
disulfide bonds (Ross and Bornstein, 1966). Treatment of tissues with a disulfide
bond reducing agent results in the disappearance of microfibrils. Reduction of
beaded fibrils also leads to loss of morphology, while nonreducible cross-links
maintain the aggregate. Moreover, only small amounts of fibrillin monomers can
be solubilized by reducing agents from fetal tissues, suggesting that only newly
synthesized fibrillin is released by reduction and that fibrillin is normally further
cross-linked by nonreducible bonds (Sakai, 1990). Fibrillin is secreted as a
monomer and is then very rapidly assembled into disulfide bonded aggregates. In
addition, purified fibrillin monomers will form intermolecular disulfide bonded
species in vitro under physiological conditions (Sakai, unpublished observations).

Which domains in fibrillin are used for intermolecular disulfide cross-
linking? Candidate domains include the amino and carboxyl terminal ends, which
contain regions of sequence identity around the conserved cysteine residues of
both chains. The proline-rich domain in fibrillin 1 and the glycine-rich domain in
fibrillin 2 have been proposed to function as a bend or hinge, facilitating
interactions required for assembly (Pereira e al., 1993; Zhang et al., 1994). Aside
from intermolecular disulfide bond formation, calcium binding may also be
important to the assembly of fibrillin. Calcium has been shown to promote the
deposition of fibrillin into the ECM of fibroblasts in culture (Aoyama et al., 1993).
Moreover, removal of calcium with a chelating agent has been shown to alter the
conformation of beaded fibrils (Kielty and Shuttleworth, 1993).

An important question is whether microfibrils are heteropolymers composed
of fibrillins 1 and 2 or of two distinct homopolymeric species. In this regard, the
tissue distribution of fibrillins 1 and 2 should be considered (Zhang et al., 1994). In
many tissues, there appears to be a similar codistribution of fibrillins 1 and 2.
However, fibrillin 1 but not fibrillin 2 seems to be present in hyaline cartilage, and
fibrillin 2 but not fibrillin 1 is apparent in elastic cartilage. In the aortic wall,
fibrillin 2 seems to be restricted to the elastic media, while fibrillin 1 is present
throughout the wall. This differential pattern of expression was also noted during
mouse embryogenesis, with fibrillin 2 being produced transiently and earlier than
fibriilin 1 (Ramirez, unpublished observations). These differences, together with
the distinct pathologies linked to the fibrillin genes, suggest distinct contributions
of the two glycoproteins to the assembly and maintenance of microfibrils.
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MARFAN’S SYNDROME

Commencing in the 1950s, a series of large-scale prospective studies helped
to delineate the inheritance pattern, clinical spectrum, and natural history of this
disorder. The knowledge accumulated during this phase of investigation has
provided a critical foundation for the development of diagnostic criteria, for the
formulation and implementation of therapeutic strategies, and for the investigation
of the etiology and pathogenesis of MFS. Accordingly, MFS is now recognized as
a heritable disorder of connective tissue, which affects approximately 1 in 10,000
individuals, without an ethnic bias (Pyeritz and McKusick, 1978). It is estimated
that between 15 and 25% of cases manifest new mutations, presumably due to
parental germ line defects. There are no documented examples of skipped
generations (high penetrance), but marked clinical variability in the distribution
and severity of manifestations can be seen within and between families. The lack
of a reliable detection test for the disorder, compounded by a high rate of sporadic
mutations and the marked clinical variability, may have perpetuated an under-
estimation of disease prevalence.

Clinical Features

The cardinal manifestations in MFS are evident in the ocular, skeletal, and
cardiovascular systems (Pyeritz and McKusick, 1979). The ocular pathology is
characterized by early (preadolescent) and severe myopia and dislocation of the
lens (Maumenee, 1981). The ciliary zonules, comprising the suspensory apparatus
of the ocular lens, are thinned and stretched. Predisposition of the inferomedial
ligaments leads to the characteristic superior dislocation of the lens in up to 80% of
patients (Fig. 7). Any resultant visual deficit can generally be compensated with
corrective lenses; surgical removal of the lens is reserved for situations when the
displaced lens directly obstructs the path of light. While high myopia is often seen
in isolation, ectopia lentis can predispose to refractive defects, glaucoma, and
retinal detachment.

The skeletal system is best characterized by overgrowth of the long bones
(Fig. 8) (Magid et al., 1990). While the mechanism remains unclear, it has been
proposed that the periosteurn may normally provide a physical limit to the rate and
extent of bone growth. An abnormally lax periosteum might, therefore, release
this structural inhibition. Manifestations include tall stature (mainly due to
excessive leg length), arachnodactyly, anterior chest deformity, scoliosis, highly
arched and narrow palate with tooth crowding, and variable forms of foot and leg
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Fig. 7. Examination of the eye in a patient with MFS revealing the characteristic upward dislocation
of the ocular lens.

deformity. Joint laxity is also common. Sequelae of musculoskeletal abnormalities
can include joint dislocation, chronic pain, difficulty with ambulation, and
cardiopulmonary impairment.

Because of a clear association with early morbidity and mortality, the
cardiovascular manifestations of MFS have received considerable attention. Retro-
spective study in the early 1970s demonstrated that the majority of patients with
MFS died by the third decade of life due to cardiovascular complications (Mur-
doch et al., 1972). An early age of onset of heart disease was clearly correlated
with a less favorable outcome.

The majority of children and nearly 80% of adults with MFS show dilatation
of the aorta (Roberts and Honig, 1982). Classically, aortic disease begins at the
sinuses of Valsalva and extends to the proximal ascending arch (Fig. 9), but it
can be seen anywhere along the course of the vessel. Aortic regurgitation is a
secondary event and is manifested in the stretching of the commissures at the
sinotubular junction. Dissection of the adult aortic root rarely occurs before the
maximal dimension at the sinuses reaches 55-to-60 mm. In childhood, such a
correlation of aortic size and the risk for dissection has not been clearly estab-
lished. Factors such as the aortic root dimension in relation to body surface area,
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Fig. 8. Skeletal features in the MFS manifest long bone overgrowth. Features seen here include
arachnodactyly, disproportionate tall stature due to excessive length of the limbs, scoliosis, and genu
recurvatum.
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Fig. 9. Aortogram in the anterior-posterior projection showing marked dilatation of the aortic root at
the level of the sinuses of Valsalva in an MFS patient.

family history of early dissection, and the rate of dilatation over time must be
considered. Aortic regurgitation can lead to myocardial dysfunction and can
accelerate aortic dilatation, by increasing stroke volume, and hence, wall stress.
Dysplasia and prolapse of the mitral valve, with or without regurgitation, are as
commonly seen in the MFS as aortic dilatation, occurring in approximately 75%
of patients. Sequelae include myocardial dysfunction, dysrhythmia, thrombo-
embolic events, and bacterial endocarditis. Less common cardiovascular features
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include tricuspid valve prolapse, pulmonary artery dilatation and dissection,
descending thoracic or abdominal aortic aneurysm, and primary cardiomyopathy.

Other less common manifestations in the MFS include spontaneous pneumo-
thorax, striae distensae, dural ectasia (with rare nerve impingement), protrusio
acetabulae, and mild learning disability with or without hyperactivity. These
associated features can be quite useful for clinical diagnosis when classic features
in other organ systems are mild or lacking. In the absence of a family history,
current diagnostic guidelines require involvement of the skeleton and at least two
other organ systems, with at least one “major” manifestation (aortic dilatation,
ectopia lentis, or dural ectasia) (Beighton et al., 1988). In the presence of an
unequivocally affected first degree relative, features must only involve two organ
systems; a “‘major”’ manifestation is preferred but not required.

Clinical Management

Effective management of the cardiovascular manifestations of MFS relies
upon frequent clinical and echocardiographic assessment, institution of medical
therapy to slow the rate of aortic dilatation, and prophylactic surgical intervention
to replace the diseased aorta prior to dissection. Current recommendations call for
yearly examination for adults with aortic root dimensions less than 50 mm or for
children with slowly progressive disease. Individuals with more advanced or
aggressive disease should be followed at more frequent intervals. Prophylactic
surgery is indicated once the aortic root exceeds 55 mm in adults; precise
guidelines have not been established for children, but rapid progression, measure-
ments that exceed twice the expected size for body size, or ventricular dysfunction
should precipitate early intervention (Morse et al., 1980). Heart failure due to
advanced mitral valve pathology is the most common indication for surgery in
preadolescent years. Surgery for aortic disease generally involves replacement of
the aortic root with a valved synthetic conduit, frequently substituted by homo-
grafts in childhood (Bentall and DeBono, 1987; Gott et al., 1991). In most
instances it is possible to repair a redundant mitral valve using a rigid or flexible
prosthetic ring.

In 1971 the use of B—adrenergic blockade was first proposed for use in MFS
patients to slow the rate of aortic dilatation and delay the need for surgery. Decades
later, it has been demonstrated that this strategy has the desired effect in at least a
subpopulation of patients (Shores et al., 1994). Another mainstay of medical
management is the prescription of antibiotic prophylaxis for dental work or any
other procedure expected to contaminate the bloodstream with bacteria. Although
often reserved for patients with valvular regurgitation or prosthetic implants, it



Chapter 4: Marfan’s Syndrome and Other Microfibrillar Diseases 173

must be considered that MFS patients have an abnormal connective tissue
substrate that appears predisposed to bacterial infection in the cardiovascular
system. It is preferable, therefore, to institute antibiotic prophylaxis in all patients
at the time of diagnosis.

Fibrillin Mutations

As discussed, the first FBN1 mutation was identified in two sporadic cases of
MEFS (Dietz et al., 1991). A G-to-C transversion was identified in one allele from a
patient with neonatal presentation of severe and rapidly progressive disease, and in
an unrelated individual with severe disease that presented at birth. The mutation
causes the substitution of proline for arginine in one of the cbEGF-like repeats of
FBNI. It was predicted that introduction of a proline residue would alter the
secondary structure of the domain, perhaps resulting in abnormal folding of a
larger portion of the monomer. Alternatively, these changes could lead to an
alteration in conformation that might impair calcium binding. Recent determina-
tion of the nuclear magnetic resonance structure (NMR) of this FBN1 cbEGF-like
domain, in both its wild type and mutant forms, demonstrated both altered
structure and calcium-binding properties when proline is substituted for arginine
(J. Berg, personal communication).

The more than 30 MFS mutations hitherto identified are beginning to reveal
some interesting patterns. First, with the exception of the first mutation, all others
have been specific to single families. This observation probably reflects a rela-
tively high rate of new mutation, and impaired reproductive fitness in the MFS due
to early morbidity and mortality. Second, mutations have been identified with
approximately equal frequency along the length of the gene. Thus, there is no
definitive correlation between the position of a mutation and the severity of the
resultant phenotype. One possible exception is the recent report of fibrillin |
mutations associated with neonatal presentation of severe disease that are clustered
in the central portion of region D (Kainulainen ez al., 1994; Milewicz and Duvic,
1994). Because of the relatively small number of cases and the non-neonatal
presentation of other mutations at this site, this correlation would still have to be
confirmed.

An early and continuing observation is that the majority of identified
mutations causing MFS substitute cysteine residues in cbEGF-like domains
(Dietz et al., 1992; Tynan et al., 1993; Kainulainen ef al., 1994). As previously
mentioned, such mutations would cause an obligate disruption of the conformation
and perhaps the calcium-binding property of a repeat. The structural features of
EGF-like domains that have been shown to bind calcium are illustrated in Fig. 6.
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These features include: an antiparallel 3-sheet conformation, six predictably
spaced cysteine residues, aspartic acid (D) and aspartic acid or asparagine (N)
residues at the positions corresponding to residues 47 and 49 of the first cbEGF—
like domain of human coagulation factor IX, respectively, D or N at the position
corresponding to residue 64, and an aromatic residue at position 69 (Handford
etal., 1991; Mayhew et al., 1992). The D/N at position 64 is typically found within
the consensus sequence that promotes the (-hydroxylation of these residues.
Recently, the ligand requirements for calcium binding to EGF-like domains were
determined through analysis of the first cobEGF-like domain in human coagulation
factor IX (Mayhew et al., 1992). The wild type and various mutant sequences were
chemically synthesized and studied by H-NMR spectroscopy, in the presence and
absence of calcium. Residues 47 and 64 directly contributed ligands to the calcium
ion. Four naturally occurring mutations causing MFS do not substitute cysteine
residues in cbEGF-like domains; all substitute residues in fibrillin 1 correspond to
positions 47 and 64 in factor IX (Dietz et al., 1993a; Hewett et al., 1993;
Kainulainen et al., 1994). A fifth mutation substitutes a highly conserved glutamic
acid (E) with a lysine (K) residue at a position corresponding to residue 50 in factor
IX (Kainulainen et al., 1994). While this residue has not been shown to be
essential to calcium binding, the presence of E at this position can partially
compensate for the lack of N at position 64 in factor IX. Since N is present in the
fibrillin 1 domain where E is substituted, the relevance, if any, of this mutation for
calcium binding may conceivably reside in the nature of the substituting K
residue.

While these and previously discussed data suggest that calcium binding may
be critical to the normal function of fibrillin, and that a majority of missense
mutations causing MFS may act by perturbation of this process, the precise role of
disrupted domain conformation and altered calcium binding in the pathogenesis of
this disorder remains unclear. Recent quantitative pulse—chase studies, examining
fibrillin metabolism in cell lines with known mutant genotypes, has begun to shed
light on this matter (Aoyama et al., 1993). While the cell lines showed normal
levels of fibrillin synthesis (relative to control lines), nearly all lines carrying
mutations that substitute cysteine residues in cbEGF-like repeats showed a
dramatic delay in the secretion of fibrillin, and reduced fibrillin deposition into the
ECM. Addition of a reducing agent to the culture media of control cells repro-
duced this cysteine-substitution phenotype. Delayed secretion could manifest
failure of folding or the formation of abnormal protein-protein complexes. Thus,
proper folding of individual cbEGF-like repeats and of a given cluster of repeats
seems to be critical to normal intracellular trafficking of fibrillin. In contrast,
mutations predicted to have an isolated effect on calcium binding impair extra-
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cellular incorporation. This cellular phenotype was reproducible when control
lines were deprived of calcium. Both abnormal conformation or altered calcium
binding leads to a failure of incorporation of fibrillin into the ECM. The mecha-
nism remains unclear. Possibilities include impaired intermolecular interactions or
increased susceptibility of abnormal monomers or multimers to the activity of
proteases.

A broad second class of mutations are predicted to result in the formation of
shortened fibrillin monomers. Defects belonging to this class include splice-site
mutations leading to single exon skipping and the loss of an internal repeat,
genomic deletions causing the loss of multiple repeats, and frameshift or nonsense
mutations that lead to the production of monomers with carboxy-terminal trunca-
tions. All types of defects can be associated with classic MFS (Kainulainen et al.,
1992; Dietz et al., 1993a,b; Godfrey et al., 1993; Tynan et al., 1993; Kainulainen
et al., 1994). Because microfibrillogenesis is believed to involve an orderly
aggregation of fibrillin monomers, perhaps in association with other proteins, it
could be postulated that the presence of shortened fibrillin polypeptides could
interfere with intermolecular interactions and with the phasing of polymerizing
fibrillin multimers. The abnormal structure of these aggregates could directly
impair their functional integrity, or they could be predisposed to untimely
degradation. In one circumstance, a genomic deletion causes the in-frame removal
of three cbEGF-like repeats (Kainulainen ez al., 1992). A stable truncated peptide,
in an amount apparently equal to that expressed from the wild type allele, could be
immunoprecipitated from a fibroblast cell line carrying this mutation. While
immunofluorescent assay of cultured cells showed a dramatic decrease in the
extracellular deposition of fibrillin, the precise mechanism underlying this cellular
phenotype remains to be determined.

An insight into the pathogenesis of MFS has come from the study of mutant
alleles that encode premature termination codons (PTC). Work by Urlaub ez al.
(1989) and Cheng et al. (1990) has clearly shown that the presence of a PTC prior
to the penultimate exon of a gene is generally associated with a severe reduction in
the level of mutant transcript. Two models have been proposed to account for this
phenomenon. First, the nuclear scanning model suggests that a yet uncharac-
terized nuclear factor has the ability to read the frame of mature mRNA. If a PTC
is encountered, the mRNA is degraded. The translational translocation model
proposes that extrusion of mRNA through the nuclear pore is physically coupled
to, and partially dependent upon, the cytoplasmic translation machinery. If a PTC
is encountered, the transcript will fail to be trafficked to the cytoplasm and will
ultimately be degraded.

The first such mutation identified in FBN1 involved a four base-pair insertion
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(Dietz et al., 1993a). This frameshift leads to the formation of a PTC and is
associated with a mutant transcript level that is only 6% of that observed from the
wild type allele. Unlike all patients with missense mutations and normal transcript
levels, this patient had an extremely mild phenotype that failed to meet the
established diagnostic criteria for MFS. This data suggested a dominant negative
pathogenesis of the MFS. This model presumes that the presence of an abnormal
protein that impairs processing of the wild type product, rather than a relative
deficiency of normal peptide, is central to expression of the disease phenotype
(Herskowitz, 1987). The mild phenotype observed in this patient can be reconciled
in either of two ways (Dietz et al., 1993a). First, the predicted truncated peptide
from the mutant allele may be so different from the normal monomer, that it fails to
participate in multimer formation. Alternatively, the severely reduced mutant
transcript level predicts very low amounts of mutant peptide and leads to a
preponderance of normal multimer and an abbreviated disease phenotype
(Fig. 10).

Additional information stems from the study of two other reduced-transcript
mutants and from a quantitative biosynthetic study of cell lines carrying these
mutant alleles (Dietz et al., 1993a,b). In one patient, a nonsense mutation in exon
51 led to a complex exon skipping phenotype and a mutant transcript level of 25%.
In the other patient, a splice-site mutation caused the skipping of exon 2, leading to
a frameshift in exon 3 and a PTC in exon 4. The mutant transcript level was 16% of
that observed from the wild type allele. Interestingly, both of these patients had a
classic and severe form of MFS. These data suggest that a relatively small amount
of mutant peptide can cause disease. Specifically, a critical threshold, between 6
and 16% of wild type levels, may be necessary to cause sufficient disruption of
microfibrillar assembly to produce the classic phenotype.

The apparent correlation between the amount of abnormal protein and
disease severity is analogous to what has been observed with collagen gene
defects, another multimeric protein system (Lee ez al., 1991a). Quantitative pulse—
chase analysis of these cell lines has provided data consistent with the dominant
negative hypothesis (T. Aoyama, personal communication). All three cell lines
synthesize approximately half of the amount of fibrillin made by control lines. The
mutant line with 6% mutant transcript, associated with a mild phenotype, deposits
all synthesized fibrillin into the matrix. The two cell lines carrying the reduced-
transcript mutants associated with a classic phenotype deposit only a fraction of
synthesized wild type fibrillin, identical to the situation observed with missense
mutations.

Preliminary data support the antimorphic behavior of this group of FBN1
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Fig. 10. A dominant negative model for MFS. (A) Two normal copies of the fibrillin gene lead to
homogeneous populations of normal monomer and multimer, and hence a normal phenotype. (B)
Missense mutations that substitute one amino acid for another lead to equal populations of normal and
mutant monomer, a homogeneous population of abnormal multimer, and hence severe disease. (C) The
mild phenotype observed in the patient with a premature termination codon and only 6% of the
expected amount of mutant RNA can be reconciled in two ways. The truncated protein could be so
dissimilar to the wild-type product that the two can no longer interact. Alternatively, the reduced RNA
level predicts a very low amount of mutant monomer. Either situation predicts a preponderance of
normal multimer and hence mild disease.

mutations. Stable expression of the exon-2—skipping allele in cultured control
fibroblasts was sufficient to cause a marked decrease in the amount of ECM
fibrillin and disorganized and fragmented microfibrillar bundles (H.C.D., unpub-
lished data). The isolated expression of the extreme amino terminus of fibrillin 1
upon a normal genetic background can recreate an MFS-like cellular phenotype.
These data suggest that the amino-terminal end of the molecule plays a critical role
in the polymerization of fibrillin aggregates, in keeping with the previously
mentioned head-to-tail model of microfibrillar assembly (Sakai e al., 1991).
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Intrafamilial Variability

A firm understanding of the etiology of MFS led to the investigation of
several unresolved clinical issues, including the molecular basis for marked
intrafamilial clinical variability. The identification of a cysteine substitution in a
cbEGF-like repeat has recently shed some light on this phenomenon. The mutation
segregates with disease in a large kindred with classic MFS; however, the
phenotype observed in family members varied widely with respect to age of onset,
tissue distribution, and severity of manifestations (Dietz et al., 1992). The only
two individuals who shared the identical phenotype were monozygotic twins.
These data suggest the presence of genetic modifiers influencing the clinical
expression of an FBN1 gene defect. Such modifiers would vary with genetic
background, explaining divergent phenotypes in and between families.

