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Preface to the First Edition

This book has a single purpose. It is to provide, in an intellectually accessible and
concise form, an overview of contemporary understanding of the mechanisms of
embryonic development, as they pertain to dysmorphogenesis or the generation of
birth defects. In order to do so we will explore a variety of systems and strategic
approaches to analysis, and the layout of the book is designed to facilitate this. The
first six chapters cover selected modern strategies of analysis and introduce some of
the major themes. The subsequent nine chapters, all of which are structured
according to a common pattern, review current knowledge of developmental mecha-
nisms in those organ systems for which there has been particular progress in our
understanding. Each of these ‘systems’ chapters presents an agenda for future
research directions. It is perhaps necessary to point out that we do not attempt to
cover the topics of inherited metabolic disease or those syndromes where the
phenotype is exclusively behavioural; the emphasis in this volume is largely on
physical birth defects.

Recognition of the need for a book of this type has had a gradual gestation. Vague
thoughts on the form that such a book might take have been brought sharply into
focus through discussion with my immediate colleagues at the Institute of Child
Health: Andrew Copp, Patrizia Ferretti and Adrian Woolf. It is my pleasure to be able
to acknowledge with gratitude their contributions not only as chapter authors but
also through our various research interactions and the general support provided as
we went about our everyday tasks of running busy reserch teams. The image of the
human embryo on the front cover was provided by Rachel Moore and Simon Brown.
Finally, my editor at John Wiley & Sons Ltd, Dr Sally Betteridge, and her assistant,
Lisa Tickner, have guided the project to completion with wisdom, common sense,
but most of all with patience! Thank you.

Peter Thorogood
Institute of Child Health



Peter Thorogood
Photograph by Nicholas Geddes, Medical Illustration Unit, ICH



Preface to the Second Edition

Until the first edition of this book, Embryos, Genes and Birth Defects, most works
published on birth defects concentrated on developmental pathology, clinical
genetics, syndromology or the consequences for health care of the affected newborn,
but neglected to discuss in depth the mechanisms that might have led to a particular
abnormality. The late Peter Thorogood, who edited the first edition, had the vision to
fill this gap and produced a very successful resource for both clinicians and basic
scientists. The need for such a book is even more pressing today because considerable
progress in the understanding of normal and abnormal developmental mechanisms
has been made since the first edition was published, opening avenues to the
development of novel therapeutic approaches for birth defects, such as gene and
stem cell therapy. As colleagues of Peter and contributors to the first edition, we
therefore felt that it was crucial to bring this book up to date and we dedicate this new
edition to him.

The overall purpose and structure of the book have not changed in this new
edition. However, additional chapters focusing on human cytogenetics, identification
of genes involved in congenital malformations and specific reviews of sensory organs
have been included to illustrate further strategic approaches to the study of birth
defects and how basic developmental biology is providing new paradigms for
understanding them.

We are grateful to all our colleagues who have managed to find the time to
contribute to this book despite their busy schedules. We also wish to thank our
editors at John Wiley & Sons, Joan Marsh and Andrea Baier, for their encouragement
and professionalism that have made publication of this new edition possible.

Patrizia Ferretti
Andrew Copp
Gudrun Moore
Cheryll Tickle
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1

The Relationship Between
Genotype and Phenotype:
Some Basic Concepts

Philip Stanier and Gudrun Moore

Introduction

Without even considering early fetal loss, it is reported that as many as 3.5% of all
live-born babies have some kind of major abnormality, referred to as a birth defect.
Actual incidences may vary according to locality, culture, ethnicity and the efficiency
of recognition and reporting. If minor abnormalities such as cleft lip are included,
then the incidence is nearer to 5%. In the Western world, birth defects constitute the
greatest single cause of infant mortality and have a major impact on national health
care budgets (http://www.modimes.org/).

In this introductory chapter some basic precepts and concepts are presented and
explained. For a comprehensive introduction to embryonic development per se, the
reader is referred to any one of several excellent publications that already exist (e.g.
Alberts et al., 2002; Gilbert, 2003; Wolpert, 2002). What this chapter attempts to
provide is the information that might be necessary for a clinician or advanced student
specializing in paediatric medicine to understand and appreciate in context what
follows. In that sense, an element of unorthodoxy might be discerned by some
readers. However, we hope that this rationale will be justified as the reader progresses
through the book.

Embryos, Genes and Birth Defects, Second Edition — Edited by Patrizia Ferretti, Andrew Copp, Cheryll Tickle
and Gudrun Moore (© 2006 John Wiley & Sons, Ltd



2 EMBRYOS, GENES AND BIRTH DEFECTS

The relationship between genotype and phenotype

The term ‘genotype’ is generally used to refer to the genetic make-up or constitution
of an individual organism, be it virus, fruit fly or human. In contrast, we use the word
‘phenotype’ to cover the form and functioning of an individual, to the extent that it
may encompass metabolism and behaviour (and thus we can refer to ‘behavioural
phenotypes’). The word ‘genotype’ is subtly but distinctly different from the term
‘genome’, which refers not to the totality of genes in an individual cell but to the array
of genes in a complete haploid set of genes characteristic for that species. In this sense,
a genome is a species-specific concept, whereas genotype is a concept applying to an
individual of the species in question.

The complexity of the phenotype reflects largely but not entirely the complexity of
the genotype. However, there is not necessarily a simple and direct relationship, since
genome size and genome complexity are rather different entities. Overall genome size,
in terms of DNA, is to some extent determined by the relative proportion of non-
protein coding sequences contained within it. Thus, some plant, insect and amphi-
bian species contain far more total DNA in their genomes than does Homo sapiens,
even though they are phenotypically simpler and contain fewer genes (indeed, some
amphibian species contain up to 9 x 10" nucleotide bases per haploid genome, as
opposed to the 2.85 x 10° nucleotides recently sequenced in humans; International
Human Genome Sequencing Consortium, 2004). Much of this increase in DNA
content is thought to represent a greater than normal proportion of non-coding,
repetitive sequences. If we consider genome complexity in terms of the number of
genes present, then a more systematic relationship emerges. In simple organisms,
such as viruses, the limited number of genes in the genome can be accurately
determined. However, for more complex multicellular organisms, total gene number
is an estimate based on confirmed genes and potential coding regions identified by
predictive methods. Therefore, the size of these estimates has changed as our ability
to visualize the DNA sequence and our understanding of genomic organization has
evolved. Currently, Drosophila melanogaster, the fruit fly, is estimated to contain
some 14 000 genes in its genome, whereas the genome of Homo sapiens is thought to
comprise between 20 000 and 25 000. However, this latter set of figures is still subject
to revision and does not take into account the considerable protein variation that can
accrue from alternate usage and splicing of exons or the existence of functional non-
coding RNAs.

Whereas gene mapping refers to identification of the chromosomal location of an
individual gene, genome mapping is a programme of research designed to identify
the chromosomal location of all genes in the genome of a particular species. Although
it is the international Human Genome Project that has received wide media attention,
it should be noted that genome mapping projects for other species are also under way
or recently completed. These include a number of model organisms, such as the
mouse, fruitfly, toad and nematode worm, as well as those of economically important
food species, such as cow, pig and chicken (http://www.ncbi.nlm.nih.gov/Genomes/
index.html). The mapping of individual genes, or of candidate gene loci, means that
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SGCE - Myoclonus—dystonia syndrome
p PEX1- Zellweger syndrome-1/Adrenoleukodystrophy/
Refsum disease
MDR3 - Familial cholestasis
q GUSE - Mucopolysaccharidosis type VIl
CALCR - Involutional osteoporosis
PONT - Coronary artery disease
FONZ - Coronary artery disease
SLC25A13 - Citrullinaemia type |l
PAIT - Thrombophilia/haemorrhagic diathesis
MUC3A -  Ulcerative colitis
REELIN-  Lissencephaly syndrome
TFR2 - Haemochromotosis type 3
SLC26A3- Familial chloride diarrhoea
COL1A2- Osteogenesis imperfecta/Ehlers—Danlos syndrome

Figure 1.1 Congenital malformation with gene mutations mapping to 7q21-q22. More than 1700
have been identified throughout the genome, including >80 on chromosome 7 (see http://
www.ncbhi.nlm.nih.gov/LocusLink/ and Chapter 2)

chromosomal ‘maps’ of congenital abnormality can be drawn up (see Chapters 2,
3 and 4; also OMIM: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=0OMIM),
whereby the location of genes, in which mutation produces a particular dysmorphol-
ogy or inherited metabolic disease, can be displayed (Figure 1.1).

At this point we should ask ourselves what kind of information is encoded within
the genes. Are the genes really the ‘blueprint’ to which they are often analogized? A
blueprint implies some kind of descriptive specification. Is that indeed how the
genome is organized? In fact, the information content of genes is one-dimensionally
complex, since it is specified by the nature of the linear sequence of nucleotide bases
along the DNA molecule. In dramatic contrast, the phenotype is three-dimensionally
complex (and four-dimensionally complex if we include dynamic phenomena, such
as metabolism and homeostasis, rather than just morphology); yet the linear
nucleotide sequence itself conveys no sense of what the phenotype might look like.
To appreciate just how phenotypic complexity might be generated we have to move
away from the rather dated analogy of a descriptive specification and think of the
genome and its implementation as a generative programme. The more appropriate
and meaningful analogy of origami has been proposed to illustrate the characteristics
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of a generative programme (Wolpert, 1991). Here, the instructions for creating a
topologically complex shape from a sheet of paper contain within them no descrip-
tion of the final outcome. The complexity is generated progressively by implementing
those instructions, which may in themselves be very simple, even though the outcome
is complex. In this way, the genome, or at least the developmentally significant parts
of it, can be seen as assembly rules for building an embryo.

In one sense, genes ‘simply’ encode proteins. Transcription of a gene produces a
message that is translated from the four-letter alphabet (nucleotides) of the nucleic
acids to the approximately 20-letter alphabet (amino acids) of the proteins, by virtue
of the genetic code. The primary structure of a protein, i.e. the linear sequence of
amino acids, together with any post-translational modifications, determines its
secondary and tertiary structure. Proteins endow cells with properties such as
characteristic metabolisms, behaviour, polarity, adhesiveness and receptivity to
signals (Figure 1.2) and it is this functional level that marks the implementation of
those assembly rules. Within the increasingly multicellular embryo, cell interactions
and inductions are initiated, cell lineages are established, and morphogenesis, growth
and histogenesis proceed. Thus, interactions of proteins, cells and tissues during

PHENOTYPE

U

HISTOGENESIS/MORPHOGNESIS/GROWTH

I

CELL/TISSUE
INTERACTIONS & INDUCTIONS

1

CELL PROPERTIES

(eg behaviour, proliferation,
adhesiveness, shape, synthesis,
signal receptivity)

|

PROTEINS

Jul

Figure 1.2 Causal relationship between genotype and phenotype. Higher-order complexity is
generated progressively by the interaction of proteins, of cells and of tissues during development.
The asterisked ‘return” arrow between genes and proteins represents the controlling role on gene
expression of transcription factors encoded by regulatory genes
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development generate progressively higher-order complexity (Figure 1.2), from the
one-dimensional complexity of the genotype and primary protein structure to the
three-dimensionally complex phenotype. Embryonic development is therefore a
typical generative programme. From a limited range of fundamental cell properties,
an almost infinite range of complex phenotypes can be built, simply by deploying
these cell properties in varying ways. The diverse range of phenotypic from across
extant and extinct species bears witness to the morphogenetic power of these basic
cell properties over an evolutionary time-scale.

Thus, it is the morphogenetic potential of cell properties and the mechanisms of
embryonic development that causally link genotype and phenotype. And from this
brief and perhaps simplistic rationalization, one can see that during development
there will be significant, higher-order events taking place in the absence of direct
genetic control but which are themselves the inevitable consequences of genetic
specification (Figure 1.2, from the level of ‘cell properties’ upwards). Thus, the
phenotypic expression of an individual’s genotype is influenced by a variety of non-
genetic factors that might involve variables such as diet, infection and ageing. These
factors can have direct effects on gene expression or may influence more subtle
control mechanisms, such as DNA or histone methylation. This class of phenomena
is sometimes described as epigenetic and, clearly, much morphological complexity is
generated within this so-called epigenetic domain (Alberch, 1982; McLachlan, 1986;
Gottesman and Hanson, 2005).

Developmental biologists are interested in defining assembly rules and elucidating
their operation at tissue, cellular and molecular/genetic levels. To understand
dysmorphogenesis it is necessary to clarify what happens when certain assembly
rules are either mis-specified or wrongly interpreted and a birth defect results.
Clearly, understanding a particular birth defect involves much more than simply
identifying a mutated gene or an environmental teratogen. It requires knowledge
of the consequences of these on the mechanisms operating within the embryo, an
understanding of how the generative programme has been perturbed and how
that produces an abnormal phenotype. Furthermore, just as an understanding
of normal development can help clarify abnormal development, so analysis of
abnormal development can sometimes throw light on hitherto unknown aspects of
normal mechanisms.

Before leaving this topic, it should be noted that in Figure 1.2 there is feedback
indicated from proteins to genes (see reverse arrow). This reflects the fact that the
role of some proteins is to bind to DNA, typically in a highly sequence-specific
manner. Genes that encode such proteins are referred to as ‘regulatory genes’ and the
proteins themselves known as ‘transcription factors’, since they control (either
upregulate or downregulate) transcriptional activity of the gene to which they have
bound. In essence, genes work in hierarchies, with regulatory genes controlling the
expression of ‘downstream’ genes and with elements of ‘cross-talk’ between regula-
tory genes themselves. The definition of such genetic cascades and signalling path-
ways is a very topical issue in contemporary developmental biology and this is
reflected by the prominence given to it by many of the contributors to this volume.
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Such genes are, of course, pivotally important in the normal life of the cell, in its
synthetic and metabolic activity, homeostasis and proliferation, but during embryo-
nic development they have multiple and crucial roles in determining cell fate.
Although many of the genes identified to date as being involved in birth defects
encode enzymes or structural proteins, it is not surprising that numerous families of
regulatory genes have been established as playing important roles in dysmorphogen-
esis (see later).

Having discussed some aspects of the genotype—phenotype relationship, it is now
appropriate to point out that it can be simplistic to always interpret dysmorphogen-
esis on the basis of a ‘one gene:one (dysmorphic) phenotype’ model. It is clear that, in
some cases, a diversity of phenotypes can emerge from mutations in a single gene,
each disease or dysmorphic phenotype reflecting a different mutation within that
gene. Thus, different mutations in the receptor tyrosine kinase gene, RET, can result
in familial medullary thyroid carcinoma, multiple endocrine neoplasia types 2A and
2B (all of which accords with its original recognition as an oncogene) and in
Hirschsprung’s disease, a developmental anomaly of the gut (reviewed by Manié et al.,
2001; and see Chapter 11). This last disorder appears to be the consequence of a
failure of RET-expressing neural crest cells to migrate normally and establish a
parasympathetic innervation to the gut. The thyroid cancer-associated syndromes all
result from mutations causing specific amino acid substitutions that apparently alter
the functionality of the receptor tyrosine kinase encoded by RET (i.e. gain-of-
function mutations that may lead to hyperplasia of the RET-expressing tissues). In
contrast, the Hirschsprung mutations comprise deletion, insertion, frameshift,
nonsense and missense mutations that lead to a loss of function. The phenotype
can be explained as due to haploinsufficiency, whereby a threshold sensitivity to
absence of 50% of the gene product (due to a mutated allele) is sufficient to perturb
the development of the cells normally expressing that particular gene. In this case, it is
the neural crest progenitors of the gut parasympathetic neurones that are affected,
leaving other RET-expressing cell populations in the embryo apparently unscathed,
due to tissue-specific differences in the threshold sensitivity (Manié et al., 2001).
Interestingly, RET mutations that affect one of four extracytoplasmic cysteine
residues have been found in Hirschsprung’s patients, as well as patients with
MEN2A and familial medullary thyroid carcinoma. These findings have raised
the idea that a single mutation has opposing effects, depending on the tissue in
which RET is expressed, and results in uncontrolled proliferation in endocrine cell
types and apoptosis in enteric neurons (reviewed in Manié et al., 2001). Further-
more, mutations in RET are found only in about half of the familial cases of
Hirschsprung’s disease and then frequently with variable penetrance. This suggests
a higher level of complexity, involving the interaction of other genes or non-coding
variants, often referred to as modifiers. Co-inheritance of mutations in distinct
loci but with additive effect gives rise to a multi- or polygenic inheritance model. In
this case, each of the individual mutations alone may be considered risk factors,
as they are insufficient to cause the phenotype alone but do so when inherited
together.
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The causality of birth defects is not necessarily genetic in origin and various
aetiological categories can be recognized:

e Chromosomal anomalies (e.g. trisomies, translocations)

Polygenic disorders

Single gene mutations

Environmental/teratogenic factors

Multifactorial aetiology

Unknown aetiology

Each of these six categories presents its own set of problems in determining how
a particular birth defect is generated (see Chapters 2, 3, 4 and 6). It might be argued
that events occurring within the epigenetic domain referred to earlier can be extended
to environmental influences on development. The embryo does not occupy a
completely protected and privileged environment and, in some respects, is as open
to effects from its environment as the neonate, juvenile or adult. Indeed, the
recognition that the intrauterine experience of the fetus is strongly influenced by
maternal nutritional or hormonal status is pivotal in determining later susceptibility
to a number of adult diseases, such as diabetes and coronary heart disease (reviewed
by Barker, 1995).

Clearly, the phenotype, be it adult or embryonic, is always the product of the
combined effects of genetic and environmental influences (Sykes, 1993), but the
relative contributions of each can differ for each aspect of the phenotype (Figure 1.3).
Thus, Down’s syndrome, as a trisomy disorder, reflects a condition that is 100%
genetic, whereas a neural tube defect such as spina bifida (see Chapter 8) may have a

Spina Bifida Cancer

Infection Height

Blood group
Sex
Struck by Down’s syndrome
lightening Cystic fibrosis
100% 100%
Environmental Genetic

Figure 1.3 Interplay between environmental and genetic factors in the determination of
phenotype. The relative importance of each will vary according to the particular phenotype, or
aspect of phenotype, under consideration (after Sykes, 1993)
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strong environmental component in its aetiology, coupled with a possible genetic
predisposition in some cases (reviewed by Marsh, 1994).

Even though the majority of birth defects have a genetic component, the extent of
interaction between genotype and environment is still poorly understood and, in
research studies, often neglected. Thus, the majority of animal studies assessing the
teratogenicity and reproductive toxicity of environmental factors have frequently
failed to take into account the different genotypes of the various strains of animal
species used (discussed by Copp, 1994). Yet we are increasingly aware of human
genes, which increase susceptibility to environmental teratogens. Examples of this
include common polymorphisms that affect either protein levels or the activity of
enzymes that metabolize the teratogens resulting from cigarette smoking, alcohol or
drug intake (Polifka and Friedman, 2002). We may conclude that, in elucidating the
complex relationship between genotype and embryonic phenotype, whether it be in
the context of normal development or dysmorphogenesis, environmental factors may
sometimes be critical (see Chapter 6).