Recent experience with haplotype segregation analysis in selected families
offers a second molecular explanation for intrafamilial clinical variability (Pereira
et al., 1994). A panel of four intragenic FBNI1 microsatellite polymorphisms was
identified and typed in families in whom selected individuals had classic MFS,
while others had a milder but related phenotype that included typical skeletal
abnormality, mitral valve prolapse, early myopia, joint laxity, and/or striae
distensae but no “major”’ manifestations. In the presence of an unequivocally
affected first degree relative, all mildly affected individuals satisfied the MFS
diagnostic criteria (Beighton et al., 1988); all individuals were counseled and
managed accordingly.

In Fig. 11, family A, the proband (II-6) with classic MFS passed the same
FBNI1 allele to each of her affected daughters. This allele was not carried by family
members with the milder phenotype; rather they all shared a distinct FBN1 allele.
These data suggest that the proband carries a de novo mutation causing MFS that
she passed to her affected daughters. This occurred upon the genetic background
for a milder, albeit related, connective tissue phenotype not associated with aortic
disease or ectopia lentis. The data are consistent with, but no conclusive for, the
possibility that the milder phenotype is also caused by a FBN1 gene defect. In
family B, members with a milder phenotype also share a common FBN1 allele that
is not carried by the proband (III-1), who has a distinctly more severe phenotype
involving the aorta. A de novo mutation in FBN1 was identified in III-2 that is not
carried by any other family members (Dietz et al., 1993a).

The results demonstrate that genetic and/or allelic heterogeneity can be the
basis for the observation of phenotypic variability in selected families. The
analysis should allow for stratification of cardiovascular risk within families.
Implications include the need for individualized counseling and management and
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for judicious caution when interpreting linkage, natural history, or therapeutic
outcome studies. For example, these data could explain why a large French
kindred with incomplete, atypical, mild, and variable manifestations of MFS, in
which abnormal members were considered affected with the same disorder, failed
to demonstrate linkage to the fibrillin gene (Boileau er al., 1993). It appears that
the diagnostic criteria for MFS should be modified to require a “major” manifesta-
tion despite the presence of an unequivocal family history.

MARFAN-LIKE CONDITIONS

The medical significance of fibrillin 1 may not be limited to its role in the
pathogenesis of MFS. In fact, the FBN1 gene has been genetically linked to the
isolated ectopia lentis phenotype with no recombination (Tsipouras et al., 1992).
Consistent with this finding, a fibrillin 1 mutation has recently been reported in a
patient with eye involvement out of proportion to the involvement of other tissues
(Kainulainen et al., 1994). A fibrillin 1 mutation has also been characterized in a
patient with the mitral-aortic-skin-skeletal (MASS) phenotype, which includes
mitral valve prolapse and borderline aortic dilatation without progression to
dissection (Dietz et al., 1993a). It is reasonable to speculate that fibrillin gene
defects may play an etiologic role in patients with other isolated or atypical features
of the MFS phenotype, such as mitral valve prolapse syndrome, idiopathic
scoliosis, or annuloaortic ectasia.

The causal association between FBN2 and congenital contractural arach-
nodactyly (CCA) (Lee et al., 1991) is yet to be rigorously supported by the finding
of a fibrillin 2 mutation in this disorder. With this limitation, one can speculate the
significance of this linkage, in relation to the one established between MFS and
FBNI, and in view of the differences in the pattern of expression of the two
fibrillins (Zhang et al., 1994). Accordingly, two distinct scenarios could be
envisioned. In the first, the aforementioned differences imply that different
microfibrils have different composition, and thus diverse functions in distinct
tissues or at different developmental stages. For example, it is conceivable that
fibrillin 2, which is expressed earlier than fibrillin 1, may serve as the first
nucleation center directing the subsequent deposition of fibrillin 1. The substan-
tially lower incidence of CCA cases compared with MFS reflects the low viability
of fibrillin 2 mutations and implies that fibrillin 2 plays a more critical role than
fibrillin 1 during the early stages of morphorganogenesis. Alternatively, one could
argue that the fibrillins may form homo- or heteropolymers of differing ratios,
depending upon the specific genetic program of the cell type. In some tissues, one
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fibrillin may be more abundant than the other, while in other tissues they may be
more equally expressed. In tissues where the fibrillins are more equally expressed,
a defect in one fibrillin may be compensated for by the other fibrillin. In tissues
where one fibrillin is exclusively or more prevalently expressed than the other,
such a compensatory process may not occur because of its more critical structural
role.

CONCLUSIONS AND FUTURE PROSPECTIVES

To date, molecular studies of the MFS and the FBN1 gene have resulted in a
firm understanding of the molecular origins of the disorder, have begun to shed
some light on the origins of pleiotropy and clinical variability, and have contrib-
uted to a greater understanding of pathobiology and pathogenesis. Direct clinical
application has ensued, with successful efforts at presymptomatic and prenatal
diagnosis. Despite this early success in clinical application of molecular data, the
greatest challenges and rewards await attempts at a full understanding of patho-
genesis, and efforts to relieve the clinical burden of this disorder using novel
therapeutic strategies. While correlation of mutant genotype to phenotype in
patients has provided some insight, this approach is limited by a number of factors
including the low number of patients carrying the same mutation, the great
diversity in genetic background (and of potential genetic modifiers) in and
between affected families, the inability to study protein expression and inter-
actions at different stages of early fetal development, the limitation of following
the natural history of MFS serially using invasive diagnostic techniques, and the
hardships associated with execution and interpretation of experimental therapeutic
trials in a limited number of human subjects. In this light, the creation of a
transgenic animal model of MFS should prove invaluable to future studies.

In order to gain greater knowledge of the biology of normal and mutant
fibrillin 1, the protein and its interactions will need to be studied in vivo. The
application of transgenic technology will provide insight into the biochemical and
developmental significance of the normal protein and the consequence of expres-
sing an altered gene in a system that mimics the physiologic complexity of the
human system. For example and by analogy to the human mutations, introduction
of a mutant allele producing a truncated peptide into fertilized mouse pronuclei
should be sufficient to recreate the clinical phenotype in the animals. The use of
techniques of homologous recombination in embryonic stem cells should elucidate
whether there are phenotypic differences in qualitative versus quantitative muta-
tions of fibrillin 1. Finally, the transgenic techniques will also allow investigators



182 Harry C. Dietz et al.

to compare and contrast the consequences of identical mutations in the two fibrillin
chains.

The development of murine and nonmurine models for MFS should provide
a means to evaluate conventional medical therapies. They include the optimal
preparation, time of initiation, dosage, or route of administration of pharmaco-
logic agents that slow the rate of aortic root dilatation. Animal research will also be
necessary to test novel gene therapy strategies. For example, if the dominant
negative hypothesis is confirmed, selective inhibition of expression from the
mutant allele should help to alleviate the clinical burden carried by MFS patients.
The emergence of antisense strategies for such purposes, coupled with innovative
methods for direct gene delivery to the cardiovascular system, may ultimately
allow the correction of defective FBNI gene expression by somatic gene therapy.
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INTRODUCTION

The detection of DNA or RNA sequences in cells in interphase or metaphase can
readily be achieved by in situ hybridization procedures based on the specific
annealing of sequences (probes), previously labeled with appropriate reporter
molecules, to their corresponding genomic DNA or RNA regions. Under special
conditions, stable complexes are formed that can be visualized.

In early studies, radiolabeled DNA or RNA probes were employed, and the
hybridization complexes were detected as “‘silver grains” on photographic films or
emulsion (Buongiorno-Nardelli and Amaldi, 1969; Gall and Pardue, 1969; John
et al., 1969).

“Present address: The Galton Laboratory, University College London, Wolfson House, 4 Stephenson
Way, London, England NW1 2HE

Advances in Human Genetics, Yolume 22, edited by Henry Harris and Kurt Hirschhorn. Plenum Press,
New York, 1994.

187



188 M. Adinolfi and J. Crolla

A nonisotopic in situ hybridization (NISH) method was first introduced in
1975 by Manning et al.; using electron microscopy, the nucleic acid sequences
were labeled with biotin and the hybridization complexes were detected by avidin-
coated microspheres. Subsequently, a variety of procedures had been developed
to improve the visualization of the hybridization complexes, ranging from the
use of different reporter molecules to label the probes (Langer et al., 1981; Tchen
et al., 1984; Landegent et al., 1984; Hopman et al., 1986a,b,c; Khalfan et al.,
1986) to the exploitation of various fluorochromes, enzymatic reactions, and
antibodies to amplify the signals* (Pinkel et al., 1986; Landegent et al., 1987,
Cremer et al., 1986; Kozma and Adinolfi, 1987; Singer et al., 1987; Hopman et
al., 1988; Nederlof et al., 1989; Herrington and McGee, 1990; Nederlof et al.,
1990; Trask, 1991).

The advent of new molecular technologies has also improved the availability
and preparation of probes that are free of contaminants. Whereas in early studies
only repetitive sequences could be visualized, the introduction of competitive
hybridization techniques and digital imaging microscopy meant that probes
between one and two kb can now be employed (Lawrence, 1990; Ried et al., 1992;
Adinolfi and Davies, 1994). With fluorescence in situ hybridization (FISH) assays,
by a careful selection of appropriate fluorochromes, several probes, previously
labeled with different reporter molecules or mixtures (ratios) of such molecules,
can be used simultaneously and visualized in cells in interphase or metaphase
(Landegent et al., 1984; Pinkel et al., 1986; Hopman et al., 1986a,b,c, 1988;
Singer et al., 1987; Emmerich et al., 1989).

The simultaneous visualization of several sequences is one of the many
advantages that FISH has over the radioactive method (Nederlof et al., 1990;
Lichter and Ward, 1990; Wiegant et al., 1993). The use of enzymes to stain
hybridization complexes provides the opportunity to obtain permanent prepara-
tions that can be counterstained and to identify specific chromosomal regions.
Another advantage of NISH over the radioactive method is that the former allows
greater spatial resolution of specific sequences. The signals of the isotopically
labeled probes, visualized on films or photographic emulsions, are often located
outside their specific genomic targets. The radioisotopic technique requires
several days before results can be analyzed, while most NISH procedures can be
performed in a relatively short period of time. In addition, once the probes are
labeled with reporter molecules, they can be stored for several years.

Among the factors that have tilted the balance toward the nonisotopic

*When fluorochromes are employed, the short term FISH is used to indicate the specific method. In this
study, we will use NISH as a general term, and FISH when fluorescent dyes are employed in the
quoted papers.
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methods is the possibility of successfully using the polymerase chain reaction
(PCR), either to amplify and label single DNA sequences that are then hybridized
to the target DNA, or to amplify DNA extracted from previously sorted chromo-
somes. An alternative is to amplify directly DNA sequences in cells in interphase
or metaphase that have been spread on glass slides (Baldini and Ward, 1991;
Gosden et al., 1991; Koch et al., 1989, 1991, 1992; Telenius et al., 1992; Vooijs et
al., 1993). This last procedure, termed PRINS (from primed in situ), is being
applied with increasing frequency because it is simple and rapid.

The final choice, when selecting one of the many NISH methods, depends on
the specific requirements and the availability of appropriate equipment. Enzy-
matic staining has the advantage over FISH methods that slides can be stored for a
long period of time; however, the combination of fluorescence microscopy with
computerized digital image enhancement and memory storage technology allows
results to be stored and recalled for further analysis.

Digital imaging techniques have also significantly increased the range of
fluorochrome combinations that can be used in varying “ratio” combinations,
which in expert hands can lead to multiple color (and hence probe) analyses
(Cremer et al., 1991). Colored chromosome staining patterns, termed chromo-
somal “bar codes” (CBCs), have been produced in human chromosomes by FISH
with pools of Alu-PCR probes derived from yeast artificial chromosome (YAC)
clones containing human DNA inserts ranging from 100 kilobase-pairs (kb) to 1
million base-pairs (Mb). Individual colors and relative signal intensity of each
“bar” could readily be modified depending on probe selection and labeling
procedures (Lengauer et al., 1993).

During the past few years, NISH has become an indispensable procedure in
many areas of research and clinical cytogenetics, including: the analysis of
chromosomal abnormalities not readily detected or unequivocally resolved by
conventional cytogenetic methods; the possibility of performing rapid prenatal
identification of major chromosomal defects in cells in interphase; the localization
of genes on specific chromosomes using cells in interphase or metaphase; and the
detection of duplications or deletions associated with some diseases.

We will discuss selected clinical applications of NISH methods for the
detection of DNA sequences. The specific techniques will not be described in
detail: they are available in several publications (Buckle and Craig, 1986; Polak
and McGee, 1990; Adinolfi and Davies, 1994; Leitch et al., 1994).

NISH has become a widely used tool, and the number of studies based on or
supported by this method is increasing exponentially. Though our presentation
will be incomplete and important papers omitted, we hope our selection will be
representative of many areas of research and clinical diagnosis in which-NISH can
be applied.
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THE PROBES

The majority of NISH techniques in routine use conforms to a simple
protocol in which a nonisotopically labeled single-stranded (or denatured ge-
nomic) nucleic acid probe is hybridized to a denatured complimentary target
preparation (e.g., tissue section, metaphase chromosomes, or interphase nuclei),
rendering the target nucleic acid molecules available for complimentary hybridiza-
tion and visualization using enzymatic or fluorometric detection methods (Fig. 1).

Probes propagated in plasmids, cosmids, YAC vectors, and oligonucleotides
are suitable for NISH. Centromeric repetitive DNA sequences are particularly
useful for identifying specific chromosomes and are employed extensively. The
centromeric regions of human chromosomes vary in length from a few hundred kb
to several Mb and are composed of several families of satellite DNA (Willard and
Waye, 1987; Willard, 1985, 1990, 1992).

The fundamental unit of human a-satellite DNA is a monomer of about 171 bp
long (Manuelidis and Wu, 1978); available data suggest that the majority of
a-satellite tandem repeats can stretch for several Mb.

E !
- - __..‘_il.__- PROBE DNA

---------------------------- TARGET DNA

[J_'} BIOTIN-LABELED dUTP [1_'] DIGOXIGENIN-LABELED dUTP
TEXAS-RED LABELED AVIDIN ANTL-DIGOXIGENIN
g7 BIOTINYLATED ANTI-AVIDIN /‘FITC

FITC-LABELED ANTI-DIG

Fig. 1. Schematic representation of the basic principle for the simultaneous detection of two probes
with reporter molecules marked with different fluorochromes. The digoxigenin-labeled probe will be
seen as a green (FITC) fluorescent signal, while the biotin-labeled probe will appear as a red (Texas
Red) signal.
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Since 1985, it has been demonstrated that centromeric a-satellite sequences
are organized in a highly specific fashion in each chromosome (Willard, 1985;
Mitchell et al., 1985; Jorgensen et al., 1987; Choo et al., 1989); the individual
subsets are usually known by their cognate chromosome (e.g., o X subset, a |
subset). Centromeric a-satellites have been identified, on chromosomes 13, 18,
and 21 (Devilee et al., 1986); 22 McDermid et al., 1986); 13, 14, and 21 (Choo
etal., 1988); 15 (Choo et al., 1990); and 12 (Baldini et al., 1990; Looijenga et al.,
1990). A survey of the genomic distribution of a-satellite DNA in all human
chromosomes and their sequences has been published by Choo et al. (1991).

An intriguing observation derived from the analysis of the organization of
a-satellites is their polymorphism. The coexistence of several distinct high-order
repeat forms with a single alphoid array has been demonstrated for several
chromosomes. These forms differ from each other in the overall length of the
multicopy units (e.g., 13 to 16) and/or primary nucleotide sequences.

In a few instances the molecular basis for a-satellite polymorphisms has been
determined: for the chromosome 17 a-satellite, evidence has been obtained from
primary sequence data to support a mechanism of unequal recombination (inter- or
intrachromatid) between misaligned repeats (Willard and Waye, 1987). The
polymorphism of some o-satellites can also be detected by FISH as varying
intensities of fluorescent staining (Verma and Luke, 1992).

A new family of centromeric repetitive probes has been identified from an
investigation into the origin of the chromosomal abnormality in a female infant
whose peripheral blood lymphocytes contained two copies of a marker chromo-
some, in addition to a uniform tetraploid karyotype. This new group of satellites
(snS) seems to be primate-specific and shows a distribution in the human
chromosomes similar to that of the a-satellite family 2 because it is distributed
at the pericentromeric regions of chromosomes 13, 14, 15, 21, and 22, but not of
chromosomes 5 and 7 (Johnson et al., 1992).

Beside the centromeric repetitive probes, other repetitive sequences have
been used for NISH analysis: the proximal Yp and distal Yq heterochromatin
regions (Cooke et al., 1982; Miiller et al., 1986a,b); the satellite II and III probes
derived from the heterochromatic regions of Igh, 9qh, and 16gh (Cook and
Hindley, 1987; Moyzis, 1987); and the 15 short arm satellite III heterochromatin
(Higgins et al., 1985).

In contrast, the use and detection of probes cloned from unique genomic
sequences located at specific regions of each chromosome were later developments
of NISH technology, and came about with the introduction of a competitive
hybridization methodology known as chromosome in situ suppression hybridiza-
tion (CISS). CISS made it possible to “compete out™ the repetitive sequences that
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are ubiquitously interspersed between the unique sequences within each probe
(Pinkel et al., 1988; Cremer et al., 1988; Kievits et al., 1990). This modification of
NISH technology has revolutionized and dramatically expanded the applications
of the technique, and, for the first time, has allowed the use of probes derived from
cosmids or pools of overlapping cosmids (contigs), and of “chromosome forward
and reverse paint” procedures (Fig. 2).

ﬁ CHROMOSOME MIX

SEPARATED BY FLOW CYTOMETRY

N\

E:__JO[Z

|

@ DOP-PCR LABELLED

[:O{:]\

/PAINTED ONTO NORMAL CHROMOSOMES

METAPHASE SPREADS

l

FISH DETECTION

Fig. 2. Schematic representation of the preparation of chromosome-specific libraries using dual laser
flow cytometry. An individual chromosome (black) is identified by its size, shape, and differential
fluorescence and “sorted” into a tube by the flow cytometer. DOP-PCR (see text) is then used to
amplify the sorted chromosomal DNA and label with either biotin, digoxigenin or FITC. These sorted
and labeled probes can then be applied, following a competitive-hybridization pretreatment as a
chromosome-specific probe, which is “painted” onto metaphase chromosome preparations.
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The use of CISS also made possible the expansion of in situ methodologies to
utilize probes derived from vectors containing large regions of cloned genomic
DNA, for example sequences cloned in YACs. Such probes can be used either after
purification by pulsed field electrophoresis, aimed at removing contaminating
endogenous yeast DNA, or following extraction from the entire DNA present in the
YACs (Schwartz and Cantor, 1984; Montanaro et al., 1991; Selleri et al., 1991a;
Baldini et al., 1992; Lengauer et al., 1993; Adinolfi and Davies, 1994).

Cosmid and YAC probes allow precise localization of DNA sequences on
individual chromosomes, and are often employed with other methods during the
process of gene mapping.

DNA that has been prepared from a single chromosome (previously isolated
by flow cytometry from a preparation containing normal chromosomes in meta-
phase or from a somatic cell hybrid) can be used to identify the corresponding
chromosome in metaphase spreads after labeling with a degenerate primed-PCR
reaction (DOP-PCR). This method, *“forward chromosome painting” (Telenius et
al., 1992) has many practical applications, particularly in the field of transloca-
tions and aberrations found in cancer cells (Cremer et al., 1988; Lichter et al.,
1988), and in the resolution of some classes of constitutional chromosome
abnormalities (Hulten et al., 1991; Carter et al., 1992). These approaches may
prove unsatisfactory in some subtle forms of structural rearrangements such as
very small duplications (Gould er al., 1992). An alternative method can be
employed: the abnormal chromosome can be isolated by flow cytometry and used
to form DOP-PCR “‘reverse” paint, which, when hybridized back onto normal
metaphase spreads, may reveal the chromosomal origin and extent of the abnor-
mality being investigated (Carter et al., 1992; Joos et al., 1993). This approach has
also been extended to the study of constitutional and acquired types of marker
chromosomes, and, in some examples, has revealed hidden chromosome struc-
tures of considerable complexity (Blennow et al., 1992).