The role of ‘model’ systems

To understand the mechanisms of development inevitably means dismantling and/or
perturbing the embryo in some way. Very little has ever been learnt of mechanisms by
simply observing embryonic development. Traditionally, developmental biologists
dismantle and reassemble embryos, or parts of embryos, at the level of gene, cell,
tissue or organ. In this way we learn how the system responds to perturbation, and
through that we can elucidate the functional role of the component parts, sometimes
down to the level of an individual nucleotide base within a DNA codon. For example,
a change in a single nucleotide in the bicoid gene of Drosophila will actually reverse
the anteroposterior axis of the embryo (Fronhofer and Nusslein-Volhard, 1986;
Struhl et al., 1989).

The ability to manipulate DNA in the laboratory has brought an unparalleled
precision and finesse to developmental analysis, bringing exquisite control to gene-
rescue, knock-out, overexpression, ectopic expression and regulatory element studies.
Thus, transgenic technology (see Chapter 5) can be considered as the most
sophisticated of strategies, following in the great tradition of experimental perturba-
tion started in the nineteenth century with the emergence of experimental embry-
ology, epitomized by the German Entwicklungsmechanik (‘developmental mechanics’)
school established by Wilhelm Roux and colleagues. However, it is important to
comment that molecular biology as it exists now has not rendered traditional
experimental embryology redundant. The molecular biology monoculture that
some feared 15-20 years ago has not prevailed and what we see emerging today,
and which is well reflected in the following chapters, is a pragmatism in which
molecular approaches are creatively integrated with cellular and tissue approaches.
For instance, a well-designed ‘cut ‘n’ paste’ tissue grafting experiment can generate
results with profound implications at the molecular level (see e.g. some of the grafting
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experiments described in Chapter 7), and can itself direct further analysis at the
molecular level.

This theme of perturbational analysis to reveal mechanisms means that the
human embryo is not a system of choice, at least not after the 14-day limit set by
the regulating authorities in Britain, and manifest in the Human Fertilization
and Embryology Act, 1990 (and see Burn and Strachan, 1995; Table 1.1). Most
dysmorphogenesis is likely to have its inception during the major stages of mor-
phogenesis and organogenesis, starting with neurulation during the fourth week in
the human embryo (Larsen, 2001). Disruptions earlier than that are likely to result in
spontaneous abortion and be lost; indeed, it has been estimated that at least 15% of
all human pregnancies end as spontaneous abortions after implantation (Warburton
and Fraser, 1964).

Nevertheless, human fetal tissues are being used in biomedical research, particu-
larly in the context of somatic gene therapy, fetal cell transplantation, haematopoietic
stem cell transplantation and fetal organ transplantation (reviewed by Reed et al.,
1995). However, many research programmes almost always use developmentally late
fetal material, which is of little if any use in studying embryonic expression of genes
implicated in birth defects. For this specific purpose, human embryo banks have been
established (reviewed by Burn and Strachan, 1995), using material obtained from
terminations and collected with full ethical approval. Reports on the expression of
genes causally involved in dysmorphogenesis are now commonplace (see Chapter 2)
and the use of such data in the long-term development of preventive and therapeutic
clinical strategies is likely to escalate over the next few years.

However, in order to study developmental mechanisms during the crucial stages of
morphogenesis and organogenesis we are, of necessity, obliged to use animal model
systems. In Chapters 7-17 you will find reference to work using embryonic systems as
diverse as zebrafish, Xenopus, chick and mouse. Are we to view these simply as models
or research surrogates for the human embryo (see discussion by Monk, 1994)? In fact,
developmental research is often driven by reasons of scholarship, and animal models
are more typically studied for their own intrinsic interest, in the context of
comparative biology and evolution (Bard, 1993). Nevertheless, several essential
concepts that have significantly enhanced our understanding of human dysmorphol-
ogy have emerged from analysis of animal model systems; the developmental field
concept, as applied to dysmorphogenesis (Opitz, 1985), and chromosomal imprint-
ing (Harwell imprinting site plus Otago site for human imprinted genes; Monk, 1994;
see Chapter 2) are two obvious examples. However, when animal model systems are
seen as ‘research surrogates’ for the human embryo and fetus in the sense that
extrapolations are made, we must ask ourselves: ‘to what extent is this justified?’.

The changing concept of homology

For many years, developmental biologists, if challenged, have sought to justify the use
of animal model systems by virtue of homology of form. This is likely to have been
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based loosely upon the a priori argument that, at least in early development,
phenotypic similarities between human and non-human vertebrate species must
reflect equivalence of the underlying generative mechanism. However, only slowly has
evidence for such assumptions about homology of mechanism begun to accumulate.
Perhaps one of the clearest early demonstrations of this relates to the zone of
polarizing activity (ZPA) — the region of a limb bud which, by release of a diffusible
morphogen, polarizes the distal part of the growing limb and controls the ante-
roposterior pattern of digits (see Chapter 7). It was found that the ZPA taken from a
human limb bud will, when assayed by grafting ectopically into a chick embryo wing
bud, display the same activity as the equivalent region of a chick bud. Extra digits are
formed in a predictable and organized fashion by the host, demonstrating that
human and chicken ZPAs produce the same morphogen, but chicken host cells
respond to it by forming additional chick digits (Fallon and Crosby, 1977). In other
words, there is an equivalence of mechanism in the building of this particular bit of
anatomy. Although this example deals with just a small part of the body plan (digit
specification), it can be seen as exemplifying a widely held belief that similar
equivalences exist at the mechanistic level in the building of much of the anatomy
or, at least, that portion of it which is characteristically and uniquely ‘vertebrate’ in
character.

This type of assumption has been cautiously held for a number of years and, in a
rather piecemeal and limited fashion, evidence gradually accumulated to give it some
justification. However, it has become clear in the last few years that the concept of
homology is underpinned by an amazing degree of conservation of both gene
sequence and function (reviewed by Scott, 2000). So fundamental is this to our
understanding of the genotype—phenotype relationship and to our interpretation of
data from model systems, that it is necessary to deal with the topic at some
length.

The existence of Drosophila mutants in which body parts are transformed into
recognizable structures but develop at an inappropriate site, the so-called homeotic
mutants, has been known since the nineteenth century, when the phenomenon of
homeosis was first discovered. Certain unidentified genes were thought to be involved
in the specification of the segmented body plan of Drosophila, with mutation
resulting in mis-specification of particular body parts. Cloning and sequencing
revealed that the homeotic genes are in fact regulatory genes and contain a highly
conserved motif, the homeobox (McGinnis et al., 1984), encoding a DNA-binding
domain that subsequently became known as the homeodomain. Further analysis of
homeobox-containing genes confirmed their role in morphogenetic specification and
revealed a complex and hierarchical genetic control of the body plan in this
arthropod (reviewed by Akam et al., 1994). The cloning of these genes provided
probes with which to screen the genomes of other species, and screening revealed
a surprising degree of conservation, with orthologous genes being found in a very
wide and diverse range of species examined. The largest and best known of these
homeobox-containing gene families are the Hox genes, of which there are 39, orga-
nized in four clusters on different chromosomes in all vertebrates including humans.
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Sequence homology and position within each cluster is such that derivation of each
gene can be traced from a single ancestral cluster similar to the HOM-C complex in
Drosophila. Excellent reviews of the organization, evolution and functional roles of
Hox genes have been published elsewhere (McGinnis and Krumlauf, 1992; Burke,
2000; Garcia-Fernandez, 2005) and accounts of their role in specification of major
features of the vertebrate body plan are given here in Chapters 7, 11, 12 and 15.

Although these genes and others like them have only been identified in vertebrate
genomes by virtue of their sequence homology with their Drosophila counterparts
(remember that Drosophila probes were used in the screening), conservation of gene
sequence is only one aspect of this remarkable evolutionary story. If there is truly
homology of function, then we might expect conservation of expression domains of
the gene(s) in question across a range of species, and this is indeed often found. The
most rigorous test, however, has to be an operational one in which genes are moved
into the genome of another and distant species, preferably into individuals in which
the orthologue has been inactivated. Will the introduced ‘foreign’ gene be switched
on in the correct spatiotemporal pattern and will it function to produce a normal
embryo?

Homeobox-containing genes provide a number of examples in which these three
criteria of sequence homology, equivalence of expression domain and functional
homology are satisfied. Thus, a regulatory sequence of the Drosophila homeotic gene,
Deformed, which supports expression in subregions of posterior head segments, can
be replaced by the equivalent mouse sequence and still result in normal embryonic
development (Awgulewitsch and Jacobs, 1992). The mouse gene, Hoxb-6, can be
moved into the Drosophila embryo and specify normal thoracic segments (Malicki
et al., 1990) and even the regulatory element of a human Hox gene, HOXBY, is
expressed rostrally and supports head development when introduced into Drosophila
(Malicki et al., 1992). Finally, we should not assume that such exchanges only operate
between species with segmented body plans, no matter how divergent they may be,
since it has also been shown that equivalent functional homology exists between the
Hox genes of Drosophila and those of the unsegmented nematode worm, Caenor-
habditis elegans (Hunter and Kenyon, 1995).

The existence of such amazing functional homology might suggest that there has
been some conservation of downstream target genes for the homeoproteins. But how
would this degree of conservation of homeobox gene function across a wide range of
species correlate with the diverse range of phenotypic form displayed by these species?
In other words, how do we reconcile functional homology, and all that that entails,
with the evolution of the disparate body plans displayed by mammals and insects, for
example? Such questions are currently unresolved but various possibilities, such as
homeoproteins acquiring new targets, homeobox genes changing expression
domains, changes in the function of downstream target genes and the emergence
of new modes of regulation, are all under consideration (Kenyon, 1994; Manak and
Scott, 1994; Hughes and Kaufman, 2002). Meanwhile, similar levels of conservation
for genes involved in major morphogenetic events are being discovered, with
functional homology apparently being retained by other key regulatory genes and
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pathways, such as goosecoid, Brachyury and non-canonical Wnt signalling controlling
the very different modes of gastrulation across species as diverse as zebrafish,
Xenopus, chick and mouse (Beddington and Smith, 1993; De Robertis et al., 1994;
Tada et al., 2002).

However, it is not just regulatory genes that display such conservation of sequence,
expression domain and function. It is rapidly emerging that genes encoding a number
of secreted molecules involved in signalling between cells have been similarly
conserved. Genes homologous to the Drosophila hedgehog gene family (so named
because of the ‘spiny’ appearance of the mutant larvae) encode secreted proteins that
appear to have a pivotal role in patterning a number of structures in vertebrates
(reviewed by Hammerschmidt et al., 1997; Nybakken and Perrimon, 2002). The
product of sonic hedgehog (shh) has a major role in notochord induction of the
ventral floor plate of the neural tube (e.g. Roelink et al., 1994; and see Chapter 8). A
parallel signalling role for this secreted protein is seen in limb development. Thus, shh
is expressed in the posterior region of both fin (zebrafish) and limb buds (chick and
mouse) where it is thought to be active in establishing pattern across the ante-
roposterior axis of the bud and is a component of the ZPA (see earlier). Ectopic
expression of this gene in the anterior part of the chick limb bud produces
duplication of anterior structures, paralleling the mirror-image duplication of the
anterior wing compartment in Drosophila resulting from ectopic hedgehog expression
(Fietz et al., 1994). Functional homology is even maintained amongst some of the
other signalling molecules thought to be downstream from the hedgehog proteins,
such as decapentaplegic (dpp) in Drosophila, and the related transforming growth
factor-3 (TGF-[3) gene family in vertebrates (reviewed by Hogan et al., 1994), and the
proteins with which they interact during specification of dorsoventral pattern in the
neural primordium (Holley et al., 1995).

Another example of evolutionary conservation of function has recently been
demonstrated with the signalling pathway for planar (epithelial) cell polarity.
Epithelial cell orientation and cross-talk to the surrounding cells is critical for correct
assembly of the Drosophila compound eye and uniform positioning of hairs on the
wing and thorax (Strutt, 2003). This is dictated by a secreted Wnt ligand that binds to
a frizzled receptor protein complex, which then signals to the nucleus via an
intracellular protein called dishevelled. A similar signalling pathway with essentially
the same protein components has now been found to organize cellular convergence
on the dorsal midline of the mammalian embryo in order to regulate formation of the
neural tube. Disruption to any of the core protein components leads to a failure of
neural tube closure, as demonstrated in mice, Xenopus and zebrafish (reviewed in
Copp et al., 2003; and see Chapter 8). This pathway is also required for correct
orientation of the stereociliary bundles found in the mammalian inner ear (Mon-
tcouquiol et al., 2003; Curtin et al., 2003). In contrast to neural tube development,
this represents a vertebrate phenotype more closely resembling the invertebrate wing
hairs.

Similarly conserved function through evolution is elegantly illustrated by the study
of mutations in different orthologues of the PAX6 gene (see Chapter 9). Mutations in
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PAX6 give rise to the eye defect aniridia, while the mouse orthologue turned out to be
a gene formerly known as Small eye, since a loss-of-function mutation produced a
microphthalmic phenotype. Both of these genes are the functional orthologues of the
Drosophila Eyeless (ey) gene (Quiring et al., 1994); ey is also involved in eye
development, and a loss-of-function mutation eliminates the compound eye. As a
result, Aniridia, Small eye and Eyeless are collectively regarded as Pax-6 homologues
with pivotal roles in eye development, whether it be the compound eye of an
arthropod or the vertebrate eye (Quiring et al., 1994). This has been assessed by
ectopic expression of the ey gene, which results in ectopic compound eyes with
relatively normal facet organization and arrays of photoreceptor cells (Figure 1.4a).
More relevant to this discussion is the finding that ectopic expression of the mouse
Pax-6/Small eye gene introduced into Drosophila will also generate ectopic compound
eyes that are morphologically equivalent to the normal compound eye (Figure 1.4b;
Halder et al., 1995). In other words, the generative programme for assembling an
arthropod compound eye can be activated and controlled by a mouse Pax-6 gene. It is
concluded that these various Pax-6 homologues constitute master genes, arising from a
common ancestral gene and with conserved function in controlling eye morphogenesis.

With the advent of more efficient positional cloning strategies, mouse knockout
technology and the development of large scale ENU mutagenesis programmes, more
and more genes are being assigned to function and phenotype. As a consequence, the
extent of regulatory gene involvement in birth defects is becoming better defined.
There are now numerous examples of regulatory gene families that are grouped

Figure 1.4 (a) Ectopic compound eye (white arrowhead) formed adjacent to the normally located
compound eye (on the right, black arrowhead) in the head of a Drosophila fly; this is the result of
the ectopic expression of the ey gene. (b) Ectopic compound eye formed, in this case, on the leg of a
fly, under the control of an ectopically expressed mouse Pax-6 gene introduced experimentally. In
both (a) and (b), note the similarity of the ommatidial organization and interommatidial bristles, in the
ectopic eyes and in their normal counterpart in (a). Photographs supplied by Professor Walter Gehring
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through both sequence and functional homology that are also directly implicated
in dysmorphogenesis and neoplasia. These include the PAX, HOX, ZIC, ZNF, SOX,
FOX and TBX families. When the first T-box gene, T (Brachyury), was identified
(Herrmann et al., 1990) it was thought to be unique. However, most species
studied have multiple family members and mammals contain a total of 17 different
functional T-like genes (see Table 1.1). Family members are based on their

Table 1.1 The mammalian T-box gene family, with mouse and human mutant phenotypes

Location
Gene (human) Human phenotype Mouse phenotype
T 6927 Possible risk factor Lack notocord and
for NTD posterior somites
Tbx1 22ql11 DiGeorge syndrome DiGeorge syndrome-like
Tbx2 17q23 Potential oncogene Atrioventricular canal and
implicated in breast septation of the outflow
cancer tract; hindlimb digits
Tbx3 12q24 Ulnar-mammary Mammary gland, limb and
syndrome yolk sac defects
Thx4 17q23 Small patella syndrome Hindlimb bud outgrowth
failure
Tbx5 12q24 Holt-Oram syndrome Cardiac defects and
forelimb malformations
Tbx6 16pl1 Abnormal patterning and
specification of the cervical
somites posterior paraxial
mesoderm
Tbx10 11q13 Cleft lip and palate*
Tbx15 1p12 Coat pigmentation anomalies
and skeletal development
Tbx18 6ql4 Somite compartment
boundary formation
Tbx19 1q24 ACTH deficiency ACTH deficiency
Tbx20 7pl4 Defects in cardiac chamber
differentiation
Tbx21 17q21 Physiological and inflammatory
features of ashma
Tbx22 Xq21 X-linked cleft palate
Tbrl 2q24 Defects in neuronal
migrations and axonal
projection
Eomes 3p24 Failure of trophoblast
differentiation and
mesoderm formation
MGA 15q15 Unknown

In addition, an intronless pseudogene (TBX23) is present on chromosome 1 and a truncated T-box gene similar
to TBX20 is present on chromosome 12.
*Gain of function.
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conservation of a 180-200 amino acid sequence that encodes a DNA-binding
domain, the so-called ‘T domain’ or ‘T-box’. These genes function as transcription
factors and are found throughout metazoans, including primitive species such as
Caenorhabditis elegans and hydra. Most of the T-box genes are expressed early in
development, regulating cell fate and behaviour, thereby specifying regional tissue
characteristics. For example, Tbx4 and Tbx5 play major roles in limb identity (see
Chapter 7). While the genes are specifically expressed in hindlimb and forelimb,
respectively, ectopic expression of either has the ability to at least partially repro-
gramme cell fate decisions into the opposite limb type (Rodriguez-Esteban et al. 1999;
Takeuchi et al. 1999). Most of the human phenotypes resulting from various TBX
gene mutations occur as a consequence of haploinsuficiency, indicating that the
tissues involved are especially sensitive to expression levels. It is also interesting to
note that significant overlap is found in the expression domains of a number of the
T-box genes (see Chapter 9). This may simply be a legacy of their ancestral origin,
where expanding genome size through rounds of duplication has retained the same
regulatory elements that have not yet re-specified. Nevertheless, this co-expression
may allow for additional protein—protein interactions, such as heterodimerization,
which in turn lead to increased complexity of function.

As yet, the biochemical pathways that are regulated by T-box genes remain poorly
understood. Nevertheless, there is an increasing list of developmental defects and
phenotypes being associated with the various family members (see Table 1.1). Of
course, from a birth defects point of view, this is only going to be the tip of the
iceberg because of the numerous upstream and downstream genes in each pathway,
amplifying the number of potential targets for mutation-induced phenotypes.
However, with the use of animal models and modern expression profiling techniques,
dissection of these transcription factor networks is already under way and will
provide the means for further disease gene discovery.

It would seem that that long-held views on the evolution of phenotypic form are
being fundamentally revised. It is not simply homology of function that has driven
the development of anatomical analogues through convergent evolution. There
would seem to be a basic, shared genetic ‘tool-kit’ for development that has been
retained over many millions of years (Akam ef al., 1994). The different generative
programmes of development have deployed this in a multitude of ways to build
different phenotypes. Not surprisingly, those phenotypes are sometimes dysmorphic,
as is often the case with mutations in the genes that specify developmental processes.
Earlier assumptions about the extent of homology of developmental mechanisms
between human and various animal model systems have been vindicated more
powerfully than could have been anticipated even a few years ago.
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Uses of Databases
in Dysmorphology

Michael Baraitser

What is a syndrome?

A syndrome is defined as a group of malformations that tend to occur together. One
of the main tasks of a clinical geneticist, and especially a dysmorphologist, is the
recognition of these syndromes. There are a number of reasons why making a precise
diagnosis is essential:

1. It is necessary to establish whether the combination of malformations is genetic
and, if so, to determine the mechanism of inheritance, enabling assessment of the
subsequent recurrence risks.

2. A precise diagnosis is needed in order to establish a prognosis and to direct the
clinician to investigate other organs that might be involved.

3. A syndrome diagnosis may lead to prenatal diagnosis, with the possibility of
increasing parental choice in a subsequent pregnancy.

4. Perhaps most importantly, people simply want to know the diagnosis. In many
instances this opens up the possibility of meeting others and their families with
the same condition. There are many lay societies dedicated to specific syndromes
and parents can join them in order to discuss mutual problems. Many parents
are much happier when they have a name for their child’s problem, so that they
can answer enquiring questions from family and friends.
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A clinical geneticist faces a number of problems in making a diagnosis, and this is
mainly due to the large number of different and rare syndromes. There are now
2000-3000 known dysmorphic syndromes — ‘known’ in that they have been described
previously in the literature, although often only as a single case report. Diagnosis is
also difficult because syndromes are clinicaly variable. They are easier to define if they
occur in siblings or in previous generations, especially if the combination of features
is unusual, making the likelihood of separate conditions in the same family small.
Definition is also easier if a specific diagnostic test allows the clinician to define the
condition. However, in the case of some gene tests the same mutations in a given
gene can give rise to what was previously thought to be two or three separate
conditions. Do we define syndromes on clinical criteria, or do we lump conditions
with the same mutation together under one name? Even more difficult is the
recognition of a new syndrome that always occurs as a sporadic condition, as this
necessitates the recollection of previous single case reports, some of which might have
been written in the distant past. It is not unusual for the clinician to vaguely
remember a previous patient with the same condition, either reported somewhere in
the literature or seen previously at the clinic, but finding documentation can be a
daunting task.

Reports of syndromes are widely spread among many different specialist journals.
As familial occurrence of malformations has always intrigued clinicians, the literature
stretches back for many years and there is difficulty in remembering, or finding, older
reports. The majority of these conditions can only be recognized by using clinical and
radiological criteria, so that there is a constant need to look at the details of previous
cases of children thought to have the same problem.

Some of these problems are addressed
by dysmorphology databases

Names

There are many names for the same condition. Names in the literature are often
meaningless (the first author’s name on the paper might be used) and it is not
uncommon for syndromes to be reported in different journals under separate titles or
for clinicians on different sides of the Atlantic to use different names for the same
condition. A classic example is the Beckwith—-Wiedemann or Wiedemann—Beckwith
syndrome. It is also known as the ‘EMG syndrome’, denoting its main features as
exomphalos, macroglossia and gigantism. This is not always useful, as these features
might not always be present. The problem is resolved on the database by including all
the different names as synonyms, so that the user will arrive at the same information
irrespective of the name used. The syndrome list is indexed alphabetically but it is
also possible to search using only part of the name in a ‘keyword’ search, for example
‘Sheldon’ of the Freeman—Sheldon syndrome will still access information about the
condition.
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Variability

Almost without exception, all syndromes are variable. The extent of the variability
can usually be determined by looking at the same condition within a single family.
Siblings who have, for instance, Laurence-Moon-Biedl (LMB) syndrome, which is
characterized by post-axial polydactyly, mental retardation, obesity, renal abnorm-
alities and a pigmentary retinopathy, might differ in that one sibling has the complete
picture whereas the other might not, e.g the second sibling may have normal
intelligence. It is likely that both siblings have the same genetic defect, as there is
too much overlap for them to have different conditions; the boundaries of the
syndrome can then begin to be delineated. Databases have no problem with this,
provided that all described features are included in the feature list. If, using the above
example, you search on polydactyly and mental retardation, the computer will at least
remind you that Laurence—Moon-Biedl is still a possibility.

Expansion and contraction

New features are constantly being added. This might be because the syndrome is rare
and the extent of the manifestations is not yet known. Alternatively, the underlying
mechanism of causation is a chromosomal deletion, in which case a bigger or smaller
piece missing might slightly alter the phenotype whilst retaining the facial features
and hence the recognizable Gestalt. The underlying aetiology might also depend on
the timing of an insult and result in similar, but not necessarily identical, phenotypes.
Most databases can be readily modified and additions to the list of features can easily
be made. Unlike textbooks, there is plenty of space and the whole procedure is
flexible. The only problem is that any change might necessitate the reclassification of
an enormous amount of data. For instance, if it is shown that children with cleft lip
and palate can be usefully separated according to whether the cleft is on the left or the
right, then recoding by rechecking all syndromes in the literature might be a
necessary, but formidable, task. It is much easier if a new diagnostic tool, such as
magnetic resonance imaging, becomes frequently used, since extra categories can just
be added and only new data need to be entered.

Different severity leads to a different phenotype

In a given syndrome, even within a single family, a feature might differ in severity.
For instance, a child presents with a radial aplasia. Many syndromes in which there
are problems down the radial side of the limb are variable to the extent that in the
same syndrome there might be a classic radial club hand, or a normal radius but an
absent thumb, just a small thumb or, surprisingly, a duplicated thumb. All of these
should be in the list of features of a condition called VATER syndrome, where the R
stands for radial problems. The VATER syndrome is relatively common and the
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literature is large, which helps to determine the extent of the malformations. If the
syndrome is less well delineated, the variability of the radial lesions might not be
known (those updating the database can only put in what has been described) and
diagnoses might be missed.

Effects of age

One of the other major problems is that syndromes can develop and change with the
age of the proband. Some features are present at birth but are not recognized because
they are not looked for, whereas others evolve with time. Consider the following
scenario:

1. At birth a baby is found to have a post-axial polydactyly (an extra digit on the
small toe side of the foot). At this stage, no conclusions can be drawn and, indeed,
there might be nothing more to the situation than that. If the baby is black, then
the experienced clinician might decide at this stage that this is a common,
unimportant, autosomal dominant finding in those of African origin, and be
cautiously optimistic. If the database were to be used at this stage, a total of 149
conditions would be displayed and each one would be found to have additional
features.

2. Nine months later it might be noticed that the infant’s development is slightly
delayed and causing concern. If a search were done at this stage, there would be 53
possibilities. Certainly Laurence-Moon-Biedl syndrome should be considered but
the evidence from the patient would be so far inconclusive.

3. At 14 months the child appears obese. The main problem at this stage is clinical
judgement. The clinician might decide with some justification that the child is a
little ‘chubby’ and not regard this new feature as significant. However, if the
computer has prompted the clinician to consider Laurence-Moon-Biedl syn-
drome, then the weight gain might be considered in another light. If suspicion has
now been raised, then it would be appropriate to ask for a renal scan to look for
cystic dysplasia and to ask the ophthalmologists to investigate retinal function. If
both series of tests are normal, the clinician might still want to wait.

4. At 2 years the retinal test would be repeated. If the retina is found to be abnormal,
then the diagnosis is certain. If not, a further period of cautious waiting is
appropriate.

During this process the computer has made other suggestions that need to be
followed. In the list of possibilities, given an entry of mental retardation, obesity and a
retinal dystrophy, there is Cohen syndrome. To date, no-one has described poly-
dactyly in that condition, but all dysmorphic syndromes are rare and therefore the
possibility has at least to be considered.
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Time may alter the phenotype, and dysmorphologists are accustomed to recogniz-
ing facies at a particular age. For instance, the faces of patients with Williams
syndrome change with age (the face becomes coarser) but provided that the feature
list includes all the features, whatever the age, this should not be a problem. In
addition, with the advent of pictures on the database, a sequential series of images
showing these changes with age is very valuable. The database would also prompt the
clinician to look (with DNA probes) for a deletion in Williams syndrome chromo-
some and a negative result would be a significant, finding against the diagnosis.

Importance of an individual feature

If it were possible to rank features (i.e. decide what are the essential features),
according to how frequent they are found in reported cases, then this could be easily
incorporated into the database and indeed some have tried to do this. If 100% of
cases of TAR syndrome (AR standing for aplasia of the radius and the T for
thrombocytopenia), despite having radial aplasia, always had the thumb present,
then clearly a diagnosis could not be made if it were absent and the computer could
be programmed to insist on this.

The classic way of approaching the problem of variability in recessive disorders has
been elegantly demonstrated in a study of Meckel-Gruber syndrome by Fraser and
Lytwyn (1981). The main features are polydactyly, polycystic renal disease and a
posterior encephalocele. If a series of cases were to be reported by neurosurgeons, all
patients would have a posterior encephalocele, as that would be the reason why they
were seen by the neurosurgeons. To overcome this bias of ascertainment, Fraser and
Lytwyn (1981) ignored the index case and looked only at the clinical features of the
subsequently born siblings (sibs). In this way it was shown that 100% had polycystic
renal disease, which was essential for the diagnosis. The other features could likewise
be ranked. The problem is that many of the recessive syndromes are so rare that a sib—
sib study has not been performed and data are not available. The other major
problem concerning ranking is that many syndromes seem to be on the whole
sporadic events, as seen with both De Lange syndrome and the CHARGE association.
In the latter syndrome, patients might present to: a cardiologist (H is for heart
defects); an ear, nose and throat specialist (A is for atresia choanae and E is for ear);
or to a paediatrician for growth failure (R stands for retardation of growth or
development). Thus, depending on who collects and reports the data, bias will enter
and the ranking of individual features becomes a problem.

Where databases do not help
Familial resemblance

It is sometimes not possible to know whether or not one of the dysmorphic features is
part of the clinical picture. For example, a patient with learning difficulties also has a
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bulbous nasal tip. The latter feature, however, is not part of the condition but is
inherited from a parent who is perfectly normal but just happens to have a broad,
bulbous nasal tip. Such an assessment needs clinical judgement, which is part of the
art of dysmorphology. Computers will not help!

Unusual features in a patient

Good clinical judgement is essential for the appropriate use of databases. Consider a
further scenario, using Laurence—Moon-Biedl (LMB) as an example. A patient has
the following features: mental retardation, post-axial polydactyly, obesity, retinal
dystrophy, scoliosis and renal cysts. The patient appears to have the LMB syndrome
but has, in addition, a severe scoliosis. If the user includes this feature in the search, as
well as all the more usual features, the correct diagnosis cannot be made by the
computer, because the feature list attached to the LMB syndrome does not contain
scoliosis. Is this therefore LMB? If most of the other cardinal features are present, yes;
but this is a matter for clinical judgement. When a patient has, for instance, two extra
malformations not previously recorded, it becomes difficult to know whether or not
one is dealing with a new syndrome.

There is, however, a mechanism allowing the user to select the mandatory features
from the features entered and then to search on a selection of the rest. Instead of
selectively choosing ‘good handles’ to enter, the user can enter all of the features a
patient has, but mark, in this case, mental retardation, post-axial polydactyly and
retinal dystrophy as mandatory, asking the computer to search on these three with
one or two of the other three non-mandatory features. If the user searches on any
four out of the six features above, the correct diagnosis will also be made. If he/she
searches on any three, then the correct diagnosis will still be made, but the list of
possibilities becomes so long that the correct diagnosis might be hidden.

In summary, the problems faced by the clinician, and which have to be addressed
by database design, are as follows:

1. Not only are syndromes rare, they are variable.

2. As there is often no test to confirm the diagnosis, precise criteria cannot be
formulated.

3. Syndromes change with age.

4. Some dysmorphic signs are familial and not relevant.

All children with multiple disabilities need a chromosomal analysis and diagnosis
may be confirmed in this way, without needing to use a database in order to find

a match. Specialized blood tests, be they biochemical or molecular, are now starting
to make a significant contribution to syndrome diagnosis, although mostly they
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concern ‘common’ rare syndromes, such as Smith—-Lemli-Opitz or Williams
syndromes.

Dysmorphology databases

Despite the problems outlined above, dysmorphology databases have a major clinical
function in aiding doctors seeking a differential diagnosis for a patient presenting
with a given array of signs. They can provide a list of all conditions with a
combination, for example, of mental handicap, deafness and retinal dystrophy. The
emphasis tends to be on a differential diagnosis, ‘a manageable list of possible
diagnoses’, and although this might not seem as desirable as an exact diagnosis,
searching a database for an exact diagnosis may lead to the correct condition being
missed. This is because many unique features, or ‘handles’, will need to be entered in
order to retrieve only one possibility, and for this to happen other possibilities will be
excluded. In clinical dysmorphology too many syndromes overlap and it is better to
view a short list of the possible diagnoses and then reject those that seem on
inspection not to fit.

There are a small number of dysmorphology and related databases that have been
developed over the past 20 years to help solve some of these clinical problems.
Databases currently available in this field include:

e The Online Mendelian Inheritance in Man (OMIM) database (McKusick, 2004;
www.ncbi.nih.gov/Omim).

e The London Dysmorphology Database (LDDB) (Winter and Baraitser, 2003)
with its partners, the London Neurogenetic Database (Baraitser and Winter,
2003) and Geneeye, an ophthalmo-genetics database (www.Imdatabases.com).

e POSSUM, an Australian-based dysmorphology database (Bankier, 2003; www
.possum.net.au).

e REAMS, a radiological database developed by Christine Hall and John Wash-
brook (2000).

e The Human Cytogenetics Database (Schinzel, 2004).

Except for OMIM, which is web-based, all these databases are commercially available.
OMIM is based on the McKusick catalogue and includes all conditions showing
Mendelian inheritance. It therefore excludes many of the sporadic syndromes. It can
only be searched by means of keywords, and there is no search strategy for diagnosing
a syndrome by using features that are not included in the abstract or reference title. It
is an excellent source of reference if the diagnosis is already known and the volume of
data therein is enormous.
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The LDDB and POSSUM are widely used and largely cover the same ground. Both
contain a comprehensive, alphabetically indexed syndrome list, with each syndrome
entry attached to an abstract, a list of features found in the condition, the related
references from the literature, a mode of inheritance, gene localization (if known) and
a McKusick number. The abstract describes the main clinical features, so that every
case suggested in the differential diagnosis need not be consulted in detail. It also
includes a discussion of other similar conditions and whether the inheritance pattern
is uniform or the condition is heterogeneous. Most will have the latest molecular
data, with gene localization, if known, and have links to other databases, such as
OMIM. Databases can now provide, on CD-ROM or videodisc, an accompanying
set of photographs of patients with any condition. In instances where these have
been published, this is especially useful, since visual clues are most important in
dysmorphology.

Most databases have inclusion and exclusion criteria. For the LDDB it was decided
to include all clinical reports of patients with multiple malformations, be they clearly
genetic or simply sporadic. It was thought unnecessary to include the dysmorphology
of all the chromosomal deletions and duplications, as these conditions are usually
diagnosed on cytogenetic analysis. For instance, a computer was not thought to be
necessary to diagnose cri-du-chat syndrome (5p deletion). However, this is changing
and clinicians have become aware that the cytogenetic laboratory might only detect
certain deletions if the clinician gives guidance on where to look. The classic example
of this is the Wolf-Hirschhorn syndrome (4p deletion), in which the deletion at
the tip of the short arm is so small that it could be missed by routine cytogenetics
and only detected after that region is intensively studied. An even finer degree of
resolution is needed for some other deletions; for example, the deletion now known
to be involved in Williams syndrome can only be detected by fluorescence in situ
hydridization (FISH; see Chapter 3). Subtelomeric probes have also changed clinical
practice, and LDDB now includes clinical information on syndromes that can only be
diagnosed with subtelomeric probes. There is, therefore, a need either to include
cytogenetic microdeletions on a dysmorphology database or to establish a separate
database for these. The problem has largely been solved by the creation in Zurich of
the Human Cytogenetics Database (Schinzel, 2004), using similar programs to those
used in the LLDB.

How databases work
Features or ‘handles’

For a dysmorphology database to be useful, a comprehensive list of dysmorphic
features needs to be constructed covering every possible malformation. The list
of malformations can then be ordered in such a way that they can be accessed
system by system or by entering a keyword. A thesaurus can be incorporated to list
similar features if the one being looked for is not found. If, for example, the user
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enters the feature ‘ante-mongoloid eye-slant’, which is synonymous with ‘down-
slanting palpebral fissures’, the thesaurus will link the two terms together.

In the LDDB, the feature list is biased towards signs rather than symptoms, as the
former are more important to the dysmorphologist. As a result, certain features will
not be found. Some, such as diarrhoea, might occasionally be an important feature of
a condition and are included in the feature list, as is ‘headache’ in the neurogenetics
database. It is still possible to search on a symptom if it appears in the syndrome title
or abstract. Similarly, ‘vomiting’ and ‘abdominal pain’ are excluded, as these are of
more importance to the paediatrician than to the dysmorphologist. The handles used
in making a diagnosis are changing all the time. For instance, the behavioural
phenotype is an important part of Williams syndrome, in that the children are
friendly and tend to want to engage with strangers. Angelman syndrome was
previously called the ‘happy puppet’ syndrome in order to emphasize the happy
disposition that is an integral part of the diagnosis. It might be that, in the future,
some mentally handicapped, non-dysmorphic children will only be characterized by
patterns of behaviour.

Features are accessed in two main ways. If the patient has cataracts, then it is
quickest to simply type in the word in order to perform the search. However, it is
often safer and easier to browse through the feature list. The LDDB has a three-tier
system. The initial subdivisions are ‘build’, ‘stature’, ‘head’, ‘neck’, ‘ears’, ‘eyes’,
‘thorax’ and so on. Each of the above is then broken down into the next level of
complexity. For example, the first level might be ‘eye’. A search on this will search for
anything abnormal with the eye.

The next level divides the eye into:

e Anterior chamber.

Conjunctiva.
e Cornea.

o Iris.

Retina, etc.

A search on this level will search on anything wrong with the anterior chamber, the
cornea, or whichever subdivision is chosen. If the user is sure that the ophthalmic

problem is a coloboma of the iris, then it is better to search at the third level, which
looks like this:

o Iris.
e Aniridia.

e Brushfield spots.
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e Coloboma of the iris.
e Heterochromia of the iris.
e Pigmentary abnormalities of the iris.

e Iris atrophy/dysplasia.

The search

By far the most powerful attribute that databases have is the ability to search and this
function should be sufficiently versatile to allow searching in a number of different
ways:

e A combination of features.

e Features combined with an inheritance pattern, e.g. any X-linked disorder with
a cleft palate and deafness.

o Keywords.

e An author and a keyword; it is possible that the user has a diagnosis in mind but
can only remember the first author’s name, or only the journal in which it was
published and possibly a rough idea of the year. The programs allow a search on
any of these variables.

A search in LDDB can be made at any of the three levels of codes, or a on a
combination of all three. Each feature is put in a separate box and the computer will
view this as the clinician asking for all syndromes with this, AND that, AND that, if
three features are entered. Looking at the breakdown of codes in the previous section,
the user might simply choose ‘coloboma of the iris’ and perform a search using this
single criterion, but if ‘cataract’ is added into another box, the computer will search
for all conditions with a coloboma plus a cataract.