Chromosome microdissection is another powerful and frequently employed
approach for generating region-specific probes (Kao, 1987; Kao and Yu, 1991;
Liidecke et al., 1989; Senger et al., 1990; Meltzer et al., 1993). DNA sequences,
from a few fragments collected by microdissection, are amplified by PCR and then
utilized for NISH (Deng et al., 1992).

Most microdissection techniques are based on the time-consuming and labor-
intensive collection of up to 40 fragments from the target region to obtain enough
DNA template for PCR amplification. The addition of each fragment to the pool
increases the probability of contamination. Guan et al. (1993) have described a
protocol that reduces the number of copies of dissected target DNA. It is based on
the pretreatment of the dissected chromatin with topoisomerase I (Topo I), before
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PCR. A single microdissected fragment is sufficient to construct a region-specific
probe for FISH.

Chromosome-specific probes obtained by microdissection have proved to be
useful in identifying a chromosome marker when DNA was collected from the
chromosome fragment by microdissection, and the sequences amplified and
labeled. The probes were then hybridized by FISH to metaphase spreads prepared
from a normal subject, revealing the chromosomal origin of the marker (Ohta et
al., 1993). This technique has also been successfully applied for the identification
of the mechanism that leads to the generation of deleted chromosomes and their
stabilization in cancer cells. Meltzer and colleagues (1993) have generated probes
by microdissection from apparent terminal deficiencies of chromosome 6 prepared
from patients with malignant melanoma. The terminal portion of the long arm of a
der(6) chromosome was collected by microdissection, amplified by PCR, and
biotinylated for FISH analysis. While the isolated sequences hybridized to the
dissected region of der(6), thus documenting the authenticity of the prepared
probe, a strong signal was observed on the terminal portion of chromosome 20q on
hybridization to normal lymphocyte chromosomes. These results demonstrated
that the apparent terminal deficiency of chromosome 6 was actually a cryptic
translocation involving chromosome 20 (Meltzer et al., 1993).

A variant microdissection technique has also been described by Hozier et al.
(1994); the probe can be either the insert fraction of a cDNA library or a cDNA
primer ligated to an adapter designed for subsequent PCR. The amplified,
unlabeled products are hybridized to metaphase spreads. After hybridization, the
chromosomes are stained to produce the characteristic banding pattern that allows
their identification. The chromosome of interest is then microdissected, the
collected material, containing the hybridized DNA, is amplified in vitro using
PCR and cloned into a suitable vector for analysis. According to Hozier et al.
(1994), this preparative in situ hybridization (pre-ISH) method has useful applica-
tions for studying gene expression and genomic organization.

DETECTION BY NISH OF CHROMOSOMAL DISORDERS
IN METAPHASE SPREADS

Many published reports document the diagnostic value of using NISH to
detect chromosomal disorders that cannot readily be analyzed by conventional
cytogenetic methods, including the identification of translocations, small dele-
tions, duplications, and chromosome markers. In most instances, the origin and
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nature of the abnormalities can best be established using metaphase spreads, but
interphase analysis by NISH can also provide useful diagnostic information about
major chromosomal defects. This is particularly true when this approach is
exploited as a prenatal test on amniotic or chorionic cells (Kuo et al., 1991; Zheng
et al., 1992; Klinger et al., 1992; Ward et al., 1992; Davies et al., 1994a,b). We
will describe first the applications of NISH on metaphase spreads for the detection
of translocations, isochromosomes, chromosome markers, deletions, and duplica-
tions; and then the use of NISH on cells in interphase.

Translocations and Isochromosomes

The great majority of these chromosomal disorders can readily be detected by
conventional cytogenetics. In some cases, NISH has been employed mainly to con-
firm the diagnosis or to clarify the nature and characteristics of the abnormality.

We will illustrate a few situations where NISH has been instrumental in
documenting small transiocations or isochromosomes, such as those involving the
Y chromosome. Interest in this type of disorder probably derives from the
knowledge that the differentiation of the primordial gonad into testis depends on
the presence of a gene on the short arm of the Y chromosome (Yp). The testicular
differentiation gene (TDY) that maps on Yp has recently been cloned (Sinclair
et al., 1990). Termed the sex-related Y gene (SRY), this sequence is present in
normal males (46,XY), and the great majority of phenotypic males with two X
chromosomes (46,XX) or other Yp translocations. It is absent in normal females
(46,XX) and in phenotypic females who have a 46,XY chromosome complement
and deletion of the SRY gene (Goodfellow and Lovell-Badge, 1993). SRY is
expressed at particular stages of gonadal differentiation in male embryos and can
induce male development in chromosomally female mice transgenic for this
sequence (Koopman ez al., 1990, 1991).

While the presence or absence of the SRY gene can be readily determined by
PCR amplification, the site of translocation can only be established by NISH,
using the SRY sequence or other closely linked Yp probes; for example, the Y190
and Y431 pericentric probes have been successfully employed to investigate
patients with Y chromosome abnormalities (Kozma and Adinolfi, 1988).

Fig. 3 shows a Y;10 translocation that was initially detected in a 45,X patient
and later confirmed by molecular studies that also documented the presence of an
inversion within the translocated Y fragment (Miiller er al., 1989). Another
interesting case has been described by von Hemel et al. (1992). The boy, who had a
45,X karyotype, had dysmorphic features, hypoglycemia, and pancytopenia.



196 M. Adinolfi and J. Crolla

Fig. 3. Detection by FISH and Y190 probe of a translocation of the short arm of the Y chromosome to
chromosome 10 in a 45,X male patient (partial metaphase).
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Jacobsen syndrome was suggested by the presence of trigonocephaly, ptosis, deep-
set short nose, and a carp-shaped mouth. Using a Yp-derived probe and FISH, a
Y;11 translocation was detected, associated with an 11q24—qter deletion. Accord-
ing to von Hemel ez al. (1992), some of the Jacobsen symptoms observed in this
patient could be attributed to a deletion affecting the long arm of chromosome 11.
A list of Y translocations investigated by FISH is reported in Adinolfi and Davies
(1994).

Another example of the diagnostic value of FISH is illustrated in Fig. 4.
Conventional cytogenetic analysis of metaphase spreads obtained from a six-year-
old girl with short stature, webbed neck, and suspected behavioral disorders
documented the presence of two normal chromosomes 21, one normal chromosome
X, and a partially deleted X with a possible translocation of a small fragment of
chromosome 21 (Barber and Crichter, 1994). When tested by FISH with an
X-centromeric probe (pSV2XS5) and a 21-derived probe mapping to the 21q22.2
region, two normal chromosomes 21, and a normal X chromosome could be
detected in each metaphase spread. The other X chromosome showed a bright
hybridization signal on the tip of the long arm with the 21 probe. This patient was,
therefore, trisomic for the 21q22.2 region but did not show clinical symptoms of
Down syndrome and had normal dermatoglyphics. Further studies showed that the
X chromosome containing the translocation was inactivated, as was the translo-
cated 21-derived fragment. The only overt clinical symptoms associated with the
abnormalities were the short stature and webbed neck, typical of patients with
Turner syndrome.

In some patients, NISH tests can provide useful information about the
structural arrangements of isochromosomes. Sharp et al. (1990) have investigated
three patients with long arm X isochromosomes and an isodicentric X chromo-
some, using FISH and an X-centromeric probe. The results showed that in each
patient, the chromosomal abnormality was due to different, unique pericentro-
meric structures. The isodicentric X (isodic X) showed two distinct a-satellite
hybridization signals and duplication of the short arm material. Two isochromo-
somes X showed a longer than normal, bifid a-satellite signal and had different
duplications of the Xp region. The third X isochromosome had an a-satellite signal
similar in size to that present on the normal X.

FISH has also been successfully applied to characterize de novo chromo-
somal duplications. In six of eight patients investigated by Leana-Cox et al.
(1993), the clinical phenotype and/or conventional cytogenetics had already
suggested the likely origin of the duplicated material. The other two cases
necessitated multiple hybridization to determine the chromosomal origin of the
duplication. In one infant, the abnormality, suspected to involve chromosome 1,
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was instead shown to result from a duplication of a fragment from chromosome 17.
In the third case, a suspected duplication involving chromosome 13 demonstrated
that the extra fragment was derived from chromosome 3q.

Reverse chromosome painting has also been successfully applied to the reso-
lution of a number of subtle structural constitutional chromosome abnormalities
(Carter et al., 1992). This approach requires flow sorting of the abnormal deriva-
tive chromosomes, labeling of the resultant DNA using degenerate primed PCR
(DOP-PCR: Telenius et al., 1992), and the use of the biotinylated DOP—PCR
products as a paint onto normal metaphase spreads. Using this approach, Carter
et al. (1992) were able to resolve the origin and composition of a number of
structural abnormalities (e.g., a duplication of 8p and a 13q33 insertion into 1p36);
significantly they proved that this method not only determines the origin of some
rearrangements, but also gives precise information on the regional location of the
origin of the chromosomal material being investigated. Using a similar technique,
Rack et al. (1993) resolved the structure of three de novo derivative chromo-
somes 16.

Marker Chromosomes

Marker chromosomes are found in karyotypes of constitutional and acquired
chromosome abnormalities, and provide unique problems for accurate cytogenetic
identification and classification. In this review, our discussion is restricted to the
application of NISH methodology to the study of constitutional supernumerary
marker chromosomes (SMCs), such as small additional chromosomes whose
origin or composition cannot be identified by conventional cytogenetic staining
techniques. Excluded by this definition are isochromosomes for the short arms of
chromosomes 12, 18, and X, which, in normal circumstances, can be diagnosed
by a variety of standard methods and are associated with relatively well charac-
terized syndromes (Schinzel, 1984).

SMCs are seen with a frequency of approximately 0.24/1000 in phe-
notypically normal individuals but 13 times more frequently (3.27/1000) among
mentally retarded populations (Buckton et al., 1985). Approximately 16% are
familial, and, if found in a phenotypically normal parent, are generally transmit-
ted without detrimental effects. The remaining 84% arise de novo, and the
prediction of phenotypic risks in this latter group is problematic due mostly to the
paucity of long-term follow-up data from such cases. The published estimates are,
therefore, given with large margins of error (Hsu, 1986; Warburton, 1991). Based
on a large survey of over 33,000 consecutive amniocentesis samples karyotyped in
the USA and Canada, Warburton (1991) estimated that the overall risk for physical
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and/or mental retardation associated with the prenatal ascertainment of a de novo
SMC is approximately 13%.

Conventional cytogenetic studies have shown that the majority of SMCs
(~86%) are derived from the short arm and pericentromeric regions of acrocentric
chromosomes (Buckton et al., 1985; Friedrich and Jensen, 1983; Maraschio et al.,
1988), of which approximately half are distamycin/DAPI (DA/DAPI) stained
(Schweizer et al., 1978), and therefore, involve the short arm region of chromo-
some 15. Seventy percent of the DA/DAPI positive markers are conventionally
described as inverted duplications (inv dup) involving the pericentromeric region
of chromosome 15 (Maraschio et al., 1988). This class of SMC provides an
interesting model for a study of phenotypic effects associated with marker chro-
mosomes as patients have been reported with varying size and shapes of inv
dup(15) markers and phenotypes ranging from the physically and intellectually
normal to the severely mentally retarded; in rare cases, these SMCs have been
detected in patients with either Prader-Willi (PWS) or Angelman’s syndromes
(AS) (Maraschio et al., 1988; Robinson et al., 1993a). Molecular genetics and,
more recently, FISH methods have been used to formally demonstrate that
duplications of the imprinted proximal 15q region within some types of inv dup
(15)s are, as expected, correlated with adverse phenotypic outcomes (Robinson
et al., 1993a; Crolla et al., 1994).

With the exception of mar(15) chromosomes, conventional cytogenetic tech-
niques can provide only general information on the origin of SMCs. More specific
information can only be obtained using a combination of NISH and molecular
genetic techniques. The most frequent NISH strategy used to identify the chromo-
somal origin of SMCs is based on the systematic use of a series of centromere-
specific probes on metaphase spreads either singly or in multi-colored combina-
tions. Metaphases containing the marker are analyzed after in situ hybridization,
and the marker’s centromeric composition is deduced when both the SMC and the
internal normal homologous centromeres show hybridization signals (Fig. 5). If
the marker is suspected to contain additional euchromatic material, further
molecular strategies may be required to deduce the exact nature and chromosomal
composition of the marker chromosome (Fig. 6).

A systematic NISH approach to the molecular characterization of SMCs was
first applied to patients with sex chromosome mosaicism and a cell line containing
a small marker or ring chromosome thought to be derived from either the X or Y
chromosome (Kushnick er al., 1987; Crolla and Llerena, 1988; Kozma et al.,
1988; Crolla ez al., 1989; Jacobs et al., 1990; Koch et al., 1990). The cloning of
alphoid repeats from all human centromeres meant that by using this approach,
autosomally derived SMCs could be identified systematically (Callen ez al., 1990,
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1991, 1992; Crolla et al., 1992; Rauch et al., 1992; Plattner et al., 1993a,b). In
addition to these systematic studies on relatively large series of patients with
SMCs, smaller groups of patients have been reported so that, to date, the chromo-
somal origins of over 120 cases of autosomally derived SMCs have been identified
(Fig. 7), including 58 patients with SMCs studied at the Wessex Regional Genetics
Laboratory (Crolla et al., 1992, 1994, and unpublished data).

Approximately half of SMCs identified with NISH methods (in contrast to
the 86% tentatively identified with conventional techniques) have been found to be
derived from acrocentric chromosomes (Fig. 7). However, there is an inevitable
ascertainment bias in most of the NISH studies on marker chromosomes published
to date because phenotypically abnormal probands are overrepresented. SMCs of
chromosome 15 and either chromosome 14 or 22 origins were found with the same
frequencies, that is, approximately 44% of all the acrocentric-derived SMCs, with
the remainder containing the centromeric heterochromatin of either chromosome

Fig. 4. FISH analysis of metaphase spread from a patient known by conventional cytogenetic analysis
to have a karyotype with two normal chromosomes 21, one normal X chromosome, and a partially
deleted X chromosome, with a possible translocation of a small fragment of chromosome 21. FISH
tests using an X-derived centromeric probe (pSV2XS5) and a 21q22.3 probe documented the 21;X
translocation (arrow) and therefore trisomy 21. However, the patient had no clinical symptoms of
Down’s syndrome due to nonrandom inactivation of the partially deleted X chromosome together with
the translocated 21.

Fig. 5. A patient with a karyotype containing a supernumerary marker chromosome of chromosome 3
origin. Hybridization with the chromosome 3 centromere-specific probe (pa3.8;D3Z1, kindly supplied
by Dr. H. Willard) shows signals from the two #3 centromeres and from the marker 3 (arrowed).
Forward chromosome painting with a flow sorted chromosome 3 library showed that the unlabeled
(red) portion of the ring was composed entirely of chromosome 3 material.

Fig. 6. A. A patient with a small supernumerary marker 15 chromosome showing positive signals from
the two normal 15 homologues and the mar(15). The marker in this patient is a small ring and the probe
is DI5Z1, specific for the satellite III repetitive sequence on the short arm of chromosome 15. This
patient was ascertained because of severe mental retardation. B. The same patient as shown in A
following hybridization with the GABRB3 cosmid from proximal 15q. Signal can be seen from the
marker 15 (arrow) showing that it contains the GABRB3 region of the Prader-Willi/Angelman
syndrome.

Fig. 8. A patient with DiGeorge syndrome and a submicroscopic deletion in 22ql1 identified by the
cosmid EO (kindly provided by Dr. Peter Scambler, Institute of Child Health, London). The normal 22
(arrowhead) shows signals at both 22ql1 and 22qter (the latter being a cohybridized cosmid pH17,
supplied by Dr. Marcia Budarf, Philadelphia). The deleted 22 (arrow) shows only a signal from the
distal 22q cosmid.

Fig. 11. Transcervical cells collected at nine weeks of gestation tested by FISH with two probes
simultaneously, one specific for the X chromosome (red signal) and one for the Y (green signal). This
sample was obtained by aspiration from the endocervical canal of a mother with a male fetus.
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CHROMOSOMAL ORIGIN OF SUPERNUMERARY MARKER
CHROMOSOMES
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Fig. 7. Distribution of the origin of supernumerary marker chromosomes identified by FISH.

Fig. 12. FISH detection of trisomy 21 using two differentially labeled cosmid contigs, 242¢ and
c¢CMP21a. Three double signals, one red (TRUTC) and one green (FITC) can be seen in the nucleus of
an amniotic cell from a fetus with Down'’s syndrome.

Fig. 13. Trisomy 21 detected by FISH in a transcervical cell in interphase collected at 10 weeks of
gestation. The diagnosis was confirmed by testing placental cells.

Fig. 14. Mapping of the XL A gene by FISH (arrow) using an X-derived probe (pSV2X5) to identify
the X chromosomes.

Fig. 15. FISH mapping in interphase. Three probes (two cosmids and a YAC) were hybridized to Gl
interphase cells and the distances between signals were measured in twenty cases using image analysis
software. These distances (in microns) were converted to genomic distance in Kb by comparison with a
calibration curve that had been constructed using cosmid probes from the same region. The average
distance between the two green signals was determined to be > 500 Kb; the distance between the
consistently larger green signal (presumably the YAC) and the red signal was 300 Kb and between the
red signal and the smaller green signal, approximately 150 Kb.

Fig. 16. DNA from isolated human chromosome 4 was labeled and hybridized to marmoset chromo-
somes in metaphase. The entire long arm of chromosome 7 shows bright fluorescent signals (photo-
graph supplied by Jon Sherlock).

Fig. 17. Marmoset chromosomes painted with DNA from human chromosome 13. Cross reactivity
with short arm of marmoset chromosome 1 (arrow) and telomeric region of chromosome 3 (photograph
supplied by Jon Sherlock).
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13 or 21 (16%). It is not surprising that such a relatively high proportion of
acrocentric SMCs originates from chromosome 13, 14, or 22, as these may
represent the reciprocal products of Robertsonian translocations, which in humans
involve chromosomes 13 and 14 more frequently than other acrocentrics (Jacobs
et al., 1974).

The distribution of the origin of SMCs derived from the nonacrocentric
chromosomes shows that the centromeres of all chromosomes except 10 and 17 are
represented (Fig. 7). Two of the markers in this figure: case 14 (Crolla et al., 1992),
and case 20 (Callen et al., 1992) did not show a hybridization signal with any of
the alphoid repeat probes used. These exceptional cases suggest that the origin and
composition of some SMCs may involve either complex rearrangements of
centromeric heterochromatin that makes them unamenable to hybridization with
alphoid repeat probes, or that in exceptional circumstances, the presence of
alphoid sequences may not be a prerequisite for functional kinetochore activity.
Alternatively, some markers may comprise structurally different forms of repeti-
tive DNA, such as the sn5 satellite DNA described by Johnson et al. (1992).
Although the majority of cases reported to date have karyotypes containing a
single SMC, some were observed with two or more markers of different chromo-
somal origins (Callen et al., 1991, case 3).

Other NISH methods have been utilized successfully to determine the
chromosomal origin of SMCs. For example, Blennow et al. (1992) were able to
flow sort a SMC approximately the size of an F-group chromosome; when the
DNA from the marker was used as a reverse paint on normal metaphases, it was
found to hybridize and thus to be composed of material from chromosomes X, 5,
and 7. This structural complexity may help to explain why in some cases a wide
spectrum of phenotypic effects is associated with this group of nonacrocentric
SMCs. Chromosome microdissection has also been successfully applied to isolate
DNA from one SMC; after labeling, the DNA was used to identify the marker as of
chromosome 20 origin. Sequence data also revealed that it contained an uniden-
tified family of centromere repetitive DNA which the authors termed sn5 (Johnson
et al., 1992).