There can be difficulties with the definition of features (or ‘handles’). As an
example, take the case of a child with Coffin—-Lowry syndrome. The main clinical
features are mental retardation (a reasonable handle, but there are approximately
1000 syndromes with this feature), downslanting palpebral fissures and a prominent
lower lip. But there are also features of ‘full lips’, ‘everted lips’ and ‘prominent lips’,
and this can be confusing. If you search on ‘full lips’, those conditions with thick lips
or everted lower lips will be missed and one can never be certain whether the lip in
the original case reports was correctly described. This problem can be overcome by
using a search function that allows you to search on ‘either/or’ and, in the example
given above, the computer will locate all syndromes with prominent, full or everted
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lips, in combination with downslanting palpebral fissures and mental retardation.
This problem would not, of course, have arisen if these features had not been
presented as separate categories, but some would argue that there is a difference
between full lips and prominent lips. The ‘either/or’ technique is used in a similar way
to the three-tier system, that is, by exploiting the ability to search on a general
category such as ‘lip-general’, the second-level tier incorporating anything to do with
the lip. Similarly, a patient is short but the clinician might be uncertain which limb
segment is affected. The user could then search using ‘either rhizomelic or mesomelic
or acromelic’ to cover all possibilities or, alternatively, merely search on ‘short
stature-general’, which will pick up everything to do with short stature. Both
strategies will give the same end result.

The search strategy must be focused

Database searches are not useful if the user loads the search with non-essential trivia.
It is necessary to pick out the essential dysmorphic features, that is, the gross and
unusual features. Absent fingers are strikingly unusual features. Extra fingers and toes
are gross and unusual (for gross and unusual, the words ‘good handles’ can be
substituted), provided that family background is taken into account. Syndactyly
between toes 2 and 3 is an important feature in a condition called Smith-Lemli-Opitz
syndrome, but in this condition there are also severe mental retardation and genital
problems. In fact, syndactyly between toes 2 and 3 is a common familial trait of no
particular significance and is therefore not a particularly good handle in the vast
majority of situations in which it is encountered. It is therefore of little use to detail
all the abnormal features, starting as some do at the top of the body and working in
an obsessively thorough way to the bottom, and then present this list to the
computer—far better to look carefully at everything and then select out the best
handles before using the database.

The order of entry

No order is prescribed, but in general the most unusual feature should be entered
first. If this is, for example, arrhinia (an absent nose), then there is little point in
following this with three or four more features, as there are only two or three
syndromes known in which the nose is totally absent and it would be worthwhile
looking at all three. When one browses through the feature list, the computer displays
the number of syndromes to which each feature is attached, so a user entering
‘arrhinia’ will realize that only a short differential diagnosis list is going to be
generated. Furthermore, whatever the variability of the condition, if another condi-
tion matches on four other features but does not have an absent nose as a feature,
then it probably is not worth looking at, as one would guess that arrhinia is such a
cardinal feature that it should be present. However, if ‘absent nose’ is only providing
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a very small list of syndromes, and none of these gives a good match for the patient
under consideration, the next step is to try ‘hypoplastic nose’. The user can then go to
the relevant references and look at the pictures in the published papers, since a very
small nose might just have the same significance as an absent nose if all other features
match. Thus, in order to overcome the variability problem, it is best not to be too
precise.

Essential criteria

Having said that a good handle is an unusual feature not common to many
conditions, there are exceptional features which, although common, are essential
in dividing children into broad categories, and these should always be entered.
Mental retardation is one of these, and severe short stature is another. Mild short
stature (someone just under the 3rd centile for height) might not be an essential
handle but, if someone with a syndrome is very short indeed, then this is important
and is obligatory to the diagnosis.

In general, those conditions most likely to be diagnosed by the computer are those
that are strikingly dysmorphic. In this situation the differential diagnosis list will be
short. A child with microphthalmia (small eyes) and a smooth brain (lissencephaly)
will produce a list of eight possible diagnoses, whereas microphthalmia combined
with mental retardation is much less unusual and the list is long. The experienced
clinician will manipulate the feature list until satisfied that all hope of making a
diagnosis has gone. If, for instance, a child is born with no eyes (rather than small
eyes) and a smooth brain, and the search for syndromes with a combination of
anophthalmia and lissencephaly reveals none, then the clinician must think of the
possibility that ‘small eyes’ are in the spectrum of ‘no eyes’ and should change the
search to use microphthalmia in place of anophthalmia.

The role of pictures

There are many disabled individuals, especially those with mental retardation, in
whom the handles or dysmorphic features seem very mild or subtle. Simply entering
on to the database a combination of a ‘big head’ and ‘mental retardation’ is not a
useful search strategy, as there are over 100 syndromes with this combination.
However, by viewing the visual records, the eye can detect subtle similarities and
differences and this phenomenon of ‘Gestalt’ recognition, together with textual
information, can allow a diagnosis to be made. Pictures are therefore important
and, as dysmorphology is essentially a visual subject, most databases will have a
method of displaying pictures that can be accessed by syndrome. The system is
especially useful when the original pictures cannot be viewed because the local library
does not carry the relevant journals. Literally thousands of images can be entered and,
with hard disk capacity and storage on DVD so much greater these days, the modern
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dysmorphology databases will contain 10 000-50 000 pictures. Clearly, electronic
means of image archiving, together with the advent of digital cameras for the creation
of clinical records, facilitate the ready incorporation of visual records into databases.
Furthermore, electronic means of communication allow images to be transmitted
between clinical centres and the use of the Internet could permit (regulated) access to
databases from a distance. In recent editions of LDDB, LNDB and POSSUM there is a
facility for storing one’s personal collection of pictures and moving pictures around,
so that pictures attached to different syndromes can be compared. Changes in the
field are rapid; the nature of dysmorphology databases, and the ease with which we
use them, are likely to evolve dramatically as new modes of information technology
are developed.
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Human Cytogenetics

J. D. A. Delhanty

Introduction

At birth, at least 1% of humans have a clinically significant chromosomal abnorm-
ality. Important though these surviving cases are, in terms of clinical, economic and
social effects, they represent a small fraction of those present in early developmental
stages. By the time of birth, natural selection has eliminated the vast majority of
abnormal embryos. At conception, aneuploidy (extra or missing chromosomes) may
affect any chromosome but only trisomies of the sex chromosomes or of autosomes
13, 18 or 21, or monosomy of the X, are to some extent compatible with survival to
the end of pregnancy. Some indication of the high levels of fertilization failure,
gametic abnormalities or errors in embryogenesis that result in inviability prior to
implantation is given by the observation that in humans the fecundity rate (prob-
ability of achieving a clinically recognized pregnancy within a monthly cycle) is about
25% (Wilcox et al., 1988). This figure was derived from studying a group of 220
women, 95% of whom were under 35 years of age and fertile, who were attempting to
conceive. In this group of relatively young women the rate of clinically recognized
miscarriages was only 9%, but pregnancy loss before this stage was more than double
this figure. More recent studies support these findings, suggesting that in young,
unselected couples who are trying to conceive, 20-25% should be successful each
monthly cycle (Bonde et al., 1998; Edwards and Brody, 1995). This compares with an
average of 70% in captive baboons, for example (Stevens, 1997). Interestingly, the
implantation rate after in vitro fertilization (IVF) at best averages around 20% per
embryo transferred (Edwards and Beard, 1999). Evidence is steadily accumulating to
prove that the major cause of implantation failure in humans after both in vivo and in
vitro fertilization is the high incidence of chromosomal abnormality.
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For all age groups, clinically recognized pregnancy loss is usually quoted as 15—
20%. It is this fraction of failed pregnancies that has been extensively studied
cytogenetically and in which a chromosome anomaly rate of at least 50% has been
found (Hassold, 1986). This contrasts with a figure of 5% in stillbirths, illustrating
clearly the in utero selection process that eliminates 95% of chromosomally unba-
lanced conceptions. Clinical prenatal diagnosis can thus be seen as an extension of
this natural process.

Combining data from cytogenetic studies of spontaneous abortions with those
obtained from pre-implantation embryos suggests that chromosomal anomalies are
present in 25% of conceptions, an order of magnitude higher than is found in other
well-studied species, such as the mouse (Hassold and Jacobs, 1984; Jamieson et al.,
1994). Additionally, interphase fluorescence in situ hybridization (FISH) analysis of
3 day-old human embryos has shown that up to 50% are chromosomally mosaic, due
to post-zygotic errors (Delhanty et al., 1997; Munné et al., 1998a), further increasing
the chance of implantation failure.

Population cytogenetics

It is interesting to compare the known incidence of the various types of anomalies at
different stages, comparing data on spontaneous abortions, stillbirths and live births
(Table 3.1). These data are based upon large numbers of observations, over 56 000 in
the case of live-born infants. Triploidy, the presence of a whole extra set of haploid
chromosomes, occurs in 5-10% of early miscarriages and is almost totally lethal,

Table 3.1 Incidence of different trisomies at various stages of development

Trisomy Spontaneous abortions (%) Stillbirths (%) Live births (%)
(chromosome no.) (n = 4088) (n = 624) (n = 56952) Live-born (%)
1-12 5.8 0.2 0 0
13 1.1 0.3 0.005 2.8
14 1.0 0 0 0
15 1.7 0 0 0
16 7.5 0 0 0
17 0.1 0 0 0
18 1.1 1.1 0.01 5.4
19 0 0 0 0
20 0.6 0 0 0
21 2.3 1.3 0.13 23.8
22 2.7 0.2 0 0
XXY 0.1 0.2 0.05 53.0
XXX 0.1 0.2 0.05 94.4
XYY 0 0 0.05 100
Mosaics 1.1 0.5 0.02 9.0

Data from Hassold and Jacobs (1984).



CH 03 HUMAN CYTOGENETICS 35

being very rare at birth. Absence of an autosome (monosomy) is clearly lethal very
early on in life since, with the rare exception of an occasional monosomy for
chromosome 21, none are found in the miscarriage data. X monosomy is thought to
occur in 1% of conceptions but the incidence at birth is reduced to around 1 in 5000.
Half of all chromosomally abnormal miscarriages are due to trisomy — the presence of
an extra chromosome. There are clear chromosome-specific variations in incidence
(Table 3.1). The larger autosomes (numbers 1-12) are under-represented; the one
that stands out as most frequently involved is chromosome 16, followed by
chromosomes 22, 21 and 15. Sex chromosome trisomies do not appear frequently
in spontaneous abortion data, although almost half of conceptions with a 47,XXY
karyotype do in fact miscarry, for reasons that are not well understood. This
compares with X chromosome trisomy, with a survival rate of 94%, and 47,XXY,
with 100% survival. For the autosomes, conceptions with trisomies of chromosomes
13, 18 and 21 are the only ones to survive to birth, to varying degrees. At birth,
trisomy 21, leading to Down’s syndrome, has an incidence of 1.3/1000, trisomy 13
(Patau syndrome) occurs in 0.05/1000, and trisomy 18 (Edward syndrome) in 0.1/
1000. Even for Down’s syndrome, the survivors represent less than one-quarter of
those conceived, and for Patau and Edward’s cases, a mere 3% and 6%, respectively,
are survivors. Mosaic trisomies (conceptions with more than one chromosomally
distinct cell line) are detected quite infrequently (1.1% of abortions, 0.02% of live-
borns). This probably reflects that fact that analyses are carried out on limited tissue
samples in the case of miscarried products and very few cells in the case of live-born
infants; they are certainly underestimates.

Structural anomalies

Structural anomalies of the chromosomes are also common in the human popula-
tion. These are caused by chromosome breakage and abnormal reunion, either
following exchange of segments between non-homologous chromosomes (reciprocal
translocations) or after two or more breaks within one chromosome that can lead to a
shift in the position or reversal of the order (inversions) of the freed segment of
chromatin. Robertsonian translocations are a particular type that involve chromo-
somes 13—15 and 21-22, the so-called ‘acrocentrics’, where the centromere is close to
the end of the chromosome. The very short segments above the centromere carry
little genetic information, except for ribosomal RNA sequences that are present on
each of these chromosomes. Breakage at the centromeres of any of these chromo-
somes and reunion of the long arms with loss of the short arms is thus possible
without deletion of unique genetic material. The net outcome is reduction of the
chromosome number by one, but with no phenotypic effect.

Reciprocal translocations are carried by about 1/500 people; Robertsonian trans-
locations as a group are slightly less common at about 1/1000, mostly affecting
chromosomes 13 and 14 or 14 and 21. Chromosomal inversions are more rare; exact
incidences are difficult to determine, as many remain undetected. The genetic effect
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Figure 3.1 Robertsonian translocation between chromosomes 13 and 21, leading to a derivative
chromosome, der(13;21), with loss of the short arms from both chromosomes. The derivative
chromosome is present in three generations but the birth of infants with Down’s syndrome is seen
only in the third generation

of structural rearrangements is caused by the increased risk of the production of
chromosomally unbalanced gametes after segregation of homologous segments at
anaphase of the first meiotic division. The risk is difficult to quantify, as it is
frequently unique to the family, but as a rule of thumb at least half the gametes of a
carrier of a structural rearrangement are likely to be abnormal. The products of
conception derived from such gametes will have a variable chance of survival,
depending upon the amount of genetic material that is lost or gained. Carriers are
often ascertained after the birth of an abnormal child or the occurrence of several
miscarriages, but equally, many rearrangements may pass through several generations
without apparent effect. Parents that carry Robertsonian translocations involving
chromosome 21 are at increased risk of a conception with trisomy 21, leading to
Down’s syndrome (Figure 3.1). Risks of an abnormal birth are higher for female
cariers (around 10%) than for males (1-3%). However, the presence in a parent of a
Robertsonian translocation between the long arms of both chromosomes 21 pre-
cludes the formation of normal gametes, since each one will have either two copies of the
chromosome or none at all. All live-born infants will therefore have Down’s syndrome.

The genesis of chromosome abnormalities

There are essentially three developmental stages at which chromosome abnormalities
may arise; gametogenesis, fertilization and embryogenesis. The process of gameto-
genesis in humans varies considerably between the two sexes. In males, each cell that
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enters meiosis produces four spermatozoa; the process is continuous, taking 64 days
in all. Once past puberty, the male remains fertile into old age. In contrast, the human
female is born with a complete set of oogonia — no more develop after birth. The
initial stages of the first meiotic division take place early in fetal life but, after synapsis
and recombination, each cell enters a period of arrest until after puberty. One egg
then matures in each monthly cycle. Ovulation occurs when the oocyte is at
metaphase II of meiosis and completion of the second division occurs after
fertilization. Although there are several million oogonia at the outset, most are lost
before birth and only a few hundred ever mature. Once the egg store is depleted, the
menopause begins and the woman becomes infertile.

Errors arising during meiosis

The complexities of chromosome behaviour during the two meiotic divisions provide
ample opportunity for errors to arise. Recombination between non-sister chromatids
during prophase I has two functions — to recombine the genetic material and to
ensure that synapsis persists long enough to allow proper alignment of the bivalent
(paired chromosomes) on the metaphase spindle. In addition, cohesion needs to be
maintained at the centromere of each homologous chromosome until the second
anaphase, to prevent precocious separation of the two chromatids.

Molecular studies of the origin of trisomy using DNA markers are now available
for over 1000 conceptions (Koehler et al., 1996). Generally, errors at meiosis I of
oogenesis predominate but there are notable exceptions. Among males with 47,XXY
chromosomes (Klinefelter syndrome), the origin is almost equally divided between
parental sexes, whereas over 80% of 45,X females lack a paternal sex chromosome
(Hassold et al., 1992). For the autosomes, a paternal origin is evident for a significant
number of trisomies affecting the larger chromosomes, while for trisomy 18, maternal
meiosis Il errors predominate (Hassold et al., 1996; Hassold and Hunt, 2001;
see Table 3.2). The molecular studies also provide data on genetic recombination

Table 3.2 The parental origin of human trisomies determined by molecular analysis

Paternal meiosis (%) Maternal meiosis (%)

Trisomy Cases (n) 1 11 I I Mitotic (%)
2 18 28 - 54 13 6
7 14 - — 17 26 57
15 34 - 15 76 9 -
16 104 - - 100 — -
18 143 - — 33 56 11
21 642 3 5 65 23

22 38 3 — 94 3 -
XXY 142 46 — 38 14 3
XXX 50 - 6 60 16 18

Data from Hassold and Hunt (2001).
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for the different trisomies. It is clear that aberrant recombination patterns are
pertinent to the origins of human trisomy, but only a minority of cases are
associated with complete absence of recombined chromatids. Reduced recombina-
tion is associated with all autosomal trisomies of maternal origin, as is advanced
maternal age. There is most data for trisomy 21; particularly notable is a specific
reduction in the number of proximal chiasmata (nearest to the centromere) in
association with meiosis I errors, but an excess of recombination is reported for
meiosis Il errors. In general, the accumulating data suggest that the factors
associated with non-disjunction of different chromosomes are very heterogeneous
(Hassold and Hunt, 2001). Analysis of anaphase I in other species shows that short
chromosomes with a single chiasma usually manage to separate, but long chromo-
somes with many cross-overs may have difficulty and may only succeed in the latter
part of anaphase, providing a mechanism for chromosome loss by anaphase lag
(White, 1954).

Studies on human gametes

The male gamete Over the past decade, FISH studies on human sperm have taken
over from the far more labour-intensive method of fusing individual sperm with
hamster eggs to allow visualization of the chromosome set. The use of multi-colour
FISH to assess the copy number of two or three chromosomes at once has enabled
chromosome-specific aneuploidy frequencies of 0.1-0.2% to be obtained (Hassold,
1998). Assuming that these rates apply to the entire complement, 1-2% of sperma-
tozoa would be expected to have missing or additional chromosomes.

The female gamete Access to human oocytes is mainly limited to those that fail to
develop following exposure to spermatozoa during IVF after ovarian hyperstimula-
tion. These are from a selected population group, those with fertility problems,
although not necessarily affecting the female. One advantage of oocytes is that they
are at metaphase of meiosis II when obtained, allowing direct study of the
chromosomal complement; this has allowed the accumulation of data from routine
cytogenetic analysis over several years. The early data set, based on over 1000 oocytes
from IVF clinics, showed aneuploidy rates as high as 20-25% (Jacobs, 1992). Due to
the risk of artefactual loss of chromosomes when spreading a single metaphase, these
overall rates were usually based upon doubling the hyperhaploidy rate (the presence
of extra chromosome material). The assumption is that there will be an equal
frequency of chromosome loss from the mature oocyte, an assumption that is not
necessarily justified, given the current state of knowledge. More recent data,
combining classical cytogenetic analysis with chromosome-specific analysis using
FISH, suggest an overall aneuploidy frequency in oocytes of around 10% (Dailey et al.,
1996; Mahmood et al., 2000; Pellestor et al., 2002; Cupisti ef al., 2003). The apparent
10-fold increase in abnormality rate that is found for IVF oocytes compared with that
for male gametes may also be true of ooctyes obtained from natural cycles. Ninety
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oocytes from unstimulated ovaries were studied by FISH analysis of four chromo-
somes, 16, 18, 21 and X, with 10 (unspecified) abnormalities detected (Volarcik et al.,
1998). However, results obtained for these particular chromosomes cannot be
extrapolated to the entire set. There is evidence from FISH studies of a wider
range of chromosomes (1, 9, 12, 13, 16, 18, 21 and X) that there is differential
involvement of the larger and smaller pairs, with a significant excess of errors
affecting the latter group (Mahmood et al., 2000; Cupisti et al., 2003).

Mechanisms of maternal aneuploidy Classically, aneuploidy of meiosis I origin
was assumed to arise from the failure of (paired) homologous chromosomes to
disjoin at anaphase I (non-disjunction). An alternative hypothesis was proposed by
Angell (1991, 1997), based upon cytogenetic analysis of oocytes from an IVF
programme. From her observation that oocytes contained additional or missing
chromatids rather than whole chromosomes, Angell proposed that precocious
separation of chromatids prior to anaphase I, with subsequent random assortment
to the oocyte and first polar body, is the main mechanism of aneuploidy induction in
the human female (Figure 3.2). Subsequent molecular cytogenetic analysis of IVF
oocytes has shown that non-disjunction of whole chromosomes, as well as that of
chromatids, does also occur (Mahmood et al., 2000). The two modes of origin are
genetically indistinguishable in their effects. The presence of unpaired, univalent

Es)—(_=)— -

Metaphase lI

Figure 3.2 Diagram of female meiosis to illustrate premature separation of chromatids. Two pairs
of homologous chromosomes are shown but one pair is not closely paired during prophase I of
meiosis; this predisposes to precocious separation of the constituent chromatids of one of the
unpaired chromosomes before the first anaphase. The separated chromatids can then migrate at
random to the primary oocyte or first polar body, causing aneuploidy in the mature gamete



40 EMBRYOS, GENES AND BIRTH DEFECTS

chromosomes has been shown to be a factor predisposing to aneuploidy in the mouse
(Hunt et al., 1995). Such chromosomes can either segregate intact, and randomly, to
the spindle poles or can divide precociously into the component sister chromatids.
Univalent chromosomes may exist at metaphase I because of pairing or recombina-
tion anomalies in a normal (disomic) oogonium, but they may also occur with
greater frequency if the cell is originally trisomic. Fully trisomic individuals that
reproduce are very rare, but gonadal mosaicism for a trisomic cell line in an otherwise
normal individual may be more frequent than has been realized. The ability to use
molecular cytogenetic techniques for specific chromosomal analysis of the oocyte and
the corresponding first polar body has, for the first time, provided cytological
evidence of gonadal mosaicism (Cozzi et al., 1999; Mahmood et al., 2000). In one
case, a couple requested pre-implantation genetic diagnosis of trisomy 21, following
three conceptions out of four with this aneuploidy. FISH analysis of cleavage-stage
embryos again found three of four to be trisomic for 21. Analysis of four unfertilized
oocytes showed that one had the normal, single copy of chromosome 21 present, one
had an additional 21 chromosome, and two had additional chromatid 21s. The first
polar body was available for one of these; this also showed an additional chromatid,
proving that the precursor cell was trisomic and hence proving gonadal mosaicism
(Cozzi et al, 1999). In the second report, evidence for unsuspected gonadal or
germinal mosaicism involving chromosomes 13 and 21 was found in two IVF
patients (Mahmood et al., 2000). Mosaicism for a trisomic cell line that affects
only the gonads may in fact be relatively common. Analysis of many thousands of
chorionic villus samples (CVS) has found discrepancies between the karyotype of the
fetus and the placental tissue in 1-2% of cases; many of these involve trisomy
confined to the placenta. Embryologically, the primordial germ cells are related to the
chorionic stroma, suggesting that conceptuses diagnosed with confined placental
mosaicism may be at increased risk of gonadal mosaicism. This suggstion was given
support by the report of a case in which trisomy 16 was found in 100% of cells from
cultured CV stroma, but all fetal tissues examined were found to be disomic, with the
sole exception of the oocytes, 25% of which were trisomic (Stavropoulos et al., 1998).
Apart from pre-existing gonadal mosaicism, germinal trisomic mosaicism may arise
during the early mitotic divisions of the female germ cells. Such anomalies would
sporadically lead to the production of oocytes with extra or missing chromosomes.
Direct evidence for this suggestion has been obtained by FISH studies of metaphase II
oocytes and the corresponding first polar body (Cupisti et al., 2003; Pujol et al.,
2003). Germinal or gonadal mosaicism would lead to an increased risk of an
aneuploid conception irrespective of maternal age.

Metaphase II oocytes are also frequently observed to contain two or more well-
separated chromatids. This is known as ‘balanced pre-division’, since there is as yet
no imbalance, but clearly there is the potential for unbalanced segregation at
anaphase I, after fertilization. Overall, meiosis in the female is obviously more
error-prone than in the male; this could result from the lack of checkpoint control at
the metaphase—anaphase transition in female mammals, a suggestion for which some
experimental evidence exists in the mouse (LeMaire-Adkins et al., 1997).
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Fertilization Triploidy is frequent in humans, estimated to occur in 1% of
conceptions (Hassold, 1986). Almost all triploid conceptions end in miscarriage
during the first trimester of pregnancy, but a proportion of those where the
additional haploid set is of maternal origin have a longer survival. About two-thirds
of triploids are due to dispermy; the remainder are caused by failure to extrude the
first or, more usually, the second polar body (Zaragoza et al., 2000). The 45, X
anomaly that causes Turner syndrome in live-born survivors is also present in
about 1% of conceptions; again almost all miscarry. As stated previously, 80% lack
the paternally contributed sex chromosome. However, the exact cause of the
anomaly is not fully understood and may well frequently involve a fault at the
time of, or soon after, fertilization, since the sperm data show that neither XY non-
disjunction nor sex chromosome loss at meiosis appear to contribute to any
significant extent.

Embryogenesis The advent of IVF over 20 years ago allowed access for the first
time to the early human embryo. After fertilization in vitro on day 0, the embryo
undergoes successive cleavage divisions, to consist of 6-10 cells by day 3 and maybe
over 100 by day 5, when blastocyst formation occurs, with separation of the inner cell
mass and the trophectoderm. The embryo proper is derived from the inner cell mass.
Unlike mouse embryos, most human fertilized eggs in culture do not become
blastocysts, but arrest in development at an earlier stage. Many studies employing
routine karyotype analysis have been attempted on human pre-implantation
embryos. At the cleavage stage, the embryo is analysed as a whole, after treatment
to induce metaphase arrest. Usually one or two cells only are undergoing mitosis; the
chromosomes are difficult to spread and not suitable for G-banding to enable precise
identification. Nevertheless, it is readily apparent that there is a high frequency of
chromosomal anomalies at this stage of development (Jamieson et al, 1994). A
technical advance was achieved by Clouston, who developed a way of obtaining good
quality metaphases from blastocysts (Clouston et al., 1997, 2002). G-banding was
possible, proving that specific, widespread abnormalities of the chromosomes were
quite compatible with development as far as the blastocyst stage, when implantation
would be expected to occur in vivo.

Further advance was driven by the need to develop pre-implantation genetic
diagnosis (PGD). By day 3 of development, it proved possible to remove one or two
cells from the embryo and use these for molecular diagnosis (Handyside, 1991).
Metaphase preparation was not technically possible, but the application of FISH
analysis to interphase nuclei rapidly became the method of choice when sexing the
embryo to avoid X-linked disease. Fluorescently labelled chromosome-specific DNA
probes allowed the copy number of individual chromosomes to be determined for
each cell. Very quickly it became apparent that chromosomal mosaicism, as well as
aneuploidy, was rife in the day 3 embryo (Delhanty et al., 1993). Spare embryos that
were not transferred to the mother after diagnosis were spread whole and used for
interphase FISH analysis with the same set of probes as had been used for diagnosis of
sex, namely those specific for chromosomes X and Y. Later, a probe for chromosome 1
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Table 3.3 Results of FISH analysis using probes for chromosomes X, Y and 1 of 93 normally
developing spare pre-implantation embryos after PGD

Normal Abnormal Diploid mosaic ~ Abnormal mosaic ~ Chaotic
Three patients 24 1 13 1 0
Four patients 21 1 5 3 24

Total mosaic embryos, 50%; total abnormal embryos, 52%.
Data from Delhanty et al. (1997).

was added as an extra indicator of ploidy, and this set was used also for the analysis of
spare embryos from routine IVF cycles where there had been no embryo biopsy
(Harper et al., 1995). Embryos derived from both sets of patients showed the same
types of abnormalities. They could be divided into different classes: completely
diploid for the chromosomes examined; uniformly aneuploid; and mosaic. The
mosaics could be further subdivided into those which were originally diploid but
developed an aneuploid line by mitotic non-disjunction or chromosome loss, those
that were originally aneuploid and similarly became mosaic, and a third group that
were designated ‘chaotic’ because the chromosome content varied randomly from
cell to cell with no discernible mechanism (Harper et al., 1995). Other groups of
researchers were simultaneously obtaining comparable results (Munné et al., 1994). It
was evident that, whichever set of three chromosome-specific probes was used, about
30% of embryos proved to be mosaic. In unselected IVF patients, about 5% came into
the ‘chaotic’ classification but, with the greater numbers of spare embryos that are
available from PGD patients, analysis showed that certain couples had a much greater
tendency to produce embryos with these extreme abnormalities (Delhanty et al.,
1997; Table 3.3).

With the specific aim of screening for several aneuploidies simultaneously in
older women undergoing routine IVF, interphase FISH employing up to eight
chromosome-specific probes was developed (Munné et al., 1998a). Mosaicism levels
greater than 50% were then detected, raising the question of whether there were any
human embryos created by IVF that had completely normal chromosomes by day 3
of development. The answer could only be obtained by finding a way to determine
the chromosome constitution of every cell from a series of good quality human
embryos at the cleavage stage.

Comparative genomic hybridization analysis of single blastomeres Interphase
FISH analysis is severely limited by the number of chromosome-specific probes
that can be used simultaneously to give reliable results. An altogether different
molecular approach was needed, namely comparative genomic hybridization (CGH).
Originally developed for use in cancer cytogenetics, when the tissue obtained cannot
be readily induced to produce analysable metaphases, this is a DNA-based method
employing FISH technology (Kallionemi et al., 1992). Extracted DNA from the test
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sample is labelled with one fluorochrome, say green, while DNA from a normal male
source is labelled with a second (red) fluorochrome. The DNAs are then competi-
tively co-hybridized to prepared chromosome spreads from a normal male. If the test
sample contains excess chromosome material, the corresponding chromosomes in
the metaphases on the slide will show more green fluorescence, but if the test sample
is lacking a particular chromosome, then that chromosome pair in the metaphases
will show excess red fluorescence.

That is the basis of CGH in general but, for the purpose of obtaining information
from single embryonic cells (blastomeres), a suitable way of first amplifying the whole
genome to obtain sufficient DNA for analysis was required. A variety of methods
were investigated in detail and the most appropriate was determined to be degenerate
oligonucleotide-primed polymerase chain reaction (DOP-PCR). This gave reliable
CGH results when tested in a blind study with trisomic fibroblasts and also provided
sufficient DNA for 90 separate PCR analyses (Wells et al., 1999). Twelve good-quality
day 3 human embryos were then dissaggregated into single cells and the combination
of DOP-PCR and CGH was then applied to obtain a comprehensive picture of the
chromosome constitution of each individual cell. The results were remarkable (Wells
and Delhanty, 2000). Most notable was that three of the embryos were completely
euploid and had no chromosome imbalance. One was uniformly double aneuploid
(trisomy 21 and X monosomy), one had three of four cells with chromosome 1
monosomy. Overall, eight were mosaic, of which two showed a ‘chaotic’ pattern. It
seemed likely that, of the seven containing all or a majority of cells with abnormal
chromosomes, four had a meiotic origin. All these types of abnormalities had been
detected by interphase FISH analysis, but an unexpected finding was evidence for
chromosome breakage in two embryos, with reciprocal products in sister cells in one
case. In the same year, a comparable study was carried out in Australia, producing
remarkably similar results (Voullaire et al., 2000; see Table 3.4).

Table 3.4 Results of chromosome analysis in two series of human
cleavage stage embryos by single cell CGH

London, UK* Melbourne, Australia®

Normal 3 3
Aneuploid throughout 2° 37
Mosaic, at least

50% abnormal 3? 2%
Mosaic, less than

50% abnormal 2 3
Chaotic 2% 1?
Meiotic anomaly 4 3
Total mosaic 8 8
Total embryos 12 12

"Likely to be lethal.
Data from Wells and Delhanty (2000)"; Voullaire ef al. (2000)>.
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Embryo survival

How important are these abnormalities, particularly mosaicism, for embryo survival?
It is frequently stated that, since the embryo proper is derived from very few cells, the
presence of a minority of chromosomally abnormal cells at the cleavage stage may not
be important. While this may be true if the abnormal cells affect a very small
proportion of the embryo, if greater than 50% of cells at the cleavage stage are
abnormal, then it seems likely that the placental karyotype, and hence its function,
will be affected. It is known that the presence of a normal cell line in the placenta
greatly enhances the intrauterine survival of fetuses trisomic for chromosomes 13 and
18 (Kalousek et al., 1989). In the two series of embryos analysed by single-cell CGH, it
can be predicted with some confidence that in each case, five of the twelve embryos
would have no chance of survival — those with complete or extensive monosomy, and
those with chaotic chromosome complements or greater than 50% of cells with lethal
abnormalities (Table 3.4). In each series, the three euploid embryos and those with
less than 50% of cells abnormal would be predicted to have at least some chance of
survival.

Some information on the survival capabilities of different types of abnormalities is
provided by allowing embryos diagnosed (on the basis of a single cell analysed) as
chromosomally abnormal to grow on in culture. In one study, about 20% of 247
embryos diagnosed as abnormal on day 3 by interphase analysis of chromosomes X,
Y, 1, 13, 15, 16, 18, 21 and 22 (or otherwise designated unsuitable for transfer)
survived to the blastocyst stage (Sandalinas ef al., 2001). Among the 50 blastocysts, 17
were aneuploid, 14 of which were trisomies. The three surviving monosomies were
for chromosome 21 or the X. Mosaics with more than 60% abnormal cells and
chaotic mosaics were not found among the best blastocysts, which consisted of more
than 60 cells. Most of the embryos with a basically normal karyotype had a
proportion of tetraploid cells; however, this is a common observation that may be
a response to in vifro culture conditions but is frequently considered to reflect the
process of trophectoderm development. A reasonable conclusion could be that
monosomies other than for chromosomes 21 or X were likely to be lethal prior to
the blastocyst stage, and that extensive mosaicism slowed development considerably,
making successful implantation unlikely.

The cause of high levels of chromosome abnormality
in human embryos

The incidence and type of post-zygotic errors leading to mosaicism that have been
consistently observed in human cleavage stage embryos is totally unlike any observed
in cultured somatic cells, suggesting that the mechanisms operating are peculiar to
this stage of development. The observation that these embryonic cells in culture
resemble tumour cells in terms of chromosome instability led to the suggestion that
the normal cell cycle checkpoints are not operating during early cleavage (Delhanty
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and Handyside, 1995). Cell cycle checkpoints, first identified in yeast, would normally
be expected to protect cells from genetic damage by ensuring that successive phases of
the cell cycle and of mitosis are completed before the next is initiated (Hartwell and
Weinert, 1989; Murray, 1992). In cancer cells or those transformed in culture, these
checkpoints are often defective, allowing the sporadic accumulation of secondary
chromosomal and other genetic defects. The human embryo is largely reliant on
maternal transcripts until global activation of the embryonic genome at the 6-8 cell
stage on day 3 (Braude et al., 1988), whereas in the mouse, this takes place earlier, at
the two-cell stage, possibly explaining the lack of such widespread mosaicism in that
species.

Unfortunately, it is not possible to carry out similar studies on embryos from
natural conceptions, but it is of great interest that the classical observations of Hertig
et al. (1954) on in vivo fertilized embryos included a high proportion of cells with
‘nuclear abnormalities’ (binucleate cells, for example), a type of abnormality also
frequently seen in embryos from IVF cycles. If the frequent occurrence of chromo-
somal mosaicism and chaotically dividing embryos also applies to in vivo concep-
tions, this may explain the relatively poor rate of embryonic implantation in the
human species.

Relative parental risks — age, translocations, inversions,
gonadal and germinal mosaics

In the population as a whole, the most important risk factor for a chromosomally
abnormal conception is advanced maternal age. Among recognized pregnancies, the
main association is with trisomy; there is no increased risk with age for triploidy or
monosomy X, the risk for which is in fact increased in young women. When
estimates of maternal age-specific rates of trisomy were calculated, the outcome
suggested that in women aged 40 or more, the majority of oocytes may be aneuploid
(Hassold and Chiu, 1985). The causes of age-related aneuploidy have been debated
for many years and numerous hypotheses have been proposed but, although some
experimental evidence has been obtained, a clear understanding of the problem
remains elusive. Evidence obtained from studying recombination patterns of chro-
mosome 21 in trisomic fetuses from younger and older women suggest that the types
of susceptible configurations are similar in both age groups. This observation has led
to the proposal of a ‘two-hit’ hypothesis, relevant at least for certain of the common
trisomies (Hassold and Hunt, 2001). The first ‘hit’ is a recombination pattern of the
type that is associated with an increased risk of non-disjunction, while the second
‘hit’ involves failure to resolve the difficulties created by the susceptible recombina-
tion, in some way related to the increased age of the meiotic cell. This could involve
growth of the immature follicles, defective assembly of the spindle, or failure of the
paired chromosomes to align correctly upon the equator of the spindle.

Couples at specifically increased risks of a chromosomal anomaly are those in
which one partner carries a chromosomal rearrangement such as a translocation or
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an inversion, as described earlier. These couples require genetic counselling and in
most cases appropriate prenatal diagnosis can be offered, ensuring that an ongoing
pregnancy is chromosomally balanced. However, a minority of such couples
experience repeated early miscarriages or primary infertility; for this sub-group
pre-implantation diagnosis with selective transfer of embryos is appropriate (Conn
et al., 1998, 1999; Munné et al., 1998b). It is of considerable interest that follow-up
studies on embryos from such cases that are not transferred due to chromosomal
imbalance have shown exceptionally high levels of mosaicism in these couples with
fertility problems (Conn et al. 1998; Iwarson et al, 2000; Simopoulou et al., 2003).
These findings suggest that in this sub-group, couples are the victims of two
pathologies, abnormal chromosome segregation at meiosis, due to the rearrange-
ment, and an increased susceptibility to the factors that are responsible for high levels
of mosaicism in human pre-implantation embryos.

A second group of couples at high risk of conceiving a chromosomally abnormal
child are those in which one partner is a gonadal or germinal mosaic for a trisomic
cell line. If 30% of the primary oocytes (or spermatocytes) are trisomic, then 15% of
gametes formed would be expected to have an extra copy of the chromosome, since
there is inevitable ‘non-disjunction’. However, the evidence gained from pre-
implantation diagnosis in one such case suggests that the risks are in fact higher
than would be expected from classical considerations (Cozzi et al., 1999). This is
because the three copies of the chromosome may not associate in a trivalent in
prophase of meioisis I, but as a bivalent and an unpaired monovalent (single
chromosome). The monovalent is then more likely to undergo premature separation
into its constituent chromatids and these may segregate at random, producing
additional unbalanced gametes.