As mentioned before, conventional cytogenetic studies have previously
shown that some types of marker 15 chromosomes (inverted duplications) are
associated with significant phenotypic effects, most notably mental retardation.
Molecular genetic and FISH studies (Robinson et al., 1993b; Crolla et al., 1994)
had recently been applied to patients presenting with mental retardation and
karyotypes containing either a classical de novo inv dup(15) chromosome or a
small r(15). In five patients studied by Robinson et al. (1993b) using PCR and
Southern blotting techniques, and six cases reported by Crolla et al. (1994) using a
combined FISH and molecular approach, all 11 de novo markers were shown to be
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maternally derived and in addition contained duplications of the PWS/AS critical
regions. Eleven more patients with mar(15) chromosomes were also examined by
Crolla et al. (1994), and in contrast, none of these mar(15) chromosomes contained
sequences from the PWS/AS regions. Ten of these 12 patients were intellectually
and physically normal, but two were ascertained because of mental retardation,
thus making problematical a straightforward correlation between the presence or
absence from within a mar(15) of the proximal 15q imprinted genes and mental
retardation. Either the presence of the mar(15)s in these two mentally impaired
individuals was coincidental (due to ascertainment bias), or, in some way, was
implicated in the aetiology of the phenotype.

A secondary effect of marker chromosomes was postulated by Robinson et
al. (1993a) who found that in a PWS and AS patient—each with a small inv
dup(15) marker chromosome—the phenotypes were caused by uniparental disomy
for the paternal and maternal copies of chromosome 15, respectively. Robinson et
al. (1993a) postulated that either the presence of the mar(15) had in some way
caused nondisjunction of the normal 15 bivalent in the meiosis preceeding
fertilization, resulting in a trisomy 15 zygote that was “rescued” by the loss of
either the single paternal or maternal 15; or that the “rescue” involved a somatic
recombination in a trisomy 15 zygote, with the mar(l15) being the remaining
product of this event. If such an intrachromosomal effect is possible for mar(15)
chromosomes, then an interchromosomal effect might explain some of the phe-
notypic variability observed in other patients with de novo autosomally derived
marker chromosomes.

In this context, from the NISH data published so far, it is clear that different
phenotypes observed in patients with SMCs have apparently the same, or very
similar chromosomal compositions at least at the level of sensitivity of the tests
employed. For example, three cases with small mosaic de novo chromosome 12
markers have been reported, two with detailed clinical follow-up information. The
first patient, case 5 (Callen ez al., 1991) had dysmorphic facial features, develop-
mental delay, and mental retardation. The second de novo marker, case 3 (Crolla
et al., 1992) was ascertained prenatally in a fetus which went to term, and was
developing normally at six months.

An interesting range of phenotypic/karyotypic associations have also been
observed in patients with markers derived from chromosome 22. Nonmosaic
bisatellited marker 22 chromosomes are frequently associated with patients with
the Cat-Eye syndrome (CES) (Schinzel et al., 1981). Isotopic in situ hybridization
and Southern blotting densitometric studies have shown that the dicentric mar(22)
chromosome in some CES patients contains two copies of D22S9, a probe mapped
to 22ql1 (McDermid et al., 1986), thus making these patients tetrasomic for a
portion of proximal 22q. However, Urioste et al. (1994) reported a pedigree in
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which the proband, her sister, and their mother all exhibited some features of CES
but the severity of the phenotype correlated with the proportion of cells containing
a mar(22) chromosome that showed signal when hybridized with NISH using the
single copy probe D22S9. Furthermore, the mar(22) was apparently unstable and
was observed in five distinct forms in all the family members, and therefore
exhibited what the authors termed “dynamic mosaicism.”

A similar relationship between the frequency with which a mosaic population
of a bisatellited mar(22) chromosome is observed and the severity of phenotype
was reported by Cullen ez al. (1993). The proband in this family presented with a
spectrum of congenital abnormalities including left renal agenesis, absent uterus,
bilateral sensorineural deafness, bilateral preauricular skin tags and sinus, and
Duane anomaly. Duane anomaly is a form of congenital strabismus characterized
by a retraction of the eye and an inability to abduct the eye (Duane, 1905). NISH
studies showed that the marker segregating in this family was an inv dup(22), but
the proband’s father—who had 8% of cells with the mar(22)—only showed
preauricular skin tags, while her brother, with 50% of cells with the mar(22),
exhibited a phenotype only slightly milder than his sister’s, but he also had the
Duane’s anomaly. From these data, the authors postulated that a gene for Duane’s
anomaly is present in a region of 22qll, and that the absence of overlap of the
phenotypes with CES reflected the extent of the region of proximal 22q present in
the marker segregating in this family.

In the context of this argument, Crolla ef al. (1992) reported two patients (12
and 13), who were both phenotypically normal, with nonmosaic bisatellited,
dicentric mar(22) chromosomes. In one of these cases, FISH with a cosmid from
the 22q11 region did not show signal from the mar(22), thus showing that the region
most commonly deleted in DiGeorge Syndrome was not present in this marker.
Whether absence of a duplication of this region alone within a mar(22) is sufficient
to classify such markers as harmless clearly remains to be proven; the evidence
from the small number of cases reviewed here strongly suggests that detailed
molecular and clinical evaluations in many more cases are required before clear
karyotypic and phenotypic correlations can be made in patients with de novo
supernumerary marker chromosomes.

Deletions and Duplications
Deletions in Patients with Autosomal Inherited Diseases

Waardenburg syndrome (WS) is an autosomal dominant disorder with incom-
plete penetrance and a population frequency of approximately 1 in 37,000. It is
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characterized by dystopia canthorum, abnormalities of pigmentation, and sen-
sorineural deafness. The syndrome is subdivided into two types, WS1 and WS2,
according to the presence or absence of lateral displacement of the inner canthi
(dystopia canthorum). The deafness is due to defects of the organ of Corti, with
atrophic changes of the spiral ganglia and nerves. Deafness is a feature in 25% of
patients with WS1, and 50% with WS2 (Waardenburg, 1951; Partington, 1964;
Arias, 1971; McKusick, 1992).

Several investigations have suggested that the WS locus maps at human
chromosomes 2q32-37, since a de novo paracentric inversion involving this region
has been observed in a child with classical symptoms of the disorder (Ishikiryama
et al., 1989), while Kirkpatrick et al. (1992) have described a WS patient with a
deletion of 2q35-36.2. In 1990, Foy et al. documented a close linkage of the WSI
locus in five families to the placental alkaline phosphatase gene (ALPP), previ-
ously mapped to 2q37 (Martin et al., 1987). In another family, a linkage between
WS, ALPP, and the fibronectin (FN1) loci was also observed by Colombi er al.
(1988).

In 1990, Asher and Friedman, and Foy et al. proposed that the WS1 gene is
the equivalent of the murine splotch gene, close to the Pax-3 gene (Goulding et al.,
1991). Finally, Epstein et al. (1991) confirmed that the splotch phenotype is caused
by mutation of the Pax-3 gene, and Baldwin ez al. (1992) and Tassabehji er al.
(1992) produced evidence that mutation of the human PAX-3 gene can cause WS1.

Support for PAX-3 gene involvement in the pathogenesis of the disease has
now been obtained by testing metaphase chromosomes from a WSI patient with
FISH, using probes for PAX-3, FN1, ALPP, and ALPI (intestinal alkaline phos-
phatase). The result of this analysis showed that both ALPI and FN1 were retained
on chromosome 2, while PAX-3, which maps to 2q35, was deleted (Lu-Kuo et al.,
1993).

Deletions and cryptic translocations have also been successfully detected by
NISH in patients with the Miller-Dieker syndrome (MDS), a rare disease due to an
arrest of neuronal migration during embryogenesis. It is characterized by lissen-
cephaly (smooth brain) and malformation of the facies (Dobyns er al., 1991). A
microdeletion of the short arm of chromosome 17 (17p33) can be detected by high
resolution cytogenetics in about half of MDS patients (Dobyns et al., 1991). In the
remaining patients, only an analysis by restriction fragment length polymorphism
(RFLP) of selected anonymous DNA markers revealed deletions that were not
visible by conventional cytogenetic methods (Schwartz et al., 1988).

NISH approaches can detect deletions in MDS patients, as shown by Kuwano
et al. (1991) in three subjects with the disease tested with two cosmids (41A and
P13). While normal relatives showed hybridization signals on the short arms of
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both chromosomes 17, microdeletions were clearly visible in the three patients,
since only one chromosome 17 in each metaphase was found to be labeled.

In the same investigation, two other patients with cryptic translocations were
tested. One subject, with a der(17p+) karyotype and a microdeletion that could be
detected by RFLP analysis, showed hybridization signals on only one chromo-
some 17 in each metaphase spread, when tested by FISH and the two cosmids. Her
mother, who also had a der(17p+) karyotype, showed a specific hybridization
signal on one chromosome 17, but a second signal could be seen on chromosome
3, indicating the presence of a 3q:17p balanced translocation. In the patient, a
chromosome 17 deletion could only be detected by RFLP analysis. FISH tests
showed that in metaphase spreads, probes labeled only one chromosome 17. The
patient’s father and brother had an 8q:17p translocation.

A variety of mutations, including deletions, unbalanced translocations, and
monosomies is responsible for inducing the clinical symptoms that typify Di-
George syndrome (DGS), a disorder characterized by the absence or severe
hypoplasia of the thymus and the parathyroid, together with cardiac malformations
and dysmorphic facial features (DiGeorge et al., 1960). Usually the disease is
sporadic, but it may be inherited as an autosomal dominant condition (Scambler et
al., 1991; Halford et al., 1993; Lindsay et al., 1993).

In a large kindred, four patients were observed by de la Chapelle ez al. (1981)
with unbalanced translocations involving chromosomes 20 and 22, resulting in
monosomy 22 and trisomy for the short arm of chromosome 20. Further investiga-
tion in patients with interstitial deletions suggested that the gene responsible for
the disease mapped to the 22ql1 region (Greenberg et al., 1988; Scambler ez al.,
1991; Driscoll et al., 1992; Carey et al., 1992; Scambler, 1993).

The small size of some deletions has often hindered the cytogenetic analysis
of the mutation, but molecular tests and more recently FISH studies (Fig. 8) have
greatly facilitated and improved the diagnosis of DGS (Scambler ez al., 1991;
Halford et al., 1993; Lindsay et al., 1993).

Using nine cosmids and three YAC clones previously shown to map in the
22ql1 region, Lindsay et al. (1993) ordered them on chromosome 22 relative to the
breakpoints in two subjects with balanced translocations: one patient with DGS
and the unaffected father of another patient. The results of FISH tests have
narrowed down the region to which the DGS gene(s) are expected to map and
provided evidence for the existence of low copy repeats in the area. The repeats are
organized in blocks, one centromeric and one telomeric to the translocation
breakpoints, possibly causing instability and thus predisposing to deletions (Lind-
say et al., 1993).

A submicroscopic deletion in 7q11.2 has recently been shown to be associ-
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ated with familial and sporadic Williams syndrome, a developmental disorder
affecting connective tissue and the central nervous system (Ewart et al., 1993b).
Patients may present with a combination of features including congenital heart
disease, dysmorphic facial features, premature aging of the skin, infantile hyper-
calcaemia, a gregarious personality, and mental retardation. A common feature
also seen in Williams syndrome patients is supravalvular aortic stenosis (SVAS).
The relationship between these two syndromes was unclear until linkage between
SVAS and the elastin gene was demonstrated in two families (Ewart et al., 1993a),
and in a third family cosegregating with a chromosome translocation disrupting
the elastin gene on 7q (Curran et al., 1993).

Using a combination of PCR, Southern blotting, and NISH, Ewart et al.
(1993b) have demonstrated hemizygosity at the elastin locus in four familial and
five sporadic cases of WS. Using 114 kb elastin cosmids cELN-272 and
cELN-11D, they showed in both the familial and sporadic forms of WS that
hybridization signals with these cosmids were visible on only one of the two
chromosomes 7. The linkage and physical mapping data presented by Ewart ez al.
(1993b) suggest that WS is caused by deletions which extend beyond the elastin
gene, in contrast to SVAS, which to date has only been found in association with
deletions at the 3’ end of the gene.

From these data, however, it is clear that significant deletions involving the
elastin and, possibly, adjacent genes will be the most common mechanism for the
aetiology of Williams syndrome, and that NISH, using the elastin cosmids, will be
an important diagnostic tool for the confirmation of diagnoses and predicting
outcomes in familial cases.

Rubenstein-Taybi syndrome (RTS) patients present with a well characterized
complex of congenital malformations including facial anomalies, broad thumbs,
big toes, and mental retardation. A link between this syndrome and a locus at the
distal end of the short arm of chromosome 16 was first postulated by Imaizumi and
Kuroki (1991), who described a patient with RTS and a de novo reciprocal
translocation between chromosomes 2 and 16 (t(2;16) (p13.1; p13.3); two further
patients with de novo translocations involving 16p13.3 have since been described
(Lacombe et al., 1992; Tommerup et al., 1992). Other cytogenetically detectable
structural abnormalities such as deletions, duplications, or inversions have not
been described in these patients (Imaizumi et al., 1993).

Using FISH and a panel of cosmids from distal 16p, Breuning et al. (1993)
have analyzed metaphases prepared from patients with RTS and reciprocal
translocations. Two cosmids, N2 and RT1, were found to be proximal and distal to
the breakpoint, respectively. By using dual color FISH on a number of RTS
(nontranslocation) patients, Breuning et al. (1993) showed that only signals from
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the N2 cosmid could be seen in only some cases, suggesting that the sequence
contained in the RT1 cosmid was deleted.

Microdeletions have been detected by FISH in some patients with sporadic
aniridia, using probes from the WAGR locus (Wilms’ tumor, aniridia, genitourin-
ary abnormalities, and mental retardation).

Aniridia is a rare familial or sporadic congenital abnormality of the eye which
occurs with a frequency of one in 50,000 to 100,000, and is characterized by
absence of all or part of the iris. Several candidate genes for the aniridia locus
(AN2) have been defined by breakpoint analysis either in patients with transloca-
tions associated with familial aniridia or by analysis of Wilms’ tumor-associated
deletions, with and without aniridia. The Wilms’ tumor gene (WTI1) has been
cloned and extensively studied (van Heyningen and Hastie, 1992), and sequencing
of the human aniridia locus (AN2) revealed it to be PAX-6 (Ton et al., 1991), the
homologue of the mouse Pax-6 gene (Hill et al., 1991).

Cosmid clones derived from the PAX-6 and flanking regions of the WAGR
complex (including the WTI locus) have recently been used by Fantes et al.
(1992), in a FISH study of patients with both sporadic and familial aniridia. In
three patients with deletions within this region, FISH with the cosmids FATS
(aniridia) and B2.1 (Wilms’ tumor) showed signals in the p13 region of only one of
the two chromosomes 11, demonstrating that this approach is an efficient way of
detecting submicroscopic deletions. It has been known for a long time that
sporadic aniridia is sometimes associated with genomic deletions. These fre-
quently include the WTI gene and when this is the case, the patient is at a
considerably increased risk (~60%) of developing Wilms’ tumor (Miller et al.,
1964). Screening sporadic aniridia patients with these cosmids offers a rapid
prognostic test for the development of Wilms’ tumor in a proportion of sporadic
aniridia cases.

In addition to the syndromes and conditions mentioned above, there are FISH
approaches currently in use for the detection of submicroscopic chromosomal
deletions such as the use of FISH for the detection of deletions in the 15q11-13
region in patients with Prader-Willi or Angelman syndromes (PWS or AS).
Approximately 60% of PWS and AS patients have deletions of this imprinted
region of chromosome 15, respectively, on the paternally or maternally inherited
chromosome. Cytogenetic analysis of proximal 15q is often hampered by the
presence of heterochromatic polymorphisms, which can make the visualization of
a small deletion very difficult. Good quality banding (>500 bands) is required for
the diagnosis.

Cosmids from the PWS and AS critical regions have been isolated (Kuwano
et al., 1992; Ozcelik et al., 1992) and are used in the detection of both visible and
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submicroscopic deletions within the proximal 15q region. If only one of the two
cosmids hybridizes to the target region, the diagnosis can be confidently made.
However, an obvious limitation of this approach is that it cannot differentiate
between biparentally (potentially deleted) and uniparentally (not deleted) derived
chromosomes 15. In order to make this differential diagnosis, molecular tech-
niques are required using either a Southern blotting approach with a methylation
sensitive probe (PW71: Dittrich et al., 1992), or a multiplex PCR method using a
combination of primers for CA repeats from within the PWS and AS critical
regions (Mutirangura et al., 1993).

The molecular approach to the diagnosis of PWS and AS provides an
excellent example of how an integrated use of molecular genetics, molecular
cytogenetics and conventional cytogenetics can provide the optimal conditions not
only for the definitive and rapid diagnosis of a number of complex conditions, but
also for unraveling the molecular mechanisms responsible for their etiology.

In all the cases detailed above, deletions or duplications were first established
by conventional cytogenetics and gene mapping studies as the cause of the
syndromes. Other examples of this approach are the Wolf-Hirschhorn syndrome
(chromosome 4) (Gandelman ez al., 1992), and preliminary studies also suggest
that a cosmid based FISH analysis of the Langer-Giedion (8q24) and Smith-
Magenis syndromes (17pl1.2) may soon be possible. Other conditions will soon be
added that can benefit from the diagnostic value of NISH.

Carrier Detection of X-Linked Deletions

The diagnosis of the carrier status of female relatives of patients with
X-linked diseases is hampered by technical difficulties, when the mutation is due
to a deletion. Gene dosage of DNA sequences by Southern blotting analysis has
been claimed to produce useful information about the carrier status of female
relatives of patients with Duchenne or Becker muscular dystrophy (DMD/BMD)
(Mao and Cremer, 1989). This approach is not always informative and an
alternative approach has been developed, based on the estimation of the products
of reverse transcription and PCR amplification (RT-PCR) of dystrophin exons
most commonly deleted in DMD/BMD patients (Roberts et al., 1990a; Prior et al.
1990). Deletions of the dystrophin gene in female relatives of DMD/BMD patients
can also be detected directly by NISH analysis of metaphase spreads (Fig. 9) (Ried
et al., 1990; Adinolfi et al., 1992; Bunyan et al., 1994a).

The dystrophin gene contains 79 exons distributed over 2.3 Mb, and maps on
the short arm of the X chromosome (Xp2l) (Love and Davies, 1989). The
corresponding proteins appear to be absent in muscle biopsies of DMD patients
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Fig. 9. Metaphase spread prepared from the mother of a patient with Duchenne muscular dystrophy
(DMD) and tested using a centromeric X-derived probe and three cosmids specific for the P20 region of
the dystrophin gene. NISH analysis (peroxidase staining) showed the deletion of the dystrophin gene in
one X chromosome (arrow).

tested with specific antibodies and immunohistochemical staining, while an
altered form of dystrophin is detectable in BMD subjects (Hoffman et al., 1987,
Bonilla et al., 1988; Arahata et al., 1989).

In about 60% of DMD patients part of the dystrophin gene is deleted, and in
about two-thirds of this group, the deletion involves the P20 region, which
includes exon 45 (Wapenaar et al., 1988; Den Dunnen et al., 1989; Koenig ez al.,
1989).

Rapid, accurate analysis of the specific deletion responsible for DMD/BMD
disorders can be achieved using multiplex PCR amplification and analysis of its
products (Chamberlain ez al., 1989; Beggs et al., 1990).

In about 30% of DMD patients, the disease results from a new mutation that
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has occurred in the germ cells of the mother, while in the remaining patients, the
mutation originates in a previous generation (Love and Davies, 1989). In the latter
cases, the mother and other female relatives of the patients are or may be carriers of
the abnormal gene, and require genetic counseling. Carrier status for deletions can
be unequivocally established by NISH using selected cosmid clones (Ried et al.,
1990; Adinolfi et al., 1992). In the study of Ried and colleagues (1990), four
nonrelated families were tested with three cosmids (CPT1, CAL24, and CPT4)
mapping to the P20 region. Deletions were detected in five female relatives when
their metaphase spreads were tested by NISH using the cosmids, either singly or as
a pool of three. In another study (Adinolfi et al., 1992), female relatives of DMD
patients known to have deletions were tested by NISH using an X-centromeric
probe (pSV2X5) and cosmids derived from the P20 region. Metaphase spreads
from normal males showed a centromeric signal on the X chromosome and a single
hybridization complex on each chromatid of the short arm. Cells in interphase also
showed a strong hybridization signal (X-centromeric) and a weak one that detected
the dystrophin gene.

While normal females showed signals on the short arm of both X chromo-
somes, in three mothers of DMD patients, the dystrophin probes hybridized with
only one X chromosome, within the Xp region. This pattern was observed with
single probes (cPT1, cAL24 or cPT4) or a pool of the three.

Another series of 16 females from DMD/BMD pedigrees has been investi-
gated. These patients had already been studied using RT-PCR and/or intragenic
polymorphic markers and shown to be either deletion carriers, noncarriers, or
suspected germ-line mosaics; one was a known mosaic (Bunyan ez al., 1994a).
FISH was used with a panel of cosmids cloned from DMD exons 45, 46 + 47, 48,
49 + 50, 51, and 52. The results were informative for the deletions examined. In
five known carriers, signals showed at Xp21 on only one of the two X chromo-
somes; the seven nondeletion cases all showed an Xp2l hybridization signal on
both X chromosomes. An interesting finding of this study was that two of the four
either suspected or known germ-line mosaics for the deletions were also shown,
using this FISH approach, to be somatic mosaics, with one female showing a
deleted X in 77% of metaphases, and the other in 43%, with the remainder of the
metaphases producing normal hybridization signals in both X chromosomes. By
comparison, two suspected germline mosaics were found to have a normal Xp21
signal distribution on both of their X chromosomes. These results show that FISH
can be used to detect somatic mosaics in females with apparent de novo DMD/
BMD deletions. Furthermore, they indicate that a proportion of de novo dystrophin
gene deletions occur as mitotic errors during development rather than as meiotic
errors during gametogenesis (Bunyan et al., 1994b).
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The same NISH approach has been used to detect deletions in female
relatives of patients with Hunter syndrome (Stone and Adinolfi, 1992). This
X-linked metabolic disorder (mucopolysaccharidosis II, MPSII) is caused by the
absence of the lysosomal enzyme a-iduronate sulphate sulphatase (a-ISS, IDS;
EC3.1.6.13), and results in the accumulation of glycosaminoglycans in various
tissues (McKusick and Neufeld, 1983; Spranger, 1984; Benson and Fensom, 1985).

Cytogenetic tests of a female patient with Hunter syndrome suggested the
localization of the lysosomal gene in the distal region of the long arm of the X
chromosome (Mossman et al., 1983), and analysis of families with affected
patients has successfully confirmed that the Hunter gene maps to the tip of the Xq
region (Xq27-28) (Chase et al., 1986; Upadhyaya et al., 1986).

Different types of mutations have been shown to be responsible for the
deficiency of the a-ISS enzyme and the manifestation of the disease symptoms. In
about 128 Hunter patients investigated, deletions of the gene were detected in 12
subjects. All other patients had missense or nonsense mutations, or partial loss of
an exon (Adinolfi, 1993).

For many years, technical difficulties have hampered the genetic counseling
of female relatives of Hunter patients, particularly since the estimation of the
enzyme in extracts from white cells or fibroblasts could not provide evidence for
the carrier condition. Clearcut results could only be obtained by measuring the
levels of a-ISS in hair root cells (Chase et al., 1986). However, this procedure
cannot reveal the type of mutation responsible for the disease.

Unequivocal diagnosis of the carrier status of female relatives of Hunter
patients with deletions can be readily obtained with NISH, using probes contain-
ing the o-ISS gene (Fig. 10). In one family, whose members had previously been
tested by hair root analysis (Chase et al., 1986), female relatives were investigated
by NISH with a YAC clone containing the entire Hunter gene (Flomen et al., 1992)
and an X-derived centromeric probe (pSV2XS5). In two women (the mother and a
cousin of the affected boy) both X chromosomes in each metaphase spread were
labeled by the centromeric probe, but only one X chromosome in each cell showed
hybridization signals on the Xq distal region. This pattern was observed in almost
90% of the metaphases examined.

Deletions causing X-linked lymphoproliferative (XLP) disease can also be
monitored by FISH. This is a rare inherited disorder that manifests itself in boys
who are generally healthy until infected by the Epstein—Barr virus (Sullivan ez al.,
1983; Grierson and Purtilo, 1987). Following infection, the majority of patients
develop immunodeficiency and often succumb to infectious mononucleosis. The
XLP gene maps to the long arm of the X chromosome (Skare ez al., 1989a,b), and
deletions in the Xq25 region have been detected in patients (Wyandt et al., 1989;
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Sanger et al., 1990). Further molecular studies indicated that the deletions involve
several regions of Xq25, including the loci DXS6, SXS739, and DXS100 (Skare
et al., 1993), DXS575 and DXS982 (Wu et al., 1993). The smallest deletion
removes about one-third of Xq25. FISH analysis has confirmed that the deletion
can vary between 2 and 4 Mb and that the candidate gene should be located in the
region between DXS6 and DXS100 (Wu et al., 1993).

Duplications Detectable by NISH

The NISH method has been successfully employed to detect duplications in
patients with the Charcot-Marie-Tooth (CMT) syndrome, which is one of the most
common inherited peripheral neuropathies (incidence: 1 in 2,500), involving
motor and sensory nerves (Lovelace and Shapiro, 1990).

CMT, characterized by a progressive muscular atrophy that primarily affects
distal muscles, is inherited as an autosomal dominant, recessive, or occasionally
X-linked condition (Skre, 1974; McKusick, 1992; Patel, 1993). The autosomal
dominant form is the most frequent and it is classified into at least two major
subtypes. CMT1, associated with a decreased nerve conduction velocity (NCV),
and CMT?2, with normal or near normal NCV (Dyck and Lambert, 1968a,b; Dyck,
1993). Since patients have a normal lifespan, it has been possible to collect large
pedigrees and to perform accurate linkage studies. This has documented the
existence of at least three autosomal dominant loci for CMT1. The CMTI1A gene
maps to the short arm of chromosome 17 (17p11.2-12 (Vance et al., 1989); the
CMTIB to chromosome 1 (1q23-25) (Bird et al., 1982); while the third locus,
CMTIC, has not yet been mapped (Patel, 1993).

Considerable insight has so far been gained into the types of mutation
responsible for the CMT1A syndrome, including the presence of a submicroscopic
DNA duplication (Patel, 1993). The duplication was recognized by the detection of
three distinct polymorphic alleles, instead of the expected two, at the Gt"—
containing locus (marker DM 11-GT at D17S122). As expected, all affected
individuals demonstrated dosage differences between alleles. In rare instances,
three distinct alleles were seen; this unique mutation for an inherited disorder
prompted Lebo and collaborators (1992) to investigate patients with CMTIA
syndrome using a multicolor FISH method. Three red signals for the CMT1A site
hybridized to probe VAW4097, and two green signals for the control site could be
seen in the majority of nuclei in interphase obtained from heterozygous patients;
cells from homozygotes showed four red and two green signals.

Lebo et al. (1991) have also documented a duplication of the gene responsible
for the clinical manifestations of the CMT1B syndrome, using FISH and a probe
for the FcyRII receptor that consegregates with the CMTIB locus.
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Recent studies have shown that “hereditary neuropathy with liability to
pressure palsy” (HNPP), a less frequently diagnosed autosomal dominant syn-
drome, is associated with a deletion in the 17p11.2—12 region (Chance et al., 1993,
1994). This supports the hypothesis that a meiotic unequal crossover is the
mechanism responsible for the generation of the duplication in CTM1A patients
and the deletion in HNPP subjects. The deletions in HNPP patients should be
readily detectable using FISH methods.

DETECTION BY NISH OF CHROMOSOMAL
ABNORMALITIES IN CELLS IN INTERPHASE

Several attempts have been made in recent years at improving the application
of NISH methods to the detection of major chromosomal disorders in nuclei of
resting cells. The main advantages of this approach are that the cells can be
analyzed without the risk of selection generated by the in vitro cultures employed
to prepare metaphase spreads, and that samples containing a small proportion of
cells with chromosomal abnormalities may be investigated in detail. The most
fruitful areas of application of this approach are in prenatal diagnosis using
amniotic cells, chorionic cellular elements or fetal cells partially isolated from
maternal blood or endocervical samples. The technique also provides useful
information for detecting mosaicism or chromosome abnormalities following
radiation therapy, for investigating patients with leukemia or who have received
bone marrow transplants, and for mapping genes.

Prenatal Tests on Cells in Interphase by NISH
Sex Detection

One of the first studies on the detection by NISH of Y-derived sequences in
cells in interphase was published by Burns ef al. in 1985. A repetitive probe,
pHY2.1, that labels the distal part of the Y long arm, was used to establish the
presence of the Y chromosome in freshly collected, PHA-stimulated peripheral
blood lymphocytes, amniotic cells, chorionic cellular elements, spermatozoa, and
buccal cells; human tissues were also collected during surgical procedures,
frozen, and stored in liquid nitrogen (Fig. 11).

The pHY2.1 probe gave a clear hybridization signal when tested on un-
cultured lymphocytes obtained from normal male donors, while negative results
were observed when the test was performed on samples from normal females.

In males, basal epithelial cells from buccal smears showed specific hybridiza-
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tion signals, but squamous cells were negative; this was attributed to the poor
penetration of the probe into the partially keratinized cells.

In a study of uncultured amniotic cells and chorionic cellular elements,
complete concordance between the detection of the Y-specific signals and the sex
of the fetus was observed; however, only about half of the analyzed cells were
Y-positive in each “positive” sample. When sperm taken from normal fertile men
were analyzed, between 35% and 66% of the cells in each sample reacted with the
Y-derived probe.

The frequency of Y chromosomal disorders has been investigated by NISH in
at least two studies. In 1991, Guttenbach and Schmid investigated the frequency of
aneuploidy in eight normal donors and found that the incidence of sperm nuclei
with two Y chromosomes varied between 0.1% and 0.5%, with an average
frequency of 0.27%, slightly in excess of the frequency (0.1%) of 47,XYY males
detected in newborns (Hecht and Hecht, 1987). The difference suggests that either
24.YY spermatozoa are less capable of fertilization than normal sperm (in
agreement with the absence of any Y'Y chromosome complements in 2582 hamster
eggs fertilized with human spermatozoa as reported by Martin ez al., 1982, 1983)
or that a double signal may occasionally be given by a single Y chromosome in
sperm nuclei.

In the investigation by Guttenbach and Schmid (1991), no correlation between
YY chromosomes in sperm and age of the donors was noticed. An average of
50.3% of the sperm contained an X chromosome. The Y chromosome was located
in the vicinity of the acrosome in 20.5% of sperm, in the central region in 57.8%,
and in the distal region near the neck of the spermatozoon in 21%.

Han et al. (1994) have evaluated the frequency of Y chromosome abnor-
malities in spermatozoa of two 47,XYY subjects using probes for the X and Y
chromosomes and, as control, chromosome 17. The overall percentages of X and
Y sperm were 47% and 48.4%, respectively. The frequency of Y disomic sperm
was not different from that observed in samples from normal individuals.

Only sequences that map in the Y short arm should be used for the prenatal
diagnosis of suspected structural abnormalities associated with failure of differen-
tiation of the primordial gonads into testes. By contrast, probes that map on the
long arm of the Y chromosome should be used to investigate patients with
azoospermia.

The presence of gene(s) controlling human spermatogenesis on the non-
fluorescent portion of the Y chromosome (Yq) was first suggested by Tiepolo and
Zuffardi (1976). The molecular localization of the AZF (azoospermic factor) locus
is assumed to be within the Yql1.23 region. Spermatogenesis appears to be
controlled by a Y gene in both mice (Burgoyne, 1987) and Drosophila (Brousseau,
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1960; Hennig, 1985). Vogt et al. (1991), using a fertility gene sequence present in
the Y chromosome of D. hydei, have screened a pool of human Y-derived
sequences and identified seven DNA fragments that map in the pY6H interval, a
region that probably contains the AZF gene(s). One sequence (pY6H65) of about
300 kb has an organization reminiscent of the presumed Y fertility gene in
Drosophila. Studies on isolating the AZF gene(s) could provide valuable probes
for NISH testing of patients with primary azoospermia.

Preimplantation Tests

NISH has been successfully applied also in preimplantation genetic diagnosis
(PGD). Single blastomeres removed by micromanipulation from early human
embryos have been tested using NISH and/or PCR to assess the sex and chromo-
some complement of the conceptus (Penketh ez al., 1989; Handyside et al., 1989,
1990; Roberts et al., 1990b; Grifo, 1992; Griffin et al., 1991, 1992; Chong et al.,
1993). FISH, rather than PCR, allowed detection of abnormal numbers of the Y
and X chromosomes in preimplantation embryos.

Studies by Griffin er al. (1991, 1992) have led to the realization that when
single X or Y probes are used to test preimplantation blastomeres, misdiagnoses
are relatively frequent due to either a failure of hybridization or the presence of
polyploid cells. This can be avoided when both probes are employed simul-
taneously, and differentially labeled. The advantages of using FISH tests is best
illustrated in a study of five couples at risk of producing offspring with an X-linked
recessive disease who underwent in vitro fertilization (IVF) with a view to
selecting the sex of the embryos and transferring only female conceptuses
(Delhanty et al., 1993). On the third day postimplantation, one or two cells were
removed from the preimplantation embryos and tested by FISH with X- and
Y-derived probes. In two couples, no embryos could be transferred due to the
detection of an abnormal number of X chromosomes in each blastomere collected
from female embryos. In two other cases, two female embryos could be trans-
ferred. Some of the remaining embryos were male and/or showed chromosomal
abnormalities. In the last case, only one blastomere from a single embryo could be
tested, and it had a 45,X chromosome complement.

Most of the X-chromosome abnormalities could not have been detected by
PCR, and the FISH approach was essential for the selection of embryos suitable for
transplantation. Possibly the most interesting finding documented by Delhanty et
al. (1993) was the high incidence of X and Y chromosomal disorders detected in
this small group of embryos.

However, one of the problems of PGD is that the analysis of a single cell may



218 M. Adinolfi and J. Crolla

not be representative of the whole embryo. Misdiagnosis can also occur when the
isolated cell has more than one nucleus (Winston er al., 1991). In a recent
investigation, multinucleated blastomeres were detected in about 30% of 230
cleaved but subsequently arrested human embryos, and in about 67% of 21 cleaved
embryos, rejected after tests for PGD. In 95% of the embryos, in which mono-
nucleated and multinucleated single cells were analyzed by NISH using Y and X
probes, the sex established in the multinucleated cells corresponded to that of the
embryo. However, the number of sex chromosomes for multinucleated blast-
omeres and their distribution in each nucleus varied greatly, indicating their
unsuitability for diagnosis of aneuploidy at the preimplantation stage (Munné and
Cohen, 1993).

Detection of Chromosomal Abnormalities in Amniotic and
Chorionic Villus Cells

Speed and accuracy are the main prerequisites for the prenatal diagnosis of
chromosomal disorders in view of the possible outcome of the test and the limited
time available if intervention is required.

The analysis by NISH of uncultured amniotic or chorionic cells can only be
aimed at the detection of selected numerical chromosomal abnormalities, such as
those involving chromosomes 21, 18, 13, X and Y. Aneuploidies only account for
50-70% of all abnormalities detected by conventional cytogenetics, but the
interphase test could still be of great value if applied either to mass screening or as
a preliminary investigation prior to the results of in vitro culture and analysis by
conventional cytogenetics. Major limitations of interphase FISH on amniotic fluid
or chorionic villus cells are that it requires an invasive procedure to obtain the
sample; at present its results are often uninformative. Performed soon after the
collection of the samples, it could still give an early indication that the conceptus
appears to be normal, at least with regard to major chromosomal disorders. This
preliminary information could alleviate maternal anxiety prior to a confirmatory
result by conventional methods.

Essential prerequisites for the successful performance of prenatal tests using
NISH on uncultured cells are that there should be clearcut results in the majority of
cases, and that false positive results should be rare. The first condition implies that
only a small number of nuclei should have more or fewer signais than expected.

While the majority of nuclei from freshly collected lymphocytes or un-
cultured chorionic villi show clear hybridization signals when tested by NISH,
only a small proportion of amniotic cells is suitable for analysis (Davies et al.,
1994a,b). Technical difficulties have been encountered in particular with chromo-
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some 21-derived probes. In 1986, Julien and colleagues reported the first prenatal
diagnosis of trisomy 21 on uncultured amniocytes using restriction digested DNA
prepared from flow sorted chromosomes 21. However, subsequent investigations
performed using chromosome 21 libraries produced unsatisfactory results, mainly
because, in cells in interphase, the signals were large and tended to coalesce
(Lichter et al., 1988; Pinkel et al., 1988; Kuo et al., 1991; Zheng et al., 1992;
Davies et al., 1994a,b).

Kuo et al. (1991) used a 21-specific plasmid library and interphase nuclei
obtained from cultured amniotic cells grown to a high density, when almost all the
cells were viable and in Gl phase. In samples from fetuses with trisomy 21,
between 10% and 52% of nuclei showed three signals. The NISH method was less
reliable when applied to uncultured amniotic cells.

Attempts at using a repetitive a-satellite specific for the centromeric regions
of both chromosomes 21 and 13 (Devilee et al., 1986) have also produced
unsatisfactory results (Bartsch and Schwinger, 1991; Weier and Gray, 1992; Davies
et al., 1994a,b). This can be attributed to the highly polymorphic nature of the
sequences at the centromere of chromosome 21; the hybridization signals are occa-
sionally very weak even when metaphase spreads are tested, and in some
individuals, can give a negative signal for the alphoid repeat probe in one of the
chromosome 21 centromeres (Verma and Luke, 1992).

In order to circumvent the potential problems of using centromere-specific
repeat probes, Klinger et al. (1992), Ried et al. (1992) and Zheng et al. (1992) have
more recently compared the results of testing amniotic cells by conventional
cytogenetics and FISH on nuclei in interphase, using cosmid probes specific for
chromosomes 21, 18, 13, X, and Y. These investigations were performed on
samples that had already been tested by conventional tissue culture and cytogenet-
ics and had often been selected to include a variety of chromosomal disorders.
Only a minority of the uncultured amniotic cells contained hybridization com-
plexes and only some scorable nuclei showed the expected number of signals when
tested with 21-derived probes. The study by Zheng et al. (1992) showed three
hybridization signals between 34% and 51% of the scorable trisomic cells. In these
investigations, the best results were obtained when the amniotic cells were ana-
lyzed using contigs over 55 kb long. The frequency of hybridization complexes
was lower when single cosmids or YACs were employed.

Similar findings have been reported by Davies et al. (1994a,b) when several
21-derived probes, obtained from centromeric sequences, single plasmids or
cosmids, contigs or YACs were compared.

The specificity of the 21 library probes was less than optimal because of
cross-hybridization signals which could not be suppressed efficiently. When
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cosmid D21S18 was tested on normal cultured amniotic samples, between 26%
and 70% of the nuclei showed two hybridization complexes; however, several
samples showed nuclei with three signals, giving false positive indications of
trisomy 21. When tested on a 21-trisomic amniotic sample, 33% of nuclei had
three signals, while 35% had two signals; conventional cytogenetic analysis
showed no evidence that this fetus was a mosaic.

The YAC probe yGART2 was used to test seven cultured amniocyte samples
from normal fetuses: between 33% and 65% of hybridized nuclei showed the
expected two signals. Two samples from trisomic fetuses had three signals in 40%
and 47% of hybridized nuclei, respectively.

When single contigs were used, the proportion of 21-trisomic cells containing
three signals was lower than the percentage of normal cells containing the expected
two signals (Davies et al., 1994a,b). This reduction is directly related to the
probability that a probe has to hybridize to a single chromosome. If the probability
is 80%, the expected percentage of normal nuclei with two signals should be near
64%, while the frequency of “correct” triple signals in trisomic cells is expected
to be near 51%, with a small proportion of cells having a double or single signal.

The best results were obtained when two separated, differentially labeled
contigs, 242¢ and cCMP21, were employed. If the two probes are marked with
fluorescein and rhodamine, respectively, two double signals, one green and one
red, should be seen in most normal nuclei in interphase. In 21-trisomic cells three
“doublets” can be observed (Fig. 12). The most prominent feature of the distribu-
tion of the hybridization signals was the high proportion (69%) of normal samples
without three incorrect signals, while in the remaining samples less than 5% of
nuclei showed spurious hybridization complexes.