As explained earlier, germinal mosaicism may arise during mitosis in the pre-
meiotic divisions of the germ cells and may affect one or several germ cells, again
leading to a high-risk situation. Trisomic syndromes such as Down’s that are due to
chromosomal anomalies in a parent, such as a translocation or gonadal or germinal
mosaicism, will occur independently of maternal age. Since most cases of this
syndrome are in fact born to women who are not of advanced age, it is clearly
important to understand the possible causes leading to a high risk of abnormality, so
that counselling and prenatal diagnosis can be offered where appropriate.
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A

Identification and Analysis
of Genes Involved in Congenital
Malformation Syndromes

Peter J. Scambler

Gene identification
Mapping of disease loci

The major steps involved in the identification of birth defect loci have not changed
substantially since the first edition of this book in 1997, but several stages have been
substantially accelerated by the advances accompanying the human (and other
organism) genome projects. Candidate gene approaches to developmental disorders
are becoming more common as the numbers of phenotypes obtained from gene
targetings increases and developmental expression profiles become known. In these
instances, the investigator would move straight to mutation screening. For instance,
the Edinburgh Mouse ATLAS (EMAP) provides a series of three-dimensional models
of mouse embryos at successive stages of development, linked to a standard
anatomical nomenclature (http://genex.hgu.mrc.ac.uk/). The Jackson laboratories
provide several search tools for retrieving expression data from GXD (the gene
expression database: http://www.informatics.jax.org/menus/expression_menu.shtml).
TBASE, also curated by the Jackson laboratories, allows searches of mouse mutations
created predominantly by gene targeting (http://tbase.jax.org/; Anagnostopoulos
et al., 2001). However, it still remains usual for approximate localizations to be
obtained using cytogenetic methods or genetic linkage analyses.
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Linkage analysis

Mendelian disorders are susceptible to linkage analysis if an appropriate pedigree or
series of pedigrees is available. The loci underlying most of the more frequent
Mendelian disorders have now been identified by positional cloning. Identification of
the genes mutated in rare dominant disorders can be complicated by intergenetic
heterogeneity and, in order to refine the disease interval, assumptions about
penetrance are required to take account of informative meioses in unaffected
individuals. Mapping of rare recessive gene loci is usually limited by the lack of
families with multiple affected children. This difficulty can be circumvented by using
consanguineous families coupled with homozygosity mapping. In practice, this
involves a genome-wide linkage scan in order to identify a region of the genome
inherited identically by descent (IBD) in affected individuals. Assuming no inter-
genetic heterogeneity, this is extremely powerful and, even in the presence of
heterogeneity, a single large family of appropriate structure can establish linkage. It
is often useful to have access to families with a range of inter-relatedness, using
first-cousin matings to establish linkage and additional families with more distantly
related parents to refine the region IBD. A discussion of optimization strategies in
homozygosity mapping has been presented (Genin et al., 1998). To date, the vast
majority of homozygosity scans have been accomplished using short tandem repeat
polymorphisms (STRPs). Increasingly, this strategy is being replaced by the use of
single nucleotide polymorphism (SNP) microarrays, which are now available
commercially. While the individual SNPs are less likely to be informative, the
high density of the arrays more than compensates for this shortcoming, as has been
demonstrated by the identification of a locus for neonatal diabetes (Sellick et al.,
2003). A two-step strategy to maximize cost-effectiveness might involve analysing
affecteds using SNP arrays, then using STRP analysis of parents and unaffected sibs
to confirm which candidate regions are IBD. Once confidence in the use of SNP
microarrays increases, it is likely that the use of pooling strategies will enhance
cost-effectiveness still further. An alternative but technically more demanding
approach is to combine genomic mismatch scanning and comparative genome
hybridization (CGH) microarray analysis to identify regions IBD without genotyping
multiple individual loci (Smirnov et al., 2004).

Smaller groups of SNPs can be used to refine a disease interval, and appropriate
polymorphisms are easily found using websites such as the SNP database (dbSNP) at
the NCBI (http://www.ncbi.nlm.nih.gov/SNP). They can also be displayed on human
genome browsers, such as Ensemble (http://www.ensembl.org/). SNPs are likely to
prove instrumental in the analysis of birth defects with complex genetic aetiology,
e.g. predisposition to congenital heart defect, neural tube defect or cleft lip and palate
(Blanton et al., 2004). Here, genome-wide screens are likely to produce wide
(10-30cM) minimum genetic intervals. Fine mapping would then proceed with
linkage disequilibrium mapping or case-control association analyses, using a high
density of markers. The HapMap project aims to record patterns of sequence variation
within the human genome and determine how this variation differs between racial
groups (The International HapMap Consortium, 2003). Allelic association maps will
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facilitate the choice of markers (haplotype tags) that allow linkage studies to have the
maximum power. While there are no examples to date, it is possible that SNP arrays
representing these haplotype tags will be used to further the genetic analysis of birth
defects. Combined linkage and cDNA microarray work has been used to identify
candidate genes within specific genetic intervals, for instance in the detection of Cd36,
a gene implicated in spontaneous hypertension in a rat model (Aitman ef al., 1999;
Pravenec et al., 2001). Similar approaches using mouse models for developmental
disorders are easy to envisage (Dobrin and Stephan, 2003).

An illustrative example of a birth defect with complex inheritance is aganglionic
megacolon, or Hirschprung’s disease, where mutations in eight genes have been
implicated in the disorder. It is worth noting that these genes, EDNRB, EDN3, ECEI,
SOX10, RET, GDNF, NRTN and ZFHX1B, each have role in the development of the
enteric nervous system and highlight the fact that genes operating with distinct
biochemical or developmental pathways can produce a similar phenotype. Inbred
populations should have lower genetic heterogeneity than outbred populations, and
it was with this in mind that one team conducted a genome-wide association analysis
in Old Order Mennonite families (Carrasquillo ef al., 2002). A multipoint linkage
disequilibrium method was used to analyse data from over 2000 microsatellite and
SNP loci identifying three susceptibility loci. An epistatic interaction between genes at
two of these loci, EDNRB and RET, was postulated and mouse mutant crosses
established to support this hypothesis. However, severe RET mutations seem
sufficient to cause long segment disease, but milder mutations do so in conjunction
with additional susceptibility encoded at a locus at 9931 (Bolk ef al., 2000). Short
segment HSCR involves three major susceptibility loci at 3p, 19q and 10q (RET)
(Gabriel et al., 2002). Thus, long segment disease is inherited in a predominantly
autosomal dominant fashion, with reduced penetrance, whereas the short segment
form is oligogenic. As an example of a SNP association study in a rare genetic disease,
Emison and co-workers were able to identify a common, low-penetrance variant
within an intron 1 enhancer or RET which makes a 20-fold greater contribution to
risk than rare coding region alleles (Emison et al., 2005).

In a similar vein, there are at least eleven loci causing the Bardet—Biedl syndrome
(BBS) and in a small proportion of families the disorder is found is association with
homozygous mutations at one locus and heterozygous mutations (or rare predis-
position alleles) at another (Katsanis et al., 2001). While some BBS genes share
motifs, others do not, although a common theme underlying pathogenesis might be a
role in basal body or primary cilial function (Ansley et al, 2003). Thus, these
congenital defects provide important paradigms for the study of complex genetic
disorders and blur the distinction between Mendelian monogenic disorders and
multifactorial conditions.

Chromosome analysis

Analysis of karyotype is part of the standard work-up of patients with congenital
malformation, especially where the disorder is an ‘unknown’ syndrome or
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accompanied by learning difficulty and multiple dysmorphisms. The location of a
disrupted gene or genes would be suggested by the position of a chromosome
deletion or the breakpoints of any balanced translocation detected (see Chapter 3).
Fluorescence in situ hybridization (FISH) is still a useful tool for the analysis of
chromosome structure (Min and Swansbury, 2003). BAC clones are available for the
entire human genome and specific sets of clones have been produced to detect
rearrangements of certain regions of the genome, such as recurrent deletions or
duplications, telomeres and centromeres. FISH can be used at different resolutions,
depending upon the size and nature of the rearrangement suspected. Duplications
can be particularly difficult to detect with metaphase chromosome spreads, for
example, and interphase, extended chromatin or fibre FISH can be used to map
rearrangements down to the level of kilobase pairs. Confirmation of rearrangement is
often accomplished using southern analysis of DNA fractionated through standard or
pulsed-field gel electrophoresis.

Classically, translocations and deletions help identify genes mutated in dominant
disorders, but it is important to remember that such rearrangements may uncover a
recessive mutation at the other allele. For instance, the gene mutated in Alstrom
syndrome was identified following the observation that a t(2;11) translocation
disrupted a gene carrying a loss of function mutation on the other allele (Hearn
et al., 2002). A t(5;11) translocation was identified in a patient with the Klippel-
Trenaunay syndrome (KTS), a disorder involving diverse blood vessel malformations
that may, for example, be associated with limb overgrowth. The translocation
disrupted the VG5Q gene. VG5Q mutations appear to predispose to KTS, but
not to be sufficient for its development. Thus, translocations can also help identify
susceptibility alleles. It is also noteworthy that evidence that VG5Q is involved in
angiogenesis came from a yeast two-hybrid screen that demonstrated an interac-
tion with the angiogenic factor TWEAK, expression analysis showing transcripts in
the vascular endothelium, as well as a bioassay (Tian et al., 2004), providing an
applied example of some of the functional approaches described in more detail
below.

Translocations and deletions do not necessarily directly disrupt the gene whose
function is affected by the rearrangement. In the aniridia and the campomelic
dysplasia autosomal sex reversal syndromes, for instance, balanced translocations
lie several hundred kb from the gene known to be haplo-insufficient in the disorder
(PAX6 and SOX9, respectively; Fantes et al., 1995; Pfeifer et al., 1999). Elegant work
using YAC complementation of the se (small eye) mouse, a model for aniridia,
demonstrated the presence of regulatory elements separated from the target gene by
the translocation (Kleinjan et al., 2001).

Rarely, a chromosomal or subchromosomal isodisomy can result in homozygosity
for a recessive mutation. Detection of hetero- or homo-isodisomy is made following
analysis of the inheritance of polymorphic markers. In an interesting example of this
approach, the location of the Bloom’s syndrome gene was refined following detection
of maternal uniparental isodisomy for chromosome 15 (Woodage et al., 1994) in a
patient who also had features of Prader—Willi syndrome.
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Figure 4.1 Array comparative genome hybridization. DNA from a control individual and patients
are differentially labelled with fluorescent probes. After addition of C,t1 DNA to prevent
hybridization to repeat sequences, the mixture is hybridized to an array of genomic clones (or PCR-
derived amplimers from those clones) on a microscope slide. Following washes, the slide is scanned
and the relative fluorescence plotted across chromosomes to identify regions of the genome
potentially deleted or duplicated

A major advance in the field of molecular cytogenetics is the development of array-
based comparative genome hybridization (aCGH). In standard CGH, differentially
labelled probes from patients and control genomic DNA are hybridized to metaphase
spreads to detect deletion and duplication where there is a relatively higher or lower
signal strength in one region of the genome (Figure 4.1). While useful in tumour
cytogenetics, where the deletions and duplications are often large and/or involve
more than a 50% dosage alteration, resolution for detecting rearrangements in birth
defect syndromes was insufficient. The advent of a high-resolution physical map
comprising overlapping tiles of BACs has allowed the array of clones representing the
human genome at 1Mb intervals, or giving coverage to specific chromosomes at
higher resolution. Improvements to the resolution and removal of clones giving
artefactual results will improve these arrays further, but already progress has been
made in identifying novel deletions in patients with facial dysmorphism and learning
difficulty (Shaw-Smith et al,, 2004; Vissers et al., 2003) or non-deletion 22ql1
DiGeorge/velocardiofacial syndrome (our unpublished data). Resolution may be
improved by using flow-sorted chromosomes as template material for labelling
(Gribble et al., 2004). A tiling resolution array of overlapping BACs and mouse
1 Mb resolution array have recently been described (Ishkanian et al., 2004; Chung
et al., 2004) and use of genomic clone microarrays is likely to have a major impact on
the analysis of birth defect syndromes over the next 5 years.
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Gene identification and characterization

The availability of the human genome sequence and, increasingly, the genome
sequence of model organisms, means that the laboratory techniques aimed at the
identification of gene-encoding sequences within genomic DNA have become largely
redundant. That is not to say that all genes in the human genome have been correctly
identified and, while annotation is improving daily, much progress is still required. In
addition, EST sequences are biased to representation of 3’-coding sequences.
Experimental verification of gene predictions is often lacking, and investigators
would be well advised to conduct exon connection and/or 5-RACE (rapid amplifica-
tion of cDNA ends) in order to deduce the full-length coding sequence and splicing
variation of candidate genes. Comparison of cDNA with genomic sequence is a simple
and effective means of determining gene structure, necessary for designing primers for
mutation screening. If the tissue(s) affected in the disorder studied are not routinely
available, the work could be conducted in mouse, extrapolating genomic organization
in the mouse to man as a first approximation of the likely gene structure.

Once a genetic or physical interval of interest has been identified, various tools can
be used to examine the genes within this region. A step-by-step guide to bioinfor-
matic approaches is presented in ‘Users Guides’ produced by Nature Genetics (Packer,
2003). In essence, the investigator uses genome browsers such as Ensemble (http://
www.ensembl.org/), UCSC (http://genome.ucsc.edu) or the NCBI (http://www.
ncbi.nlm.nih.gov/mapview/) map viewer to provide a graphical interface to the
region, with the investigator selecting from menus the features he/she wishes to
display within the interval. Most workers will want to know which annotated and
unannotated genes map to the area, and which BAC or PAC clones provide the tile
(perhaps for FISH studies). As mentioned above, SNPs can be mined, STRPs
identified and sequence files downloaded to search for unannotated di-/tri-/tetra-
nucleotide repeats that might be polymorphic. These browsers can also display the
genome organization of a region, highlight sequences conserved in other species,
indicate repeat sequences and output from gene prediction programs. In particular,
intron—exon boundaries can be indicated for the design of primers for mutation
screening, and alternative splicing highlighted. Putative alternative splice forms can
be detected simply by examining the different ESTs and gene predictions vs. the
genome sequence. Of course, such predicted variants should be validated at the
laboratory bench.

Comparative analysis of genomic sequences from different species can be useful in
identifying genes not so far annotated or linked to ESTs, and in the identification of
regulatory regions. One useful tool for mining potential regulatory motifs is Theatre,
which provides output from a suite of programs (http://www.hgmp.mrc.ac.uk/
Registered/Webapp/theatre/). In the absence of any biochemical or physiological
clue, investigators could make use of the PROSPECTR program, which was trained
on the set of genes known to be involved in human genetic disease and prioritizes
genes within any defined region for generic similarities to the disease gene set (http://
www.genetics.med.ed.ac.uk/prospectr/).
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Mutation screening

Identification of mutations within a candidate gene is required to prove that a
disease-causing or disease-predisposing allele has been identified. A reasonable first
step is southern analysis of patient vs. control DNA to rapidly scan for rearrange-
ments or, in the most serendipitous cases, point mutations. Usually, however, DNA
sequencing with or without a priori sequence screening procedure is required, and
the approach taken will depend upon a combination of the material available, the
number and complexity of the genes in the disease interval, the likely expression
profile of the disease gene and the resources available to the investigator. PCR is
employed almost ubiquitously in these procedures. Computer programs are available
to assist in the design of primers appropriate for the task in hand and, where relevant,
predict assay conditions, e.g. for denaturing high-performance liquid chromatogra-
phy (dHPLC).

In some instances it may be possible to sequence the candidate cDNAs from
affected individuals, especially where the gene is expressed in circulating lymphocytes.
Buccal cells, skin biopsies, gut biopsies and post-mortem material may be useful in
this regard. An advantage of this approach is that mutations leading to splicing
defects may be detected, and promoter mutations may give reduced levels of
expression quantifiable by real-time PCR. The inability to amplify from patient but
not control DNA may indicate that a premature termination codon has led to
nonsense-mediated decay (NMD) of the corresponding mRNA. Thus, a rapid pre-
screen for NMD is often useful where the disease interval is gene-rich, the patients are
IBD for the mutation (both alleles reduced) or where a SNP can be used to determine
the relative expression of each allele. Urbach—Wiethe disease, or lipoid proteinosis,
provides a good example. Standard genetic linkage identified a candidate region on
chromosome 1q21, following which cultured fibroblasts from patients and controls
were tested for expression of genes within the recombination interval. This revealed
downregulation of extracellular matrix protein 1 gene (ECMI), with subsequent
detection of mutations in genomic DNA (Hamada et al., 2002). cDNA sequencing
may also be considered where a large gene is composed of many small exons and a
source of appropriate mRNA is available. It may be possible, using nested primers, to
amplify overlapping cDNA fragments for sequencing from tissues that do not express
the protein. This procedure capitalizes upon the presence of ‘illegitimate transcripts’
which, depending upon the gene, are present at low levels in cells such as Epstein—
Barr virus-transformed lymphoblastoid lines (Cooper et al., 1994).

Many mutation screening methods have been developed and usually involve
electrophoresis of single-stranded or double-stranded PCR-amplified genomic
DNA in order to detect abnormally migrating species indicative of sequence variation
(Kristensen et al., 2001). Gel electrophoresis is being replaced by higher throughput
techniques making use of automated capillary array electrophoresis or dHPLC.
Sensitivities of single-stranded sequence polymorphism (SSCP) and heteroduplex
analysis (HA) have been improved by the use of specific matrices, and have the
advantage of being relatively inexpensive and making use of widely available
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sequencers (Hoskins et al., 2003; Kourkine et al., 2002). dHPLC is particularly useful
where a large number of patients have to be screened for mutations in a relatively
small number of exons, as it takes some effort to establish the optimal parameters for
each exon. However, once this is achieved the technique is very sensitive and
inexpensive (Xiao and Oefner, 2001). The recent development of capillary array
electrophoresis chips offers the potential to improve throughput by an order of
magnitude, and if costs are reduced resequencing chips may find wide application in
the future (Andersen et al., 2003). The protein truncation test (PTT) is designed to
detect mutations that introduce frameshifts, splice site or premature termination
mutations. Coding sequence is amplified and translated in vitro, the resulting proteins
checked for size by SDS polyacrylamide gel electrophoresis. Mutations give rise to
truncated or elongated products (Wallis, 2004).

Once a potential disease-causing variant has been discovered, steps need to be
taken to validate the sequence change as a mutation. This should involve a screen for
the variant in a large number of control chromosomes (at least 200), matched for
ethnic background where necessary. Functional evidence may be harder to produce,
unless the encoded protein has a known activity that can be assayed straightfor-
wardly. Missense mutations in transcription factors, for instance, may reduce the
transcriptional effect in reporter gene assays, or alter the DNA binding in electro-
phoretic mobility shift assays. Growth factors may be tested in bioassays. Where the
function of the gene is entirely unknown, a first characterization often involves
tagging the gene in order assess whether proteins carrying the mutation are localized
identically to wild-type. This approach proved particularly informative in assessing
the effect of mutations in the Treacher—Collins syndrome protein (Marsh et al.,
1998). In contradistinction to the wild-type GFP fusion protein, proteins containing
disease-causing mutations failed to localize to the nucleolus. Quite how a defective
nucleolar protein causes a neural crest defect and subsequently the birth defect
syndrome remains to be elucidated. In some cases, where there is a phenotype
detectable in cell lines carrying disease-causing mutations, genetic complementation
may provide compelling data that the correct gene has been identified. Indeed, for
certain disorders, it may be possible to identify directly the gene mutated in a
disorder by complementation, for instance in DNA repair defects. Corroborative
evidence may also be obtained from animal models (see below).

Splice site mutations may be validated by RT-PCR or western analysis if appro-
priate patient tissue samples are available. If not, then the genomic DNA flanking the
putative mutation can be used in an exon amplification assay, although it is difficult
to be sure that the in vivo situation is recapitulated in a tissue culture cell line. Even
more difficult to validate are mutations that might act via a long-range effect on
transcription. In facio-scapular-humeral muscular dystrophy (FSHD), amplification
of the D474 repeat element is associated with the disease. In muscle, the expansion
has been shown to associated with a depression of genes at 4q35 (Gabellini et al.,
2002), although which gene or genes is/are important is unknown.