In the only prospective clinical study performed so far, FISH was utilized to
detect chromosomal aneuploidies in 4,500 amniotic cell samples with 21, 18, 13,
X, and Y probes (Ward et al., 1993). A sample was considered to be aneuploid
when 70% or more scorable nuclei displayed the same abnormal hybridization
pattern with a specific probe. The overall detection rate for aneuploidies was
73.3%; that for trisomy 21 was lower (63.3%), since 21 of 60 trisomy samples
tested were uninformative, and in five cases, the trisomy was not detected.

Only further prospective trials, using two differentially labeled contigs, can
establish whether the diagnosis of Down syndrome (DS) can be performed with a
high success rate on uncultured amniotic cells. In the meantime, although the
potential of FISH on cells in interphase has been demonstrated, it should not be
used as the only diagnostic tool for prenatal diagnostic tests, as recommended by
the American College of Medical Genetics in 1993 (Schwartz, invited editorial,
1993, and the policy statement in the American Journal of Human Genetics, 1993).
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NISH and Noninvasive Prenatal Tests

The detection of nucleated fetal cells in peripheral maternal blood samples is
another area of research in which NISH methods are used.

During the past few years, it has become apparent that despite performing
prenatal tests by amniocentesis or chorionic villus sampling on women at risk due
to advanced maternal age, the birth incidence of DS has not declined significantly.
This is because most DS infants are born to women under 35 years of age, who
have a higher pregnancy rate than older women but are not tested because their
individual risks are low.

Many attempts have been made to establish new noninvasive procedures
based on the detection of fetal nucleated cells present either in maternal peripheral
blood samples or in the endocervical canal (see Adinolfi, 1992a,b; Adinolfi et al.,
1993, 1994). Three main types of fetal nucleated cell could potentially reach the
maternal circulation: syncytiotrophoblastic cellular elements, lymphocytes, and
erythroblasts. The total volume of fetal blood present at any time during gestation
in the maternal blood is expected to be small—not in excess of 100ul. Thus,
enrichment with monoclonal antibodies is required before NISH tests can be
performed. At present, most investigators are concentrating their efforts toward
the identification of fetal erythroblasts (Bianchi ez al., 1990; Bianchi and Klinger,
1993). The identification of the cells is mainly based on FISH using Y- or 21-
derived probes (Bianchi er al., 1990; Bianchi and Klinger, 1993; Elias et al.,
1992), and occasionally antibodies against fetal hemoglobin (Zheng et al., 1993).

An alternative noninvasive approach is that of detecting fetal cells in endocer-
vical samples collected between 8 and 13 weeks of gestation (Shettles, 1971; Rhine
et al., 1977; Griffith-Jones et al., 1992; Adinolfi et al., 1993, 1994). So far, using
FISH, fetal cells containing a Y sequence have been detected in transcervical
samples obtained from women with male conceptuses. A case of chromosome 18
trisomy was also confirmed (Adinolfi et al., 1993). The prenatal diagnosis of
trisomy 21 on transcervical cells collected at about 12 weeks gestation is shown in
Fig. 13.

Detection of Mosaicism

The utilization of interphase cytogenetic analysis for the detection of mosa-
icism has not yet been solved fully because false positive diagnosis of trisomy or
monosomy may result from artefacts due to inefficient hybridization of the probes.

A study on the detection of numerical chromosomal abnormalities in neo-
plastic haematopoietic cells by in situ hybridization, Anastasis et al. (1990)
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proposed a method for establishing the conditions needed to detect mosaicism by
FISH on nuclei in interphase. They suggested that diagnosis of monosomy or
trisomy should only be made when the percentage of nuclei displaying one or three
hybridization signals for autosomal sequences exceeded two standard deviations
above the mean of the percentage of cells with a single (false monosomic) or three
signals (false trisomic) in control specimens.

Lomax et al. (1994) reanalyzed the problem using five centromeric or peri-
centromeric probes on cultured or uncultured cells from normal or mosaic placen-
tal tissues. Although a correct diagnosis was made in most instances, discrepan-
cies were observed between the FISH analysis and the cytogenetic tests. The
validity of the suggested approach also depends on the type of probe used and the
number of passages of the in vitro cultures.

Although no data are yet available, the use of two probes for each chromo-
some (two differentially labeled contigs) should drastically reduce the frequency
of false positive or negative results (Davies et al., 1994b).

Radiation Induced Chromosomal Damage

In 1990, Cremer and colleagues published the results of a pilot study on the
feasibility of using NISH to assess chromosomal damage induced by radiation.
Human lymphocytes cultured in vitro by standard techniques were irradiated with
2, 4, and 8 Gy (neutron dose) of ¢¥Co-vy radiation. Interphase and metaphase
spreads from these preparations, and appropriate controls were analyzed for the
incidence of abnormalities affecting chromosomes 1 and 7, using specific library
probes and a suppression ISH method.

Many nuclei from the irradiated samples showed grossly abnormal staining
patterns of chromosomes 1 and 7, including extra domains of variable size indicat-
ing radiation-induced mitotic nondisjunction and translocation events. In some
nuclei, increased signals were observed and interpreted as evidence of polyploidy.

The number and size of hybridization complexes seen in nuclei that could be
analyzed confirmed results of the analysis of the corresponding metaphase
spreads. In fact, in agreement with the latter results, interphase response curves
suggested a quadratic dependence on the radiation dose. On the basis of the
evaluation method employed, about 5% of control, untreated nuclei also exhibited
staining patterns and had to be classified as abnormals; this was in contrast with the
evaluation of metaphase spreads, where no structural chromosomal abnormalities
were observed in normal cells.

These results indicate that NISH analysis of specifically stained interphase
chromosomes has potential use for investigating chromosomal abnormalities even
in cases of nonoptimal hybridization and background noise from nontargeted sites.
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This approach is also suitable for studying damage induced by chemical agents or
patients with DNA repair disorders.

Somatic Pairing

With the development of sensitive and specific techniques of NISH, it is now
possible to locate individual chromosome pairs in resting cells and to study their
movement during the early stages of the cell cycle.

It is generally accepted that interphase chromosomes are restricted to spatial
domains (Comings, 1980; Hubert and Bourgeois, 1986; Hilliker and Appels, 1989)
and are attached by their centromeres to the nuclear membranes. Under most
conditions, the relative fixation of chromosomal domains should result in the
separation of homologous pairs (Comings, 1980; Manuelidis, 1985, 1990).

Movement of specific domains during interphase has been demonstrated only
rarely (Borden and Manuelidis, 1988; Haaf et al., 1990). Evidence obtained from
studies using NISH technology proved that somatic pairing of chromosomes 1 and
17 occurs during interphase in some normal human brain cells (Arnoldus ef al.,
1989, 1991).

By testing normal human bone marrow, peripheral blood leucocytes, and
malignant cells from patients with leukaemia or lymphoma, Lewis et al. (1993)
have demonstrated pairing of centromeres and p arms of chromosome 15 during
interphase. This study was prompted by the observation of an apparent monosomy
15 in tumor cells from some patients with hairy cell leukemia; it became apparent
that this resulted from the somatic pairing of chromosomes 15 in interphase.

To demonstrate pairing of 15p and absence of chromosome 15 monosomy,
differentially labeled centromeric and 15p specific probe were employed. Pairing
could not be detected in amniotic cells, uterine and cervical tissues, and in
fibroblasts.

Lewis and colleagues (1993) also observed that the percentage of centromeric
pairing of chromosome 15 changed in lymphocytes stimulated by PHA suggesting
the hypothesis of intranuclear movement of chromosomes.

NISH AND THE MAPPING OF THE HUMAN GENOME

Current investigations aimed at mapping human genes require a rapid and
direct method that allows visualization of specific DNA sequences along each
chromosome. This can be achieved by applying NISH to chromosomes in
metaphase or interphase.
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Radiolabeled probes were employed in early studies, but spatial resolution of
the hybridization complexes was imprecise, and several days were required before
the autoradiographs could be developed. Furthermore, statistical analysis of the
distribution of the silver grains was required.

Counterstaining and banding by conventional staining methods have now
been replaced by the use of propidium iodide or DAPI (Adinolfi and Davies, 1994).
The introduction of multifluorescence NISH also permits the simultaneous map-
ping of several differentially labeled probes. The large number of papers dealing
with the mapping of the human DNA sequences does not allow us to present a full
review of this topic; once again we are forced to limit our exposition to some
selected papers.

Metaphase Mapping

One of the first large-scale maps of sequences on the X chromosome was
published by Montanaro et al. (1991), where 102 YACs were localized in the Xq24-
gter region. DNA inserts, purified from YACs by pulsed-field gel electrophoresis
were mapped on chromosomes in early metaphase. As expected, DNA sequences
more than 300 kb in length were found to be distributed along the entire Xq24-qter
region. Further assignment of the sequences was made by comparing the localiza-
tion of a reporter probe with each YAC DNA. The results showed that in situ
assignments were accurate enough to place the YACS easily and systematically
along the Xq region in “bins” of about 7-10 Mb.

However, the final purpose of mapping sequences is to target genes with
known biological activity (Stephens et al., 1990). Here FISH acts as a complemen-
tary tool to other molecular techniques that already provide information about the
localization of a unique sequence. Recently the gene responsible for X-linked
agammaglobilinaemia (XLA) was identified and cloned (Vetrie et al., 1993;
Tsukada et al., 1993). This inherited disorder results from abnormal development
of B lymphocytes, which are blocked at an early stage of maturation. Using
different methodologies, the two groups of investigators were able to clone the
gene responsible for the defect and to provide preliminary evidence for its biologi-
cal function. The physical map of the XLA gene was then confirmed using FISH
(Fig. 14).

Several other X-linked genes have now been mapped (or their locations
confirmed) using FISH, such as the Duchenne/Becker muscular dystrophy and
Hunter genes.

The physical and genetic mapping of chromosome 21 is one of the many aims
of the Human Genome Mapping Project. Several hundred YACs that encode
sequences concentrated in the q arm of chromosome 21 have already been isolated
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(Brownstein et al., 1989; Albertson et al., 1990; Patterson, 1991; Chumakov et al.,
1992a,b; Gingrich et al., 1993). Many of the clones used to construct this map
were identified using sequence-tagged sites (STSs). In the study by Gingrich et al.
(1993), the FISH mapping of chromosome 21 was generated with DNA probes
derived from YACs isolated by the Joint YAC Screening Effort. The map was
compiled using 28 probes that encoded markers already known to be linked to
chromosome 21, and centromeric or repeated sequences acting as reference
signals. The localization of the fluorescent complexes of each probe was estab-
lished on metaphase chromosomes in relation to the fraction of chromosome length
(FL) from pter. With this approach, 51 YACs and 86 cosmids could be localized on
chromosome 21, relative to the known markers employed. One problem encoun-
tered in the generation of the FISH map was the inability to obtain hybridization
signals with some DNA sequences expected to be linked to chromosome 2I.
However, the overall map reported by Gingrich ef al. (1993) was in good
agreement with the results of other studies; the only striking ambiguous finding in
the FISH map was that the sequence BCEI seemed to be localized 15 Mb more
centromeric than expected.

Another example of the flexibility and advantages of the FISH approach for
mapping sequences is the study performed by Inazawa er al. (1993), who have
localized 342 cosmids on chromosome 17. This chromosome contains several
genes whose de novo mutations are responsible for inherited disorders such as
MDS on 17pl13.3; Smith-Magenis syndrome (SMS) on 17pl1.2; and Charcot-
Marie-Tooth neuropathy type 1 (CMTI1A). In recent years, genetic linkage and
several regional high-resolution maps have been constructed (Nakamura et al.,
1988; Yagel et al., 1990; Borrow et al., 1990, 1991; Ledbetter et al., 1990). Under
the experimental conditions employed by Inazawa er al. (1993), specific FISH
signals could be detected on one or both homologous chromosomes 17 in at least
50% of metaphase spreads examined, and 342 of 452 newly isolated cosmids could
be successfully mapped. Since the physical length of chromosome 17 is approxi-
mately 85 Mb, the markers analyzed by Inazawa et al. (1993) were distributed at
an average distance of about 250 kb, but some of the clones clustered in dominant
regions. This tendency has been observed also in studies involving chromosomes
3, 6, 8, and 11 (Takahashi er al., 1992; Saito et al., 1992, Emi et al., 1992).

In the study of chromosome 11, 13 known genes, a chromosome-specific
DNA repeat and 36 random clones were analyzed by FISH (Lichter ez al., 1990).
The map position of each probe was expressed as the fraction length (FL) of the
total chromosome relative to an arbitrarily chosen fixed reference point (for
example, pter). Smaller variations of the FL values were observed when more
extended chromosomes were examined.

To assess how well in situ maps correlated with positions established by other
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techniques, 13 known genes were hybridized by FISH. In all instances but one, the
FL value was found to fall within the cytological boundaries defined by previous
studies. The exception was the ETS1A oncogene homologue previously reported
to map in band 11q23 (Yunis et al., 1989; Budarf e al., 1989). The FL values
placed this locus further forward to the telomere in the 11q24 or 1125 band.

The 36 random clones were also mapped by the NISH procedure and the
results confirmed using hybrid cell lines with different deletions of chromo-
some 11.

An additional 1001 new markers have been localized to five different regions
of chromosome 11, using molecular techniques and FISH (Gerhard ez al., 1992). A
series of radiation-induced somatic cell hybrids was produced that allowed
markers within the 11q11-q14 region to be mapped into 11 separate segregation
groups.

Several investigators have constructed maps of chromosome 3 by means of
hybrid cell deletion panels (Gerber et al., 1988) or by in situ hybridization
(Atchison et al., 1990; Yamakawa et al., 1991a,b). Deletions or rearrangements of
the short arm of chromosome 3 have been reported in nearly all small cell lung
carcinomas (SCLC) (Mooibroek et al., 1987; Naylor et al., 1987; Brauch et al.,
1990). One of the breakpoints in SCLC maps to the same region as a t(3;8) (p14.2;
q24.1) translocation associated with familial renal cell carcinoma (RCC) (Cohen
et al., 1979). Chromosome 3 also contains the site of a locus cosegregating with
the hereditary tumor syndrome von Hippel-Lindau disease (VHL) (Seizinger et
al., 1988; Tory et al., 1989). The autosomal dominant gene for retinitis pigmen-
tosa has been mapped to chromosome 3 (McWilliam ez al., 1989), while karyotype
analysis of patients with Greig craniopolysyndactyly syndrome, an autosomal
dominant disease, has revealed a translocation involving chromosomes 3 and 7
(McKusick, 1986). A fragile site within the 3p14.2 region has been observed and is
often associated with rearrangements in a variety of malignancies (Markkanen et
al., 1982; Yunis, 1984; Smeets et al., 1986).

In the study published by Haas et al. (1993), the probes were prepared from a
radiation-induced hybrid, DM1, obtained from a cell line monochromosomal for
the human chromosome 3. Fifty six cosmid probes were shown to map between
3pl4.3 and 3p22, a region often deleted in SCLC and RCC.

An additional 24 probes were clustered around bands 3p23 and 3p25, a
region close to the VHL disease locus. These probes appeared to map near the
regions associated with the translocation t(3;8)pl4.2; q24.1 detected in some
patients with renal carcinoma.

Another eight human chromosome 3p markers, ranging from 500 bp to 4 Kb
have been mapped by Heppell-Parton et al. (1994) using multicolor FISH. The
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results obtained by this approach have resolved previously conflicting data pro-
duced by the use of single color FISH methods.

These probes and those investigated by Yamakawa et al. (1991a,b) will be
very useful in elucidating the genetic alterations present in patients with many
inherited disorders, including SCLC, RCC, and VHL syndromes.

The distal region of chromosome 2q contains the locus of the Waardenburg
syndrome type I (WS/) gene, an autosomal dominant disorder characterized by
developmental defects of neural crest cell lineages (Waardenburg, 1951; DiGeorge
etal., 1960). The gene responsible for this disease was originally mapped to 2q35—
q37.3 after an inversion was observed in one patient (Ishikiriyama et al., 1989),
and later to 2q37 on the basis of genetic linkage analyses (Foy et al., 1990; Asher
etal., 1991). Recently, some patients with WS/ have been found to have mutations
of the HuP2 (PAX3) gene (Baldwin ez al., 1992; Morell et al., 1992; Tassabehji et
al., 1992) (see above). Using NISH methods, a total of 25 DNA markers have been
located by Lu-Kuo et al. (1993) on the distal chromosome 2q region. An important
assignment was that of the PAX3 gene to 2q36.1—q36.2. The gene was found to be
deleted in a patient with phenotypic features of WSI. The de novo deletion (2)
(935936) and consequent haplo-insufficiency of the PAX3 product appears to be
responsible for the disorder.

Interphase Mapping

Trask et al. (1989, 1991) have described two alternative approaches that can
be used to order DNA sequences by NISH in interphase nuclei. The first compares
the relative distance between probes: For example the order A, B, C can be
inferred if the measured distance A—C is equal to or greater than the sum of the
distances A~B and B—C. The second is derived by the relative position of three
probes hybridized simultaneously and labeled with two fluorochromes. For exam-
ple, two probes are labeled with red, and one with green fluorescent dyes. The
sequence of the signals can either be red—green—red or green—red—red (Fig. 15).

The validity of this approach was confirmed by using five cosmids from a
region spanning 800 kb, which includes the factor VIII (F8), glucose-6-phosphate
dehydrogenase (G6PD), and color-vision pigment (CV) genes. Probes in the Xq28
regions could be ordered as follows: cen-clAl-stl4c-5'F8-G6PD-18b41-3’ green—
green—red-fr7-tel. In this study, the cosmids were from 50 Kb to 2—3 Mb apart
(Trask et al., 1989, 1991.

This and other studies (Lawrence et al., 1990; Brandriff et al., 1991; Heng
etal., 1992) show that interphase mapping is a straightforward and relatively rapid
technique for ordering DNA sequences, but absolute distances are more difficult to
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determine than relative order. According to Trask et al. (1991), interphase mapping
has at least a ten-fold higher resolution for ordering sequences than does the two-
color metaphase test (50-100 Kb versus >1 Mb). Two recently developed tech-
niques of cell preparation have led to an even greater resolution. Wiegant et al.
(1992), using decondensed “halo” chromosomes, have obtained a resolution of 10
Kb, whereas Parra and Windle (1993) have achieved a resolution of 6 Kb using
chromosomal DNA that had been stretched on the slide in a technique called direct
visual hybridization (DIRVISH) DNA mapping. Fidlerova et al. (1994) have
described a method utilizing conventionally fixed cytogenetic preparations which
are then treated with either formamide or sodium hydroxide in order to release the
chromatin. Good signals were obtained with dual labeled probes from within the
HLA class II region and this method was found to be useful for resolving the
relationships between closely adjacent or overlapping probes.

Highly extended chromatin fibers (ECFs), produced by detergent and high-
salt treatment, also provide satisfactory material for ordering YAC contigs (Haaf
and Ward, 1994). The protocol for preparing the target DNA is simple and fast, and
is suitable for any type of cell, even highly compact haploid sperm nuclei.
However, it requires special technical expertise, because when interphase chroma-
tin is extended to the maximum, the hybridization efficiency is low and non-
specific fluorescence due to attachment of probe DNA to the glass slides can
produce false results.

The diagnostic value of FISH on interphase halo preparations has been
evaluated by Tocharoenetanaphol ez al. (1994) to detect deletions of the dystrophin
gene in female carriers. Different probes were employed, including cosmids and
YAC clones that contained DNA sequences frequently deleted in DMD patients.
The best results were obtained using cosmids; YAC clones, amplified with Alu
primers, produced unsatisfactory results. Amplification was achieved in only one
of the three YACs tested, where one of 10 exons was amplified. Often, the YAC
clones labeled by nick translation exceeded the size of the most frequent deletions.

CANCER AND NISH ANALYSIS OF
CHROMOSOMAL DEFECTS

A vast number of papers has been published on the diagnostic value of NISH
in patients with premalignant and malignant cancers (Rowley, 1984, 1988; Heim
and Mitelman, 1987; Sandberg et al., 1988; Teyssier, 1989; Yunis, 1984; Yunis
and Tanzer, 1993). The main aim of these studies is to correlate the numerical and
structural chromosomal abnormalities with the diagnosis and prognosis of the
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disease. While conventional cytogenetic analysis of cancer cells in metaphase can
provide accurate information on the characteristics of even small chromosomal
abnormalities, these investigations can only be performed after protracted in vitro
culture of the isolated cells, which may result in the growth of selected subpopula-
tions. In addition, only a limited number of metaphases will be available for
analysis.

NISH methods overcome some of these problems and have the added
advantage that single cells (for example, peripheral blood nucleated cells) or tissue
sections can be studied (Cremer ez al., 1988; Hopman et al., 1990; Poddighe et al.,
1992).

Here we discuss only some examples of the application of NISH to elucidate
particular aspects of chromosomal disorders in cancer.

In hematology, conventional cytogenetic—and particularly banding—
techniques have provided useful information on the characteristics of the chromo-
somal abnormalities seen in patients with different types of leukemia. Since 1960,
the Philadelphia (Ph) chromosome has been shown to be a specific alteration that
characterizes chronic myelogenous leukemia (CML) (Nowell and Hungerford,
1960; Rowley, 1973).

This defect results from a translocation involving chromosomes 9 and 22 and
the fusion of the proto-oncogene cABL and the “‘breakpoint cluster region” (BCR)
gene. This produces the transcription of a chimeric mRNA of 8 to 85 Kb and the
translation of a 310 Kd BCR—ABL fusion protein (Groffen ef al., 1984; Shtivel-
man et al., 1987).

The cytogenetic rearrangement t(9q34;22ql1) is observed in more than 90%
of CML patients; in the remaining cases, complex translocations are present in
addition to those affecting chromosomes 9 and 22. In some cases, the rearrange-
ment involving the two chromosomes may not be apparent when metaphase
spreads are analyzed by conventional cytogenetics (Borstrom, 1981; Heim et al .,
1985; De Brackeleer, 1987).

The BCR-ABL fusion gene in cells in metaphase or interphase collected from
CML patients can readily be visualized using a two-color FISH preparation
(Arnoldus er al., 1990; Tkachuk er al., 1990). The fusion has been detected in all
samples investigated, even in cases that appeared cytogenetically negative. As an
extension of these studies, Zhang et al. (1993) developed several probes using
microdissection and PCR amplification which mapped in the 9934 and 22qlI
regions. These probes were then employed to establish the origin of the chromo-
somal abnormalities in 11 CML patients, nine with various translocations, using
FISH. The presence of a variety of complex translocations could be documented
unequivocally in the tested CML subjects.
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NISH has proved to be a valuable tool to investigate chromosomal defects in
other types of leukemia. For example, in a recent study Dohner ez al. (1993) tested
42 patients with B cell chronic lymphocytic leukemia (B-CLL) and three individ-
uals with prelymphocytic leukemia (B-PLL) using both conventional cytogenetics
and NISH. The incidence of total or partial trisomy 12 detected by FISH on cells
in interphase was 18% (6 of 42 with B-CLL and 2 of 3 with B-PLL). In four
patients the chromosomal abnormalities were observed only when FISH was
employed.

In another investigation, chromosome changes in bone marrow and periph-
eral blood cells were performed by comparing FISH and conventional cytogenetic
tests in 13 patients with malignant hematological disorders (Chen et al., 1992).
Centromeric probes for chromosomes 1, 6, 7, 8, 9, 12, 13/21, and X were
employed. The G-banding results were in accord with the FISH analyses, but,
most significantly, FISH tests on nuclei in interphase provided information con-
cerning crucial chromosome abnormalities that were not or could not be detected
by cytogenetic tests. The results of this comparative study showed that FISH was
clinically valuable for accurate identification of chromosome markers, identifica-
tion of selected trisomies specific for certain hematological neoplasias, clonal
evaluation of cells following sex-mismatched bone marrow transplantation, and
residual detection of leukemic cells during clinical remission.

The diagnostic value of using NISH in patients with hematological disorders
has been confirmed in many recent reports. Partial or total loss of chromosome 7 is
often associated with a variety of myeloid diseases, including childhood chronic
myeloproliferative disorders (MPD), myelodysplastic syndromes (MDS) and
acute myeloblastic leukemia (AML). MPD is characterized by a preleukemic
phase with myelomonocytic proliferation, hepatosplenomegaly, and repeated
infections; MDS with monosomy 7 shows a high rate of progression to AML.

An interesting study has been carried out by Baurmann ez al. (1993) using
NISH in interphase and immunohistochemical tests on a group of patients with
leukemia and monosomy 7. Monosomy 7 was confirmed in all active cases tested
with a specific centromeric probe. While in two patients, conventional cytogenet-
ics suggested that all metaphases were normal for chromosome 7 when tested by
FISH, a minority of nuclei was found to be monosomic; in one of these patients a
small pericentric chromosome 7-derived marker was also noticed. Monosomy 7
was observed in virtually all myelomonocytic and erythroid cells of another
patient with AML and MPD, thus suggesting that the abnormality affected a
precursor cell capable of differentiating toward myelomonocytic and erythroid
cells, but not lymphocytes.

Kadam et al. (1993), using both cytogenetics and FISH on cells in interphase,



Chapter 5: Nonisotopic in Situ Hybridization 231

investigated two AML patients who did not have demonstrable monosomy 7 when
classical cytogenetic methods were used: monosomy 7 was observed in 39.8 and
11%, respectively, of their cells. In some patients with myeloid AML or MDS,
granulocytes were also found to be monosomic for chromosome 7 using FISH,
thus reflecting the early lineage of the precursor cells affected.

As mentioned, cytogenetic analyses of cells derived from human solid
tumors are difficult to perform due to the complexity of the chromosomal changes
and the limited number of suitable metaphase spreads. To overcome these limita-
tions, in 1988 Cremer and colleagues explored the possibility of applying NISH to
solid tumors using cells in metaphase and interphase. Two glioma cell lines were
tested with biotinylated DNA library probes that decorated chromosomes 1, 4, 7,
18, and 22. Numerical changes, deletions, and rearrangements could readily be
visualized in metaphase spreads, as well as, early prophase and interphase nuclei.
All chromosomes investigated were found to show abnormalities. For example, in
one glioma (TC 620) three complete and one metacentric chromosomes 7 (con-
taining the short arm) were present in each cell; in the other glioma (TC 593), four
entire chromosomes 7 and a metacentric chromosome containing 7p could be seen
in each cell.

NISH methods have been used to study several types of solid malignancy,
including cancer of the breast (Devilee et al., 1988); gynecological (Nederlof et
al., 1989) and testicular tumors (Giweraman et al., 1989), urinary bladder cancer
(Hopman ez al., 1988) and prostatic cancer (Brothman and Patel, 1992).

FISH has proved to be particularly useful for investigating the *“small round
cell tumors,” whose diagnosis is particularly difficult because of their undifferen-
tiated character (Selleri et al., 1991b; Giovannini et al., 1992). During the past few
years a variety of methods, including immunohistochemical staining, short-term
in vitro culture, cytogenetics and molecular genetics have been applied to improve
diagnosis (Triche and Cavazzana, 1989). Among these tumors, only the primitive
mesoectodermal tumors, which include Ewing’s sarcoma (ES), show a consistent
and unique feature of a translocation between chromosomes 11 and 22—
t11;22(q24; ql12). Giovannini et al. (1992), using FISH, analyzed four primitive
neuroectodermal tumor cell lines and cancer cells in interphase obtained from five
ES patients, two patients with small osteosarcomas, and one with chronic osteo-
myelitis. The t(11;22) translocation could be readily detected with FISH in
interphase cells from neuroectodermal tumors and in samples from the five ES
patients, using the cosmid clones 23.2 and 5.8 bracketing the t(11;22) locus at
11q24.

The direct harvesting of cells from tumor biopsies was found to be preferable
for the detection of the translocation in nuclei in interphase, because cells main-
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tained in culture for long periods of time showed an increased number of normal
diploid cells.

A further example of the potential prognostic value of the application of FISH
in solid tumor studies is provided by the work of Taylor er al. (1994) in
neuroblastoma. Deletions in 1p, N-myc amplification, pseudodiploidy or a tetra-
ploid karyotype are predictive of a poor prognosis. Conventional cytogenetic
analysis is restricted by a number of factors, including slow cell replication times
and very low success rates. FISH using a plasmid probe for N-myc (pNB-9), a 35
Kb cosmid mapping close to the consensus deletion point in 1p36.1-2, and an
alphoid repeat probe, were all successfully hybridized to imprints of the tumors
made directly onto slides, which after simple fixation and pretreatment, were used
for in situ hybridization. In this way, rapid diagnostic tests providing valuable
prognostic information could be performed on neuroblastoma cells in interphase
(Taylor et al., 1994).

Additional information on the diagnostic value of NISH for investigating
patients with solid tumors can be found in a review by Hopman ez al. (1990).

EVOLUTION

The relationship between human and primate karyotypes has been exten-
sively investigated to elucidate phylogeny and the process of human evolution.
Initially, cytogenetic techniques that allowed only homogeneous staining and
comparisons restricted to similarities in number and shape of the chromosomes
were employed (Chu and Bender, 1962; Ruffe et al., 1970), but with the develop-
ment of banding techniques, this research received new impetus and was extended
to more species (de Grouchy et al., 1972; Bobrow and Madan, 1973; Dutrillaux,
1979; Seuanez, 1979; Yunis and Prakash, 1982).

The karyotypes of more than 60 species of primates were investigated by
Dutrillaux (1979) using all the banding methods available at that time. A very
close analogy of chromosome banding was observed between the simians studied
and man. Approximately 150 rearrangements were identified and related to the
human chromosomes; it was noticed that they varied from one group (suborder,
family, genus) to another. For instance, Robertsonian translocations were prepon-
derant among Lemuridae, but nonexistent among Pongidae.

A second phase of these studies continued with the application of radioactive
and nonisotopic ISH. Biotin-labeled DNA libraries from flow-sorted human
chromosomes were hybridized to metaphase spread preparations of catarrhines,
platyrrhines, and prosimians by Wienberg et al. (1990).
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When a human X chromosome library was used to probe chromosomes of
hominoids (Pan troglodytes and Gorilla gorilla) and lower primates (Macacca
fuscata, selected cercopithidae, platyhrrines, and prosimians), in all species
tested the X chromosome was specifically stained and no translocation of X
material to autosomes was observed (Wienberg et al., 1990). This confirmed the
suggestion that the X chromosome has been highly conserved during mammalian
evolution (Ohno, 1973).

Within the limits of the protocols employed, hybridization signals could not
be detected on the X chromosome of some rodents (Mus musculus and Microtus
savii) and a carnivore (Felis catus) with the human X-derived probes.

Libraries obtained from human chromosomes 1, 3, 4, 7, and 9 were found to
hybridize to individual gorilla and chimpanzee homologues, indicating that these
chromosomes have been conserved in their entirety in all three species. When
DNA from human chromosomes 5 and 17 was hybridized to gorilla chromosomes
the expected rearrangements were observed, showing that the centromere of
human chromosome 17, its entire long arm and a small part of the short arm
contribute to gorilla chromosome 4, while the short arm was translocated to gorilla
chromosome 19 (Wienberg et al., 1990). In a subsequent study (Jauch ez al., 1992),
chromosome-specific sequences in phages or plasmids, obtained from all 24 flow-
sorted human chromosomes, were hybridized by NISH to chromosome spreads
prepared from chimpanzee, gorilla, and orangutan. The hybridization patterns
unequivocally demonstrated the high degree of chromosomal homology and
synteny of the great apes and humans. Relative to human chromosomes, transloca-
tions were not observed in great apes, except for the well known fusion origin of
human chromosome 2, and the evolutionarily derived reciprocal translocation in
gorillas between chromosomes homologous to human chromosomes 5 and 17. In
contrast, numerous translocations were detected in the gibbon karyotype, leading
to massive reorganization: the 22 human autosomes could be divided into 51
elements to compose the 21 gibbon autosomes.

Radioactive in situ hybridization has been applied by Maccarone et al. (1992)
to investigate the evolution of human chromosome 21. Five human chromosome 21
markers were mapped in marsupials and a monotreme, two major groups of
mammals which diverged from eutherians 130-150 million and 150-170 million
years ago, respectively. These genes were found to map within two distinct
autosomal sites, one containing the superoxide dismutase 1 (SODI), carbonyl
reductase (CBR) and breast cancer estrogen-induced (BCEI) genes, and the other
the avian leukaemia E26 viral proto-oncogene (ETS2), and interferon « receptor
(INAR) genes, in the marsupials Macropus eugenii and Sminthopsis macroura
and the monotreme Ornithorhynchus anatinus. Since these groups of mammals
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diverged independently from eutherians, it seems that the two clusters of genes
were present in a mammalian ancestor prior to the divergence of the therian and
prototherian lineages (Maccarone et al., 1992).

FISH has also been successfully employed to establish chromosomal homol-
ogies between Homo sapiens and a marmoset, Callithrix jacchus (Sherlock, 1993,
and unpublished observations). The karyotype of the marmoset was first studied
by Egozcue (1968), and shown to have 46 chromosomes: 22 pairs of autosomes, X
and Y. Human chromosome-specific library probes (chromosomes 1, 2, 3,4, 5, 6,
8,9, 11, 13, 15, 18, 21, X and Y) were hybridized to the marmoset genome to
identify corresponding regions. Prebanding with Giemsa-trypsin was also em-
ployed to identify individual marmoset chromosomes which were then photo-
graphed, destained, and treated for FISH testing. The results showed that four of
the human chromosomes, 5, 6, 21, and X, had sequences conserved in a single
marmoset chromosome. Probes specific for chromosomes 4, 9, 11, 14, and 18
hybridized to interrupted segments of larger marmoset chromosomes (Fig. 16).
Sequences from each of the remaining human chromosomes mapped to more than
one marmoset chromosome (Fig. 17). DNA from human chromosome 3 constituted
the entire sequence of two acrocentric marmoset chromosomes. Neither of the two
alphoid repeats specific for human chromosomes 18 and X were conserved in the
marmoset. The results of this study demonstrated that while chromosome homol-
ogy between Homo sapiens and C. jacchus, based on banding comparisons, were
correct for chromosomes 4, 5, 6, 18, 21, and X, suggested homologies for human
chromosomes 1, 2, 3, and 14 (Dutrillaux and Couturier, 1981) were inaccurate.

We have summarized here only some of the studies performed to compare
human chromosomes with those from other species, omitting, for example,
investigations in mice, an area of intense investigation at the present time.

CONCLUSIONS

From the selected topics discussed in the previous sections, it is clear that the
NISH methodologies have made rapid progress and found wide application in
several areas of clinical studies and research.

Many diagnostic laboratories are now successfully using these techniques as
adjuvants to conventional cytogenetic tests, often exploiting the advantages of
commercially available kits that greatly simplify the use of the probes and their
hybridization to target DNA.

In the clinical field, perhaps the only doubts are those expressed about the
diagnostic value of employing NISH on cells in interphase for the prenatal
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detection of major chromosomal disorders (Ledbetter, 1992). Although the accu-
racy of aneuploid screening by NISH on uncultured amniotic or chorionic cells has
improved in recent years, the present view is still that this approach should be used
only as a preliminary, rapid test while awaiting the results of cytogenetic tests that
may reveal chromosomal abnormalities undetectable by NISH on cells in inter-
phase.

On the other hand, NISH provides essential data in many areas of research,
acting, either as a complementary method for gene mapping or as a tool to detect
symmetrical portions of DNA sequences in sister chromosomes. In addition to
supplying information on longitudinal mapping, NISH allows the lateral (internal,
median or external) position of DNA sequences to be established (Baumgartner
et al., 1991).

It seems that NISH has avoided the “disappointment phase” that often
follows the “excitement” stage of any new method (Ledbetter, 1992) and has
“passed with full grades” the tests required for its acceptance as an essential tool in
clinical and research investigations.
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Abdominal aortic aneurysm, 172

Acridine orange, 59, 91

Acute myeloblastic leukemia (AML), 230-231

Acute myeloid leukemia, 101

Agouti (a) gene, 6, 32-33

Albinism, 8; see also Ocular albinism; Oculocu-
taneous albinism

Alkaline phosphatase, 68

Alkaline phosphatase gene: see ALPP gene

ALPI gene, 205

Alport’s syndrome, 154

ALPP gene, 205

Alveolar rhabdomyosarcoma, 29

Amethopterin, 52

Amniotic cells, chromosomal abnormalities in,
218-220

Aneuploidies, 218, 220

Angelman syndrome (AS), 16, 199, 203, 208-209

Aniridia, 208

Annuloaortic ectasia, 180

Aortic dilation, 169-172

Associated microfibrial protein (AMP), 159

Autosomal dominant oculocutaneous albinism
(OCA), 15

Autosomal inherited disorders, deletions in,
204-209

Autosomal recessive ocular albinism (AROA),
18, 20

Azoospermic factor, 216-217

BAB technique: see BrdUrd antibody-binding
technique

BCEI gene, 233

B cell chronic lymphocytic leukemia (B-CLL),
230

BCR gene, 229
Beaded fibrils, 166
Becker muscular dystrophy (BMD), 209-211
Beta-adrenergic blockers, 172
Black light irradiation, 64, 67, 68
Blacks, OCA type Il in, 16-18
BrdUrd, 47-50, 52, 83-84
condensation delay and, 83, 88-89, 50
detection of: see BrdUrd antibody-binding
technique; Fluorochrome-photolysis-
Giemsa staining
S-phase and, 53-58
BrdUrd antibody-binding (BAB) technique, 48,
70,73
condensation and, 96
described, 68-70
homolog discordance and, 89-90
lateral asymmetry and, 91-92
Breakpoint cluster region gene: see BCR
gene
Breast cancer, 231
Breast cancer estrogen-induced gene: see BCEI
gene
5-Bromo-2’-deoxyuridine: see BrdUrd
Brown (type IV) oculocutaneous albinism
(OCA), 19-20

cABL gene, 229

Calcium-binding epidermal growth factor
(cbEGF), 163-165, 166, 173-175,
178

Cancer, NISH analysis and, 228-232

Carbony] reductase gene: see CBR gene

Cardiovascular problems, in MFS, 169-173

Cat Eye syndrome (CES), 203-204

257
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Caucasians
OCAtype Iin, 9, 11
OCA type Il in, 16-18
C-bands, 85-86, 92
BrdUrd incorporation in S-phase and, 53-58
chromatin quantification in, 93-95
lateral asymmetry in, 90-91
CBR gene, 233
CCA: see Congenital contractural arachnodactyly
Charcot-Marie-Tooth (CMT) disease, 117-145
genetic diagnosis for, 135-139
genetic heterogeneity of, 120
inherited primary peripheral neuropathies
related to, 119-120
pathological features of, 118-120
peripheral nerve biology studies and, 133-
135
X-linked, 133, 135, 143
Charcot-Marie-Tooth type 1 (CMT]1) disease,
118-119, 120, 138
Charcot-Marie-Tooth type 1A (CMT1A) dis-
ease, 120
DNA duplication in, 121-122
detection of, 135-138
homology regions and, 122-124
molecular insights and, 139-143
NISH detection of, 214-215
DNA rearrangements in, 141-143
gene dosage as mechanism for, 121-124
homologous recombination in, 140-141
NISH-assisted genome mapping of, 225
PMP22 gene and, 124, 128-129, 142, 143-145
Charcot-Marie-Tooth type 1B (CMT1B) dis-
ease, 120, 144,214
MPZ gene and, 132, 133, 134-135, 143
Charcot-Marie-Tooth type 1C (CMTIC) dis-
ease, 120, 214
Charcot-Marie-Tooth type 2 (CMT2) disease,
119, 120
Charcot-Marie-Tooth type 4 (CMT4) disease, 120
Charcot-Marie-Tooth type 4A (CMT4A) dis-
ease, 120
Chorionic villus cells, chromosomal abnormali-
ties in, 218-220
Chromatids, 140
lateral asymmetry in, 90-92
Chromatin, 60
BAB technique and, 70
in CMTI1A, 141
FPG staining and, 65-67
quantification in R, G- and C-bands, 93-95