Recent years have shown that a wide variety of diseases may be caused by
mutations that affect RNA metabolism, as opposed to mutations that alter the
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protein-encoding sequence of the gene. Some missense and synonymous mutations
may occur in cis-acting elements that regulate splicing, resulting in exon skipping,
inefficient splicing of introns or usage of cryptic splice sites. If such mutations
are suspected, a bioinformatic approach can be used to assess the likelihood of
any variant affecting an intronic or exonic splicing enhancer (ISE or ESE), e.g.
http://exon.cshl.edu/ESE/. mRNA stability may also be affected by mutations in the
3’-UTR, e.g. Fukuyama congenital muscular dystrophy can be caused by an insertion
of a retrotransposon which reduces steady-state transcript levels (Kobayashi et al.,
1998). 5'-UTR mutations may affect translational efficiency, such as those seen in
hyperferritinaemia/cataract syndrome, hereditary thrombocythaemia (Cazzola and Skoda,
2000) and Charcot—Marie-Tooth disease (Hudder and Werner, 2000). In a rare case
of a-thalassaemia, transcription of an antisense RNA has been shown to result in
silencing and methylation of the HBA2-associated CpG island, the effect of which was
biologically determined in ES cells and a transgenic model (Tufarelli et al., 2003).

Biological analysis of genes implicated in birth
defect syndromes

Having identified a gene defective in a particular syndrome, questions arise as to
when and where the gene is expressed and what the encoded protein does. Of course,
there have been instances, e.g. FGFRs when discovered to be involved in craniosy-
nostosis syndromes, where the relevant genes have already been subject to a great deal
of investigation. Even in this situation, a consideration of the mutational mechanisms
in man can provide a useful insight into how to approach biological problems in
cellular and animal models but, not infrequently, disease gene loci are found to
encode proteins of unknown function. In these cases interrogation of sequence and
motif databases is an essential step in formulating testable hypotheses.

Structural considerations

As a first step towards an analysis of a conceptually translated sequence, LocusLink
(http://www.ncbi.nlm.nih.gov/LocusLink/) provides a single query interface to
curated sequence and descriptive information about genetic loci. It presents informa-
tion on official nomenclature, aliases, sequence accessions, phenotypes, EC numbers,
MIM numbers, UniGene clusters, homology, map locations and related websites.
From a query, users can use the BL (Blast link) to obtain a graphical representation of
related proteins, together with a link (CDD-Search), which can be accessed to retrieve
conserved domains. Various databases contain sequence motifs typical of certain
structural domains, e.g. InterPro, and matches to one or more domains may suggest
protein functions or interactions (http://www.ebi.ac.uk/interpro; Mulder et al.,
2003). InterPro provides information from a number of sources, such as PROSITE,
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PRINTS, Pfam and ProDom, and allows text searches of domain names. One
problem with this kind of analysis is that many of the functional motifs involve
few amino acids with a high degree of degeneracy and a high frequency of false
positive assignments can be made (the same problem arises when searching for
transcription factor binding sites in promoter regions). One can also be misled by
rarer events, for instance some genes encode more than one protein by frameshifts,
e.g. a-enolase and 7-crystallin, or other mechanisms, to create so-called ‘moon-
lighting proteins’ (Jeffery, 2003). Divergent evolution has resulted in similar struc-
tures adopting different roles in different proteins, e.g. WD domains, TIM barrels and
zinc fingers.

Despite the fact that there is a huge number of possible ways of stringing together
amino acids to produce proteins with variable secondary and tertiary structures,
experimental methods have delineated approximately 500 three-dimensional (3-D)
configurations called structural folds. It is still difficult to predict 3-D structure from
primary sequence, but a combination of structural biology, itself becoming the
subject of high-throughput approaches, and computation is likely to introduce
structure—function correlations of increased sensitivity and specificity in the future.
One problem with the interpretation of protein similarities is knowing whether
extrapolating functional equivalence is valid. For instance, cytokines of the same
family can be selective or promiscuous in binding their receptor partners, and some
FGSs are intracellular rather than secreted proteins. In the computational prediction
of whether protein interactions are conserved across members of protein families, it
has been shown that 3-D modelling of the interaction is a useful filter for ranking
such interactions and thus prioritizing laboratory experiments (Aloy et al., 2003; Aloy
and Russell, 2002).

Gene expression

Standard techniques such as northern blotting may provide valuable information
concerning the relative abundance of transcripts in different tissues or cell lines and
evidence of alternative splicing that might be of biological significance. However,
most investigators will wish to have a higher resolution analysis of expression in space
and time. Most commonly, whole-mount and/or tissue section hybridizations will
be employed. If a suitable antibody is available, immunological staining can be
employed and can demonstrate the persistence of protein expression once mRNA
levels have decayed.

As indicated below, it is becoming more common to couple introduction of a
reporter with gene targeting approaches. Together with modern imaging techniques,
this promises novel insights into the parallel analysis of gene expression and
phenotype. A recent advance has been the development of techniques that can
assemble gene expression into 3-D maps, and layer these onto images of embryos at
various stages (see URLs for Emage, above). Microscopy based upon optical
projection tomography (OPT) can produce high-resolution 3-D images of both
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fluorescent and non-fluorescent biological specimens with a thickness of up to 15
mm (Sharpe et al., 2002). Thus, the tissue distribution of RNA and protein expression
can be determined in intact embryo explants and related to mutant phenotype or
gene function. Images can also be obtained using magnetic resonance imaging (MRI)
using an MRI contrast agent activated by reporter gene expression in living animals,
e.g. B-galactosidase (Louie et al., 2000).

Implicit in the previous section is that vertebrate, probably mouse, embryos
provide a good model for the human condition under study. However, it is well
documented that this is not always the case (Fougerousse et al., 2000). Of course, we
are limited by ethical considerations and tissue availability in any investigation of
gene expression in humans. Therefore, certain centres have established banks of
carefully selected human embryos, from which sections can be requested for specific
projects. (e.g. http://www.ncl.ac.uk/ihg/research/developmental/vertebrate/project/653;
http://www.mrc.ac.uk/index/current-research/current-resources/current-hdbr.htm).
Several human disease genes have been studied in this way (Clement-Jones ef al.,
2000; Crosnier et al., 2000; Lai et al., 2003).

Microarray technologies have allowed more global analyses of gene expression
changes in models of birth defect syndromes. For instance, the Ts65n mouse provides
a model for Down’s syndrome by virtue of a segmental trisomy for part of MMU16.
This study demonstrated that the trisomy resulted in small but widespread changes in
the cerebellar transcriptome, rather than large changes in a small number of genes
(Saran et al., 2003).

Analysis of proteins encoded at birth defect loci

An important aspect of understanding protein function is to understand where
within the cell the protein can be found. Structural considerations often offer good
clues, e.g. a signal peptide in the absence of a transmembrane domain may indicate
that the protein is secreted. Investigators should also be aware of dynamic changes in
protein localization, for instance cytoplasmic to nuclear shuttling, relocalization or
turnover during different phases of the cell cycle or upon certain stimuli, and
proteolytic cleavage of subfragments with biological function. In order to follow such
events it is advantageous to have an antibody, or panel of antibodies, raised against
the native protein. These can be raised in vivo or selected from libraries using
techniques such as phage display. In the absence of antibody, useful information can
often be gained by using constructs that will express a tagged version of the protein
within the cell. Such tags can be short oligopeptides, such as FLAG, c-myc or HA, or
they can be biologically active, such as green fluorescent protein (GFP). The
advantage of GFP and its relatives is that fusion protein localization can be followed
in live cells in order to track stimulus responses. The disadvantages of tags include
artefacts due to overexpression and interference with protein function.

Many investigators have examined protein interactions as a way of identifying
pathways involved in human genetic disease, especially where the function of the
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protein under study is unknown. The rationale is based on the idea that interaction
with a protein of known function would implicate the interactor in a similar pathway.
Perhaps the most widely used assay is the yeast two-hybrid (Y2H). Here, various
reporters, such as auxotrophic markers or (3-galactosidase, are used to select yeast
clones harbouring clones encoding interacting proteins. The reporters are activated
upon interaction of the bait protein fusion, which contains sequences from the
protein of interest, and the target protein fusion, which contains the putative
interactor (Figure 4.2). The first Y2H systems involved variations on the theme of
transcription factor reconstitution, the bait being fused to a DNA-binding domain
(specific for the promoters upstream of the reporters) and the prey library being
fused to a transcriptional activation domain (Brent and Finley, 1997; Gietz and
Woods, 2002). Haploid yeast strains of different mating types and containing baits
and prospective preys, respectively, can be mated to produce diploids. This procedure
can be used to increase the throughput of the procedure and, with other technologies,
begin to establish protein interaction networks (Stagljar, 2003).

If the bait protein acts as a transcriptional activator in a standard Y2H setting, then
other systems not based on transcriptional read-out can be used. The ras/sos
recruitment method reconstitutes the activity of a guanine nucleotide exchange
factor (GEF). The bait is fused to a sub-membrane localization domain and the target
to the GEF catalytic domain, and bait—target interaction enables complementation of
a temperature-sensitive mutation in the Cdc25ts protein (Broder et al., 1998; Huang
et al., 2001). A number of other systems with split enzymes have been described
(Mendelsohn and Brent, 1999).

Reverse two-hybrid systems can be used to identify mutations that disrupt protein
interaction and thus facilitate mapping of interaction domains. Potentially, such
techniques can be used to identify small molecules that interfere with protein—protein
interactions. ‘Bridge’ hybrid systems can be used to identify interacting proteins
where the binding requires a third protein (Gordon and Buchwald, 2003) or RNA
(Jaeger et al., 2004) to establish the complex, or post-translationally modify one of the
proteins.

All protein interaction screens produce false positives and a number of techniques
are available to enrich for true positives and corroborate the interaction. Additionally,
different techniques are required to explore the molecular interaction in more detail.
In the Y2H screen itself, multiple reporter systems can be used (James et al., 1996)
and positives compared with databases of known Y2H false interactors (for a useful
summary, see http://www.fccc.edu/research/labs/golemis/InteractionTrapInWork.html).
Putative interactors should be expressed at the same time in the same cellular
compartment. Corroboration of interaction is often achieved by biochemical tech-
niques such as affinity capture, or by co-immunoprecipitation using antibodies
directed against native protein, or tags if a cell transfection overexpression system is
used. More recently, fluorescence resonance energy transfer (FRET) has been
employed. This relies on the use of fusion proteins carrying fluorescent moieties
such as GFP, BFP and YFP. If the two fusion proteins are brought into apposition
via protein interaction, the fluorophores will likely be within 100 A of each other.
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Figure 4.2 Yeast two-hybrid screening. (A) Standard GAL4 reconstitution. The bait protein
represents the protein for which interacting proteins will be isolated. It is expressed in a yeast
strain fused to the GAL4 (or other) DNA-binding domain (GAL4 BD). A cDNA library is created which,
when transfected into yeast, will direct synthesis of the GAL4 DNA transcriptional activation domain
(GAL4 AD) fused to a library of target proteins (TLP). If any target library protein interacts with the
bait, then the GAL4 AD and BD are brought into apposition. The complex then binds to the GAL4
upstream activation sequence (GAL4 UAS) of the GAL4 promoter (P), activating transcription of the
reporter gene (REP, bottom left), which is then detected by growth and/or colony filter assay.
Clones encoding the TLP can then be isolated and sequenced. (B) Ras recruitment. The yeast ras
(yRas) is maintained in its inactive GDP-bound form due to a mutation in the Cdc25 exchange
factor, which is penetrant at the restrictive temperature. In (a), as the bait fails to interact with the
protein expressed from the cDNA library, the bait-fused activated murine Ras (mRAS) is unable to
promote growth (the mRAS is marked with an asterisk to denote the fact that it lacks its CAAT box).
In (b), the presence of an interacting protein at the membrane recruits activated mRas via the bait,
which allows the yeast to grow
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Below this distance stimulation of the higher-energy donor fluorphore allows energy
transfer to the lower-energy fluorphore, which then emits photons (Sekar and
Periasamy, 2003).

Surface plasmon resonance is a method which can quantify interactions between
known proteins, and can be used to compare wild-type with mutant proteins. Bait
protein is bound to a thin metallic surface at the interface of glass and aqueous
medium and a solution of the target protein allowed to flow over the surface. As the
bait is bound by the target the refractive index alters, which in turn affects the
resonance angle at which energy in a light wave is dissipated in the metal. For
instance, surface plasmon resonance has been used to demonstrate that two Apert
syndrome mutations of FGFR2 result in a selective decrease in the dissociation
kinetics of FGF2, but not of other FGF ligands, when compared with the wild-type
protein (Anderson et al., 1998). Biosensors such as those based around BIAcore
technology can be used to evaluate many kinds of molecular interactions relevant to
biology (Malmgqvist, 1999).

High-throughput proteomic approaches are likely to have an impact on our
understanding of birth defects by uncovering interactions with more complex groups
of proteins than the pairwise screens afforded by techniques like Y2H (Zhu et al.,
2003). Proteomic approaches have the advantage that the bait—protein interactions
are explored in their native cellular environment and multiprotein complexes can be
isolated in a single experiment (Aebersold and Mann, 2003). Following affinity
purification, often using native or anti-tag antibodies, the resulting protein mix is
subjected to electrophoresis and individual spots subjected to mass spectroscopy. In
order to increase signal:noise ratios, tandem affinity tags have been used (TAP-tags).
Commonly, the calmodulin-binding domain is placed in series with a tobacco etch
virus (TEV) protease recognition site and the immunoglobulin-binding domain of
protein A. The first affinity step is followed by proteolytic cleavage of the first tag, and
then the second round of affinity purification takes place (Knuesel et al., 2003). As an
example, a recent mass spectrometric analysis of purified pre-ribosomal ribonucleo-
protein complexes yielded sequence for over 100 proteins, including the TCOF1
protein mutated in Treacher—Collins syndrome (Hayano et al., 2003).

Animal models

Dominant disorders associated with gain-of-function mutations can be modelled by
relatively straightforward transgenic approaches. These disorders include trinucleo-
tide repeat expansions, which are not naturally occurring in mice, and diseases such
as the skin disorder Vohwinkel syndrome, modelled by expression of the connexin 26
D66H mutation from the keratin 10 promoter (Bakirtzis et al., 2003). Gene targeting
of the murine homologues of genes mutated in human congenital malformations, to
produce loss of function alleles, has proved very informative in elucidating the role of
these genes during development. Besides the creation of straightforward loss-of-
function alleles, targeting can be used to knock in specific point mutations. More
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recently, it has become common practice to create conditional alleles using site-
specific recombinase systems such as Cre-loxP, Flp-FRT and ¢C31-att. These systems
can be used to circumvent early embryonic lethality, analyse the role of a gene in a
particular cell lineage or subset of tissues, allow temporal and spatial induction of a
lineage tracing marker, allow temporal and spatial control over the mutation via the
use of ligand-regulated recombinases, produce an allelic series, and produce mosaics
to enable the assessment of the requirement of a specific gene for cellular contribu-
tions to developing structures (Branda and Dymecki, 2004). Recombinases can also
be used in E. coli to facilitate high-throughput engineering of targeting vectors
(Valenzuela et al., 2003). One of the most exciting prospects is the convergence of
advances in gene targeting and tagging with high-resolution imaging in living
embryos and animals (Marx, 2003). This promises an unprecedented ability to
analyse cellular processes and interactions and protein function in vivo, in both wild-
type and mutant animals.

Knock-in approaches have been used to establish temporal control over gene
expression. For instance, in order to analyse the temporal requirement for EDNRB,
the tetracycline transactivator tTA (and in other animals rtTA) was knocked into one
allele of EDNRB. The responder allele contained tet-OP sites upstream of an EDNRB
minigene within the second EDNRB allele. In the presence of tetracycline or
doxycycline the tTA is active, binds to the tet-OP and induces transcription of the
minigene. In the case of the rtTA, the antibiotics abrogate transactivator activity
downregulating minigene expression. Thus, in transheterozygote animals the expres-
sion of EDNRB from the minigene was under the control of doxycycline within a
EDNRB™'~ background (Shin et al., 1999).

While gene targeting offers a standard route to the exploration of gene function
during development, and the various enhancements outlined above allow specific
types of analysis within the model created, a useful alternative is offered by the
increasing number of gene trap libraries created in academic and commercial
laboratories. Gene trapping screens involve an essentially random insertion of
constructs into the genome of ES cells, with some selection procedure employed to
identify instances where the exogenous sequence has inserted into a gene (Stanford
et al., 2001). Commonly this involves a splice acceptor site upstream of a marker such
as (3-geo, which allows both selection of genes expressed in ES cells and expression
analysis using LacZ staining. 5-RACE can be used to identify the sequence of the
native transcript upstream of the trap vector. Thus, in contradistinction to chemically
induced mutants, the gene mutated is known prior to phenotype generation. Newer
vectors have been designed to specifically identify secreted or transmembrane
protein-encoding genes. Vectors have also been constructed to allow future recom-
binase manipulations and knock-in strategies, increasing flexibility still further.
Various databases are now available to easily identify previously trapped genes
(Table 4.1) and some centres and commercial concerns offer an ES cell injection
service; a gene trap consortium has been established to access information from a
single site (http://www.igtc.ca; To et al., 2004). The Ensemble genome database can
be requested to highlight trapped genes from the Skarnes laboratory as part of the
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Table 4.1 Online gene trap databases

Gene trap resources Notes
http://bsw3.aist-nara.ac.jp/kawaichi/naistrap.html Japanese centre; BLAST is by email
request
http://genetrap.gsf.de/index.html German consortium
http://www.lexgen.com/omnibank/overview.php Lexicon, a commercial organization;

cost and IP issues, but large array
of clones available

http://www.escells.ca/ Over 1000 tagged genes
http://socrates.berkeley.edu/~skarnes/resource.html Secreted and membrane proteins
http://baygenomics.ucsf.edu/ Provides blastocyst injection service
http://www.sanger.ac.uk/PostGenomics/genetrap/ Baygenomics mirror with Ensemble
interface
http://www.cmhd.ca/sub/database.htm Registration required

display, or the sequences of trapped genes BLAST-searched at: http://www.sanger
.ac.uk/cgi-bin/blast/submitblast/genetrap

The disadvantages of using gene traps are that the induced mutation may not be
a true null and the reporter gene may not accurately reflect the expression pattern
of the trapped gene. Even so, as the availability of ES lines expands, gene traps
are likely to be a first source of material regarding gene function with subsequent
bespoke targetings designed to probe specific aspects of the developmental biology of
the processes affected by the mutation.

As opposed to genetically driven screens such as targeting and trapping, pheno-
typically driven screens allow a higher throughput of mutants, but without a
molecular tag of the mutated genes (Cox and Brown, 2003). Mutations are usually
chemically induced, e.g. by N-ethyl-N-nitrosourea (ENU), and banks of mutants are
available for fly, zebrafish and mouse. The largest and most recent murine screens
employ structured prenatal and postnatal programmes to assess the phenotypes. For
instance, external appearance is scored, biochemical, radiological, haematological,
immunological parameters assessed, and baseline cognitive and behavioural screens
undertaken. Novel imaging techniques, such as MRI, offer the opportunity of a
reasonably quick means of detecting internal malformations, such as cardiac defects
(Schneider et al., 2003). The main centres conducting this work maintain search
engines allowing identification of mutants that potentially model human disorders
(e.g. http://www.mgu.har.mrc.ac.uk/muthtml; http://www.gsf.de/ieg/groups/enu-mouse
.html; http://www.gsc.riken.go.jp/e/group/thememouseE.html. The Jackson labora-
tories have an extensive mouse phenotype database with mutants from various
sources: http://www.jax.org/resources/search_databases.html).