Index

Chromosomal abnormalities
NISH detection in cancer, 228-232
NISH detection in interphase, 215-223
NISH detection in metaphase, 194-215
Chromosomal duplications, 197-198
Chromosome in situ suppression hybridization
(CISS), 191-193
Chromosome microdissection, 193-194, 202
Chronic myelogenous leukemia (CML), 229
c-kit gene, 22, 26
CMT: see Charcot-Marie-Tooth disease
COLAI gene, 129
COLA2 gene, 129
Colcemid, 50, 51
Colchicine, 51
Color-vision pigment gene, 227
Condensation, 83, 88-89, 90, 95-99
Congenital contractural arachnodactyly (CCA),
154, 180-181
Cosmid probes, NISH, 190, 193, 206, 219-220,
228
3C pause, 92-93
Cx32 gene, 134-135
CMTX disease and, 133, 135, 143
mutation analysis of, 138-139

dCTP, 52, 58
Deafness
OASD and, 20
WS and, 21, 26, 29, 205
Degenerate primed-polymerase chain reaction
(DOP-PCR), 193, 198
Dejerine-Sottas syndrome (DSS), 119-120, 138
MPZ gene and, 133, 134-135, 144
PMP22 gene and, 129
Deletions
in HNPP, 122-124, 138, 139-140, 141, 145,
215
NISH detection of, 204-209
NISH detection of X-linked, 209-214
Deoxyuridylate, 52
Descending thoracic aneurysm, 172
DGS: see DiGeorge syndrome
DHI, 6, 34
DHICA, 6-7, 34
Diabetes, 33
3,3’-Diaminobenzidine (peroxidase-DAB), 68
DiGeorge syndrome (DGS), 204, 206
Dihydrofolate reductase, 52
5,6-Dihydroxyindole: see DHI
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5,6-Dihydroxyindole-2-carboxylic acid: see
DHICA
3,4-Dihydroxyphenylalanine: see DOPA
Dilute (d) gene, 32
Direct visual hybridization (DIRVISH) DNA
mapping, 228
DNA, 99-100; see also Chromatin
BAB technique and, 68-70
condensation and, 97
FPG staining and, 60-65
NISH detection of: see Nonisotopic in situ
hybridization
quantification in R, G- and C-bands, 93-95
rearrangements in CMT1A/HNPP, 141-143
o-satellite, 190-191
snS satellite, 202
DNA duplication: see Charcot-Marie-Tooth
type 1A disease, DNA duplication in
DNA replication, 51-53
DNA synthesis; see also S-phase
3C pause and, 92-93
inhibitors of, 51-53
dNTP, 52
DOPA, 3-6
DOPAchrome, 6
DOPAchrome tautomerase, 6-7, 34
DOPAquinone, 6
Down syndrome, 197, 220, 221
DSS: see Dejerine-Sottas syndrome
dTTP, 55
Duane anomaly, 204
Duchenne muscular dystrophy (DMD), 209-211
Dural ectasia, 172
Dynamic bands: see Replication bands
Dystopia canthorum, 21, 26-27, 29, 205
Dystrophin gene, 209-210

Ectopia lentis, 154, 168, 172, 178
EGF: see Epidermal growth factor
Elastic fibers, 154161
composition of, 157-161
organization and distribution of, 155-157
Elastin, 155, 157-159, 161
Elastin gene, 207
Elaunin fibers, 155
Epidermal growth factor (EGF), 161-166
calcium-binding, 163-165, 166, 173-175,
178
Epidermal melanin unit, 7
Epidermolysis bullosa, 154
Epstein-Barr virus, 212
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ETS1A gene, 226

ETS2 gene, 233

Euchromatin, 70-73, 73, 85-86, 88

Eumelanin, 6

Evolution, 232-234

Ewing’s sarcoma (ES), 231

Extended chromatin fibers (ECFs), 228

Extension (e) gene, 6, 32

Extracellular matrix (ECM), 153, 154, 161, 167
MFS and, 174-175, 177

Factor VIII, 143, 227
Factor IX, 174
Familial aniridia, 208
FBN1 gene, 154, 159, 166
MFS and, 173, 175-177, 180, 181, 182
FBN?2 gene, 154, 159, 166, 180-181
FdUrd, 52
Fibrillin, 157, 159, 161-167
gene structure of, 166
hybrid motif in, 165-166
MEFS and, 154, 173-177
MFS-like conditions and, 180-181
microfibrillar assembly in, 163-165, 166-167
protein structure in, 161-166
Fibrillin 2, 161, 167, 180-181
FISH: see Fluorescence in situ hybridization
FLP, 159
Fluorescence in situ hybridization (FISH), 138,
191, 194
cancer analysis and, 230-231, 232
deletions detected with, 205, 206, 207-208
DNA duplications detected with, 121, 214
evolution traced with, 234
genome mapping and, 224-227, 228
marker chromosomes detected with, 199,
202
mosaicism detected with, 222
prenatal tests and, 217, 218, 219, 220, 221
translocations and isochromosomes de-
tected with, 197-198
X-linked deletions detected with, 211, 214
Fluorochrome-photolysis-Giemsa (FPG) stain-
ing, 47-48, 59-68, 70, 73, 100
alteration of BrdUrd-substituted chromatin
in, 65-67
condensation and, 96
homolog discordance and, 89-90
lateral asymmetry and, 91-92
photolysis of BrdUrd-substituted DNA in,
60-65
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5-Fluorouracil (5-FU), 52

Forward chromosome painting, 193

FPG staining: see Fluorochrome-photolysis-
Giemsa staining

FU-FdUrd, 58

G-bands, 47-101
BrdUrd incorporation in S-phase and, 53-
58
chromatin quantification in, 93-95
distinctive features of, 99-100
homolog discordance in, 88-90
inactive X-chromosome and, 87-88
juxtacentromeric area in, 85
lateral asymmetry in, 90-92
noncongruency in, 73-77
patterns of, 70-73
telomeric region of, 86-87
GBG bands, 48, 58, 70-72, 71, 73, 75-76, 83~
84, 85-86
chromatin and, 93
condensation and, 97
telomeric area and, 87
GBI bands, 87
Gene dosage, CMT1A and, 121-124
Genome mapping, 223-228
Germicidal lamp irradiation, 67
Glaucoma, 168
Gliomas, 231
o Globin gene, 142
B Globin gene, 142
Glucose-6-phosphate dehydrogenase (G6PD)
gene, 227
G! phase, 51
G? phase, 51, 92-93
Greig craniopolysyndactyly syndrome, 226
G'/S transition, 52-55, 90
GTG bands, 48, 50, 58, 73, 75-76, 77, 85-86,
100
chromatin and, 95
condensation and, 96, 97
idiograms of, 84-85
inactive X-chromosome and, 87

Hair color
melanin and, 2, 7
piebaldism and, 21
Hearing loss: see Deafness
Hereditary motor and sensory neuropathy type
I (HNSNI): see Charcot-Marie-
Tooth disease type 1

Index

Hereditary motor and sensory neuropathy type
IT (HNSNII): see Charcot-Marie-
Tooth disease type 2
Hereditary motor and sensory neuropathy type
III (HNSNIII): see Dejerine-Sottas
syndrome
Hereditary neuropathy with liability to pressure
palsies (HNPP), 119
deletions in, 122-124, 138, 139-140, 141,
215
DNA rearrangements in, 141-143
PMP22 gene and, 128-132, 144, 145
Hermansky-Pudlak syndrome, 31
Heterochromatin, 85-86
Heterochromia iridis, 26
Heteroduplex analysis, 138
Hirschsprung’s disease, 26
Histone H1, 141
HNPP: see Hereditary neuropathy with liability
to pressure palsies
Hoechst 33258, 60-65, 67, 68
Homolog discordance in replication bands, 88—
90
Homologous recombination, 140—-141
Hot saline treatment, in FPG, 65
Human Genome Mapping Project, 224
Hunter syndrome, 212
Hybrid motif, 165-166

Idiograms, 84-85, 97
ilv gene, 140
Inactive X-chromosome, 87-88
INAR gene, 233
Indole-5,6-quinone, 6
Inherited primary peripheral neuropathies, 119-
120
PMP22 gene and, 128-132
Interferon o receptor gene: see INAR gene
Interphase
NISH detection of chromosomal abnormali-
ties in, 215-223
NISH genome mapping in, 227-228
Intestinal alkaline phosphatase gene: see ALPI
gene
In vitro fertilization, 217-218
Isochromosomes, NISH detection of, 195-198

Jacobsen syndrome, 197

Joint YAC Screening Effort, 225

Juxtacentromeric area in replication bands,
85
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Kallmann’s syndrome, 20

KDR gene, 24, 26

KIT gene, 22-26

Klein-Waardenburg syndrome: see Waarden-
burg syndrome type I

Langer-Giedion syndrome, 209

Lateral asymmetry in replication bands, 90-92
Learning disabilities, 172
LeucoDOPAchrome, 6

leu gene, 140

Leukemia, 101, 229-231

Leukoderma, 21

Light microscopy (LM), 68, 70

Marfan’s syndrome (MFS), 154, 168-182
clinical features of, 168-172
clinical management of, 172-173
conditions similar to, 180-181
fibrillin mutations in, 154, 173-177
intrafamily varibility in, 178-180
Marker chromosomes, 198-204
Melanin, 2-8
Melanoblasts, 2-3
Melanocytes, 2-8
development disorders in, 21-29
function disorders in, 8-20
Melanocyte-stimulating hormone (MSH), 32, 33
Melanosomes, 3
Metaphase
NISH detection of chromosomal disorders
in, 194-215
NISH genome mapping in, 224-227
replication bands and, S1, 54, 83, 97
Metaphyseal chondrodysplasia, 154
metF gene, 140
Methotrexate, 50, 52-53, 58
MFS: see Marfan’s syndrome
Mice
cloned genes affecting pigmentation in, 30-
34
white spotting in, 22, 26
Microfibril associated glycoprotein (MAGP),
159
Microfibril associated protein (MAP), 159
Microfibrillar diseases, 153-182; see also Fi-
brillin; Microfibrils; specific diseases
Microfibrils, 154-161
assembly in fibrillin, 163-165, 166-167
composition of, 157-161
organization and distribution of, 155-157
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Microphthalmia (mi) gene, 29, 31-32
Miller-Dieker syndrome (MDS), 205-206
MITF gene, 29, 31-32
Mitotic phase, 50, 51, 53, 58, 83
Mitral-aortic-skin-skeletal (MASS) phenotype,
180
Mitral valve prolapse, 171, 178, 180
Mononucleosis, 212
Monosomy 7, 230-231
Moroccan Jews, OCA type I in, 15
Morphologic bands, 47-101; see also G bands;
R bands
patterns of compared with replication
bands, 73-84
Mosaic exons, 166
Mosaicism, 221-222
Mottled (mo) gene, 30
MPZ gene
CMTI1B and, 132, 133, 134-135, 143
DSS and, 133, 134-135, 144
mutation analysis of, 138-139
Mucopolysaccharidosis II (MPSII): see Hunter
syndrome
Mutation analysis, of CMT-associated genes,
138-139
Myelin basic protein (MBP), 135
Myelin protein zero gene: see MPZ gene
Myelodysplastic syndromes, 230
Myeloproliferative disorders, 230-231
Myopia, 168, 178

Nettleship-Falls (X-linked recessive) type ocu-
lar albinism (OA1), 20
Neural crest
melanocytes in, 2
piebaldism and, 21-22
WS and, 26
Neuroblastoma, 232
NISH: see Nonisotopic in situ hybridization
Nonisotopic in situ hybridization (NISH), 187-
235
cancer and, 228-232
deletions detected with, 204-209
DNA duplications detected with, 214-215
evolution traced with, 232-234
genome mapping and, 223-228
isochromosomes detected with, 195-198
marker chromosomes detected with, 198-
204
mosaicism detected with, 221-222
prenatal tests and, 215-221
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Nonisotopic in situ hybridization (NISH) (cont.)
probes used in, 190-194
radiation-induced damage detected with,
222-223
somatic pairing detected with, 223
translocations detected with, 195-198
X-linked deletions detected with, 209
Nystagmus, 15

OA1: see X-linked recessive ocular albinism
OAI gene, 20
OASD: see X-linked ocular albinism and deaf-
ness
OCA: see Oculocutaneous albinism
Ocular albinism
autosomal recessive, 18, 20
X-linked recessive, Nettleship-Falis type, 20
Oculocutaneous albinism (OCA), 1
autosomal dominant, 15
type I, tyrosinase-deficient, 8-15
type II, tyrosinase positive, 15-19
type IV, brown, 19-20
Oxytalan fibers, 155

Paired box genes, 27-28

Pallid (pa) gene, 30-31

Patch (Ph) gene, 26

Pax-3 gene, 27-29, 205, 227

PCR: see Polymerase chain reaction

PDGFRA gene, 24, 26

Pearl (pe) gene, 31

Pelizaeus-Merzbacher disease, 143

P gene, 15-19

Pheomelanin, 6, 15

Philadelphia chromosme, 229

pHY2.1 probe, NISH, 215

Piebaldism, 21-26

Pigmentation disorders, 1-34; see also specific

disorders

cloned genes affecting in mouse, 30-34
melanocyte development in, 21-29
melanocyte function in, 8-20

Pigmentation system, 2-8

Plasmid probes, NISH, 190

PLP gene, 143

PMP22 gene, 134
CMTI1A and, 124, 128-129, 142, 143-145
DSS and, 129
HNPP and, 128-132, 144, 145
mutation analysis of, 138-139

Poliosis, 21

Index

Polymerase chain reaction (PCR), 138, 139,
141, 188-189, 193-194
degenerate-primed, 193, 198
deletions detected with, 207, 209
marker chromosomes detected with, 202
prenatal tests and, 217
reverse-transcription, 209, 211
translocations and isochromosomes de-
tected with, 195
Prader-Willi syndrome (PWS), 16, 90
deletions in, 208-209
SMCs in, 199, 203
Preimplantation tests, 217-218
Prelymphocytic leukemia (B-PLL), 230
Premature termination codons (PTC), 175-176
Premelanosomes, 3
Prenatal tests, 215-221
Preparative in situ hybridization (pre-ISH), 194
Presynchronization, in S-phase, 52
Primary cardiomyopathy, 172
Probes, NISH, 190-194
Prophase, 51, 52, 97
Prostatic cancer, 231
Protrusio acetabulae, 172
Puerto Ricans, OCA type Lin, 15
Pulmonary artery dilation/dissection, 171-172
Pulsed-field gel electrophoresis (PFGE), 138
PWS: see Prader-Willi syndrome

Radiation-induced chromosome damage, 222-
223

R-bands, 47-101
BrdUrd incorporation in S-phase and, 53-58
chromatin quantification in, 93-95
distinctive features of, 99-100
homolog discordance in, 88-90
inactive X-chromosome and, 87-88
juxtacentromeric area in, 85
lateral asymmetry in, 90-92
noncongruency in, 73-77
patterns of, 70-73
telomeric region of, 86-87

RBG bands, 48, 58, 70-72, 79-82, 83-84, 85-

86, 100

chromatin and, 93, 95
condensation and, 97
lateral asymmetry and, 91
noncongruency with RHG bands, 73-77
telomeric area and, 86-87

RBI bands, 86, 87

Release, in S-phase, 52, 54
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Renal cell carcinoma (RCC), 226
Replication asynchrony, 88-90
Replication bands, 47-101
condensation and, 83, 88-89, 90, 95-99
homolog discordance in, 88-90
inactive X-chromosome and, 87-88
juxtacentromeric area in, 85
lateral asymmetry in, 90-92
patterns of, 70-73
patterns of compared with morphologic
bands, 73-84
telomeric region of, 86-87
Restriction fragment length polymorphism
(RFLP), 205, 206
Retinal detachment, 168
Retinal pigmentation, 20
Retinitis pigmentosa, 143-144, 226
Reverse chromosome painting, 193, 198
Reverse-transcription-polymerase chain reac-
tion (RT-PCR), 209, 211
R/G transition, 52-53, 72, 100
BrdUrd incorporation in S-phase and, 53-58
3C pause and, 92-93
homolog discordance and, 90
inactive X-chromosome and, 87-88
RHG bands, 75-76, 85-86, 100
chromatin and, 95
condensation and, 96, 97
idiograms of, 84-85
inactive X-chromosome and, 87
noncongruency with RBG bands, 73-77
Rhodopsin gene, 143-144
Ribonucleotide reductase, 52
Rubenstein-Taybi syndrome (RTS), 207-208

o-Satellite DNA, 190-191
snS Satellite DNA, 202
Scanning electron microscopy (SEM), 64
Schmid form of metaphyseal chondrodysplasia,
154
Schwann cell defects, in CMT, 118, 120, 135
Scoliosis, 168, 180
Sex-related Y gene: see SRY gene
Silver (si) gene, 34
Single-strand conformation polymorphism, 138
Skeletal system, in MFS, 168-169
Skin pigmentation
melanin and, 7
piebaldism and, 21
Slaty (slt) gene, 33-34
Small cell lung carcinomas, 226, 227
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SMCs: see Supernumerary marker chromo-
somes
Smith-Magenis syndrome (SMS), 209, 225
SOD1 gene, 233
Somatic pairing, 223
Southern blotting, 138
deletions detected with, 207
marker chromosmes detected with, 202, 203
X-linked deletions detected with, 209
S-phase
BrdUrd incorporation and, 53-58
3C pause in, 92-93
homolog discordance and, 90
replication bands and, 48, 51-53, 83
synchronization techniques in, 51-52
Splotch (Sp) gene, 27-28, 205
Spontaneous aniridia, 208
Spontaneous pneumothorax, 172
SRY gene, 195
Striae disease, 172, 178
Structural bands: see Morphologic bands
Supernumerary marker chromosomes (SMCs),
198-204
Superoxide dismutase 1 gene: see SODI1 gene
Supravalvular aortic stenosis, 207
Synchronization, in S-phase, 52

T-bands, 97
TBP culture method: see Thymidine-BrdUrd
culture method
TDY gene, 195
Telomeric region of replication bands, 86-87
Testicular differentiation gene: see TDY gene
Testicular tumors, 231
TGF: see Transforming growth factor
Thalassemia, 142
THG bands, 95
thr gene, 140
Thymidine-BrdUrd permutation (TBP) culture
method, 4748, 73, 84, 100, 101
homolog discordance and, 89-90
R/G transition and, 87, 88
S-phase and, 55-58
Thymidylate, 52
Thymidylate synthetase, 52
Tigroid retinal pigmentation, 20
Tomaculous neuropathy: see Hereditary
neuropathy with hability to pressure
palsies
Topoisomerase I (Topo I), 194
Topoisomerase II (Topo II), 141
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Transforming growth factor-p1 (TGF-B1), 165,
166

Translocations, NISH detection of, 195-198

Transmission electron microscopy (TEM), 64,
68, 70, 96

Trembler mouse, 128

Tricuspid valve prolapse, 171

Trisomy 18, 221

Trisomy 21, 219-220, 221

Tropoelastin, 157

TRP-1, 19, 33

TRP-2, 33-34

Turner syndrome, 197

Type I (tyrosine-deficient) oculocutaneous albi-
nism (OCA), 8-15

Type IA oculocutaneous albinism (OCA), 9, 10,
11

Type IB oculocutaneous albinism (OCA), 9, 10,
11

Type II (tyrosine-positive) oculocutaneous albi-
nism (OCA), 15-19

Type IV (brown) oculocutaneous albinism
(OCA), 19-20

TYR gene, 9-15

Tyrosinase-related protein: see TRP-1

Tyrosine, melanin production and, 3-6

TYRP gene, 19-20

Ultraviolet (UV) light
FPG staining and, 61-67
melanin protection from, 2
Uridine, 69
Urinary bladder cancer, 231

von Hippel-Lindau disease (VHL), 226, 227

Index

Waardenburg syndrome (WS), 21, 26-29
deletions in, 204-205
Pax-3 gene and, 27-29, 205, 227
Waardenburg syndrome type I (WS1), 26, 28—
29, 205, 227
Waardenburg syndrome type II (WS2), 26, 29,
205
Waardenburg syndrome type III (WS3), 26-27,
28-29
WAGR locus, 208
White spotting, in mice, 22
Williams syndrome, 207
Wilms’ tumor gene: see WT1 gene
Wolf-Hirschhorn syndrome, 209
WS: see Waardenburg syndrome
WT1 gene, 208

X-linked agammaglobulinaemia (XLA), 224

X-linked Charcot-Marie-Tooth (CMTX) dis-
ease, 133, 135, 143

X-linked deletions, 209-214

X-linked ichthyosis, 20

X-linked lymphoproliferative (XLP) disease,
212-214

X-linked ocular albinism and deafness
(OASD), 20

X-linked (Nettleship-Falls type) recessive ocu-
lar albinism (OA1), 20

XYY males, 216

YAC chromosome, 20

YAC probes, NISH, 190, 193, 206, 219-220,
224-225, 228

Yellow-red pheomelanins, 15

Yp probes, NISH, 195-197