Engineered chromosomes (see below) can be used in conjunction with ENU-
induced mutations to screen for recessive mutations in F; or F, animals, as an
induced deletion reduces one region of the genome to hemizygosity. Nested deletions
can subsequently be used to refine locus position. Similarly, chromosome engineering
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can be used to create inversions that act as balancer chromosomes. Here, one end of
the inversion disrupts a gene with a recessive lethal phenotype, and the dominantly
marked (e.g. by coat colour) inversion used to map recessive mutations. The
inversion suppresses recombination with the homologous chromosome, and up to
one-third of a single chromosome can be inverted without the likely complication of
haplo-insufficiency that hemizygosity for such a large region would produce
(Nishijima et al., 2003). Genome-wide coverage of balancers is likely to prove a
useful resource.

Gene targeting and chromosome abnormalities

Gene targeting technology has been adopted into the task of chromosome engineer-
ing in the mouse. The general principle involves the knock-in of a sequence that acts
as the substrate for a subsequent chromosome recombination event; commonly, this
sequence is loxP. If a pair of loxP sequences are in the same relative orientation, then a
deletion or duplication can be created; loxP sites in opposite orientations recombine
to produce an inversion. Balanced translocations can be created by targeting loxP to
the two chromosomes of interest Alternatively, selection for trans recombination can
be employed, for instance where recombination brings together the two halves of an
active dominant selectable marker, such as Hprt (Ramirez-Solis et al., 1995). Libraries
of gene targeting vectors have been created to provide both 5’ and 3’ Hprt constructs
with a view to creating engineered chromosomes. In one such application the two
halves of the mini-gene are flanked by Agouti (Ag) and Tyrosinase (Ty) coat colour
markers in order to facilitate visual identification of mice carrying rearranged
chromosomes (Zheng et al., 1999). Depending upon the nature of the rearrangement
induced, the reconstituted minigene is found in association with either neo or puro
markers, allowing sib selection of ES cells to pick the required clone (Yu and Bradley,
2001). In vivo recombination is preferred in some instances, for instance where a
conditional allele is desired (Kochilas et al., 2002) or where chromosome transloca-
tions are to be produced (germ line transmission of such rearrangements is often
compromised).

The creation of engineered deletions and duplications was instrumental in identifi-
cation of a gene critical for the development of Dr George/velocardiofacial syndrome
(DGS/VCES). This syndrome is usually caused by a deletion in chromosome 22q11
(22q11DS), resulting in hemizygosity for up to 50 genes (Scambler, 2003). Human
genetics, in the form of the shortest region of deletion overlap mapping, had not
revealed whether 22q11DS was the result of haplo-insufficiency of one gene, or a combi-
nation of genes. It was thought that some deletions might affect the transcription of
genes lying outwith the deletion interval via a long-range effect on expression. Because
the genes deleted in 22q11DS were all, with one exception, clustered on proximal mouse
chromosome 16, chromosome engineering experiments in the mouse were able to mimic
the human situation of multigene hemizygosity, even though gene order is not perfectly
conserved (Sutherland et al., 1998). The first targeted deletion of the region, DfI,
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encompassed 18 genes within a 1.2 Mb interval (Lindsay et al., 1999). Hemizygous
mice were viable and fertile, and approximately 20% died in the perinatal period.
Examination of late gestation embryos revealed a series of congenital heart defects
reminiscent of 22q11DS, with full penetrance for hypo/aplasia of at least one of the
fourth branchial arch arteries. These defects represent the class of heart defects most
specific to 22q11DS. Importantly, breeding experiments producing mice transheter-
ozygous for the deleted chromosome 16 and the reciprocal duplication on the
corresponding homologue had no heart defects. This demonstrated that a gene or
genes within the DfI interval was responsible for the observed phenotype, and that
long-range effects on transcription, such as those proposed to act in the human
situation, did not have a role. Independent experiments created a larger, 1.5 Mb,
deletion termed Lgdel (Merscher et al., 2001) with a similar phenotype.

Subsequently engineered deletions and duplications allowed a shortest region of
deletion overlap map to be established in the mouse, and this in turn suggested that
one or more of six genes in the Arvcf~Ufd1l interval had a haplo-insufficient
phenotype (Lindsay et al., 2001; Puech et al., 2000). Transgenic rescue experiments
with either human or murine genes narrowed the region further, to just four genes.
Based on its embryonic expression pattern in the mesodermal core of the pharyngeal
arches, the transcription factor Thxl appeared the best candidate, and three teams
independently created single-gene targeted mutants at this locus (Jerome and
Papaioannou, 2001; Lindsay et al., 2001; Merscher ef al., 2001). In each case, the
heterozygous mice had the same cardiovascular malformations that had been
observed in the DfI strain. The ThxI '~ (Tbxl null) phenotype comprises defects
of all the main structures affected in DGS/VCEFS, and these mice can perhaps be
viewed as a having a severe form of the syndrome. Thus, TBXI was an excellent
candidate for being mutated in non-deletion cases of DGS/VCES and subsequently
rare mutations of TBXI in such patients were identified (Yagi et al., 2003).

Engineered deletions need not have defined end points. Nested deletions can be
created by specifically targeting one end of the deletion as an anchor point, and then
using retroviral insertions to introduce the other engineering vector to the genome.
Selection for deletions using reconstitution of half-genes is likely to produce deletions
of a range of sizes, which can be characterized by inverse PCR or FISH (Su et al.,
2000).

One of the most common human malformation syndromes is Down’s syndrome,
trisomy 21. Little is known about the underlying developmental biology of the
condition, and transgenic analysis of single genes have, perhaps unsurprisingly, not
produced particularly informative models. Many investigators have turned to mouse
models involving complete or partial trisomy of MMU16 (Galdzicki and Siarey,
2003), but this produces trisomy for genes not mapping to HSS21. Future dissection
of trisomy 21 is likely to make use of engineered duplications, as described above, or
the creation of freely segregating supernumerary chromosomes (Tomizuka et al.,
1997). Chimeric mice derived from cells carrying a human chromosome 21 have been
created, although chromosome segregation was unstable (Kazuki et al., 2001;
Shinohara et al., 2001). Presence of the human chromosome was associated with
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the presence of heart defect and learning deficits. Germ line transmission of a human
5 Mb subchromosomal fragment was also achieved. Most recently, stable transmis-
sion of a freely segregating, stably transmitted human chromosome 21 has been
observed (Professor E. M. C. Fisher, O’Doherty et al., 2005) and detailed pheno-
typing is under way.

Cloning methodologies have been developed that allow the construction of human
artificial chromosomes (HACs) with defined chromosomal region inserts. A panel
of HACs harbouring inserts ranging in size from 1.5 to 10 Mb from three human
chromosomes (2, 7 and 22) has been constructed, and developments such as this
should permit the manipulation of genes within the cloned sequences prior to the
creation of mouse models (Kuroiwa et al., 2002).

Other disease-modelling approaches

The creation of targeted mutants is still a relatively costly and time-consuming
approach, and other organisms can offer certain advantages in probing develop-
mental pathways. Steady progress has been made in refining antisense strategies for
the knock-down of specific mRNAs (Scherer and Rossi, 2003). Phosphorodiamidate
morpholino oligonucleotides bind to RNA and efficiently interfere with gene
expression in a sequence-specific manner. Compared with previous versions of
antisense oligonucleotides, they offer greater specificity and less toxicity and are
relatively resistant to degradation. If no antibody is available to assess the efficacy of
knock-down, the target gene sequence can be designed to span an intron—exon
boundary in order that RT-PCR can be used as an alterative. D. rerio (zebrafish) and
Xenopus spp. are commonly used as target organisms for this approach. A zebrafish
approach has the advantage that there is a large array of mutants available, where
increasingly the gene affected is known, allowing the investigation of potential
epistatic relationships using a combination of knock-down and mutant.

Double-stranded RNA 21-23mers complementary to a target RNA can be used to
silence gene expression via site specific cleavage (RNAi or siRNA strategies). Such
siRNAs do not activate the interferon pathway (or at least not fully) and can be
introduced into cells either as dsRNAs or using a pollll promoter-driven construct
with a polyT stop signal. Such constructs can be used in a transgenic approach, where
dominant knock-down embryonic phenotypes are directly assessed in mice entirely
derived from ES cells by tetraploid rescue (Kunath et al, 2003). In addition,
morpholino or dsRNAi knock-downs can be used in the chick system, where in
ovo electroporation is relatively straightforward (Pekarik et al., 2003). Organ culture
systems also lend themselves to dsRNAi knock-down approaches and offer one
method of analysing loss-of-function effects at several different stages of organ
development. One application of this strategy was the analysis of Wtl, Pax2 and
Wnt4 function during renal organogenesis (Davies et al., 2004).

Dominant negative approaches have been used, particularly in the frog and chick,
to study molecules such as transcriptional regulators, growth factors and their
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receptors. For transcription factors the technique may involve replacing an activation
domain with a strong repressor, e.g. that from the engrailed protein, or a repressor
domain with a strong activator, e.g. VP16 (Suzuki et al., 2004). Transcription factor
activity can be induced, for instance using a glucocorticoid receptor ligand binding
domain fusion (Horb and Thomsen, 1999).

The chick lends itself to embryological analysis because of the ease by which
embryos can be manipulated and observed in ovo. Placement of beads containing
growth factors or teratogens can be used to explore gene—environment interactions.
Genetic manipulation can be achieved using electroporation of morpholinos,
plasmids, siRNA or retroviruses (Krull, 2004). The gene expressed from such
DNAs can be used to analyse overexpression, knock-down or dominant negative
effects. Often, co-electroporation of a marker such as GFP is used to track
transformed cells, and manipulations with test sequences compared with contral-
ateral controls. A chick retroviral approach was used to complement biochemical
studies which suggested a selective loss of function caused by an [47L substitution in
the HOXD13 homeodomain, associated with a human brachydactyly and central
polydactyly syndrome (Caronia et al., 2003).

Why study rare human birth defect syndromes?

Human genetic approaches have been instrumental in the identification of novel
genetic mechanisms and roles for proteins during development that were entirely
unsuspected from gene targeting experiments or cell biology. For instance, work on
the craniosynostosis syndromes identified FGFR gain-of-function mutations that
were instrumental in the identification of critical residues within the protein, and
mechanisms of paternal age effects, as well as helping to elucidate a pathway involved
in craniofacial bone and suture formation (Goriely et al., 2003; Wilkie et al., 1993).
Similarly, human genetics identified a role for the polyalanine tracts within 5'-
homeodomain transcription factors and identified gain-of-function and selective
loss-of-function alleles of HOXA13 and HOXD13 (Goodman and Scambler, 2001).
Investigation of the causes of holoprosencephaly uncovered a slew of interacting gene
products, one of which is Shh (Ming and Muenke, 2002; Roessler and Muenke, 2003).
As has been seen, work on Bardet-Biedl syndrome and Hirschsprung’s disease
(amongst others) has helped provide models of gene interaction that should provide
a bridge to the understanding of more complex gene interaction underlying common
disorders, such as heart disease, stroke and cancer. Despite the millions of dollars
expended on schizophrenia research, so far the genetic variation with the greatest
relative risk for the disorder is deletion of chromosome 22ql1, a predisposition
identified by meticulous dissection of the phenotype of such patients followed by
studies in cohorts of schizophrenic patients (Murphy, 2002). Some classes of
mutation appear to be peculiarly human (e.g. trinucleotide repeat expansion),
although the mouse may provide a useful model for analysing the effect of such
mutations. Other mutations have an effect in man, but not in mouse. A case in point
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is sacral agenesis, part of Currarino triad. This human syndrome is caused by haplo-
insufficiency of the homeodomain transcription factor MNX1 (HLXB9) (Ross et al.,
1998). However, mice heterozygous for null mutations of MnxI are apparently
entirely normal and, although homozygotes have severe deficiencies in the develop-
ment of motorneurones and the pancreas (Arber ef al., 1999; Li et al., 1999), the
caudal axial skeleton is normal. A few genes are unique to humans and thus mouse
models cannot be easily produced. The gene SHOXI1 maps to the pseudoautosomal
region of the X and Y chromosomes and is haplo-insufficient in Leri—-Weill syndrome
and nullizygous in Langer syndrome (Belin et al., 1998; Shears et al., 1998). The
mouse has no ShoxI gene, but both humans and mice have an orthologous autosomal
gene Shox2. Perhaps SHOXI function can be analysed by transgenesis, or a targeted
replacement of Shox2 by Shox1.

Thus, human genetics should be considered as part of the armamentarium of the
developmental biologist, providing novel entry points to developmental pathways. At
the same time, the value of being able to provide a molecular diagnosis should not be
underestimated from the patient’s and family’s point of view. In some circumstances
it will allow antenatal diagnosis if desired, and it may provide a better idea of
prognosis. Finally, access to welfare and social service support is sometimes improved
by the provision of a firm diagnosis.
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Transgenic Technology and

Its Role in Understanding
Normal and Abnormal Mammalian
Development

Valerie Vidal and Andreas Schedl

Introduction

The last 15 years have been exceptionally successful for developmental biologists. The
enormous advances in understanding mammalian development and organ formation
would have been unthinkable without the improvements in transgenic technologies.
With some exceptions studies are restricted to the mouse, which, due to its small size,
rapid cycle of generation and the ease with which its genome can be modified, is now
the model of choice. Consequently, mouse development has become a paradigm for
the study of developmental processes in mammals and has been used to generate a
large variety of models for human disorders. The genetic bases of diseases are diverse
and consequently requires a similarly complex technology to study them. Fortunately,
the last few years have seen the development of sophisticated tools that allow the re-
creation of almost any genetic alteration found in patients in the mouse genome.
Moreover, transgenic strategies have been developed to confirm the function of a
gene in molecular pathways.

Transgenic technologies can be essentially divided into two separate approaches:
classical transgenic mice, in which genetic information (a transgene) integrates
randomly into the host genome, and mice that are genetically modified using
homologous recombination, thus targeting foreign DNA to a specific locus in the
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genome. Both methods are equally important and serve distinct purposes. In the
following sections we will outline the basic approaches and applications of each
technique, and describe the various improvements that have been developed over the
last few years.

Transgenic mice
Principles

Transgenic mice are traditionally generated by micro-injecting linearized DNA into
the male pronucleus of fertilized oocytes (Figure 5.1). Characteristically, 1-2 pl of a
2 ng/ul DNA solution is injected, which, with a standard construct, will represent up
to 1000 copies of DNA. Integration of transgenes occurs usually at a single site, with
as many as 1-100 copies fused in a head-to-tail fashion. When generating transgenic
animals, one should be aware that insertion of the DNA occurs randomly into the
host genome. This has several important implications. The integration event can
occur close to or within a gene and can thus disrupt its function, creating either a loss
of function or a dominant phenotype. Loss-of-function mutations are mostly

(a) — (©) [ Tissue-specific
I T = o | I expression
Promoter cDNA IVS @
pA /\7
T e > Ectopic activation

(b)
\/ CH;  CH3CH, @ CH,
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Figure 5.1 Overview of the generation of transgenic mice by microinjection. (a) Typical design of a
plasmid-based transgene. A tissue-specific promoter fragment is cloned in front of a cDNA. The
addition of an intronic sequence (IVS) and a polyadenylation site (polyA) increases the stability of
mRNA produced. (b) Linear DNA is injected into the male pronucleus of fertilized mouse oocytes.
Multiple copies of a transgene insert randomly into the host genome, usually as head-to-tail fusions.
(c) Possible effects of the integration site on transgene expression. The promoter of a transgene can
be ectopically activated by enhancers situated near the site of integration. Alternatively,
methylation or integration into heterochromatin can inactivate expression of a transgene. (d)
Comparison of transgene sizes. Traditional plasmid-based vectors allow cloning of inserts up to 20 Kb.
BAC and YAC constructs are much longer, shield the transgene from position effect and allow cloning
of the entire locus, including exons, introns and regulatory elements. Consequently, expression from
these transgenes is usually copy-number-dependent and position-independent
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recessive and a mutant phenotype can only be seen when transgenic lines are crossed
to homozygosity. While this is usually undesirable, it should be noted that gene
inactivation via transgenesis has been very instructive, since it leads to the identifica-
tion of genes with an important function. For example, the integration of a tyrosinase
minigene has interrupted the inversin gene, resulting in the situs inversus phenotype.
Homozygous inv mice show a constant reversal of left/right polarity (situs inversus)
and cyst formation in the kidneys (Mochizuki et al., 1998). Compared to random
mutagenesis, e.g. ENU-based, cloning of the underlying gene in transgene-induced
mutants is usually easier, since the transgene can be used as a bait to fish out flanking
sequences. However, it should be noted that transgenic insertions are occasionally
accompanied by rearrangements or deletions at the site of integration, which may
complicate the identification of the underlying gene defect.

Besides the inactivation of a gene, the expression of a transgene frequently depends
on the site of integration, a feature that is referred to as a ‘position effect’ and is well
known from Drosophila melanogaster genetics. Position effects come in many different
flavours and can range from methylation-mediated inactivation of the transgene to
ectopic activation due to the presence of an enhancer element close to the site of
integration (Figure 5.1). As a consequence, transgenic lines generated with the same
constructs can result in different phenotypes. Transgenic approaches have therefore to
be performed and interpreted with care and should include the analysis of several
independent transgenic lines to confirm the specificity of an observed phenotype.

Whereas standard (plasmid) transgenic constructs are constrained by the capacity
of plasmid-based cloning vectors (insert size up to 20 kb), the use of yeast artifical
chromosome (YAC; Schedl et al., 1992; Jakobovits et al., 1993; Strauss and Jaenisch,
1992) and bacterial artificial chromosome (BAC; Yang et al., 1997) vectors signifi-
cantly extended the versatility of transgenic approaches. The large size of these
constructs (BAC up to 300 kb, YAC up to 2 Mb) allows the cloning of an entire locus
rather than a cDNA (Figure 5.1). This has several significant implications. First, the
use of a genomic locus allows the inclusion of introns into a transgenic construct.
This is an important issue, since many genes are post-transcriptionally modified by
alternative splicing or RNA editing. BAC and YAC transgenesis therefore allows the
production of all products of a genomic locus in ratios reflecting the endogenous
situation. Second, the large size of BAC and YAC constructs usually ensures the
presence of regulatory elements, which in some cases can be located several hundred
kb upstream or downstream of a gene. Importantly, the use of these constructs does
not necessarily require a detailed knowledge of the position of regulatory elements
and BAC constructs can be used to drive expression of a transgene in a specific
compartment. Moreover, due to their large size and the inclusion of all regulatory
elements, expression of transgenes is usually copy number-dependent and position-
independent. Thus, this allows the analysis of gene dosage effects in a controlled
manner. Improvements in cloning methods and the recent development of homo-
logous recombination techniques in bacteria (Yang et al., 1997; Muyrers et al., 1999;
Lee et al., 2001) make these approaches the methods of choice for advanced and
reliable analysis in transgenic mice.
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Applications

There are several applications of transgenic technologies which include rescue
experiments, overexpression and ectopic expression studies, and analysis of cis-
regulatory sequences. Since it is impossible to provide a complete coverage of all
approaches, we have decided to concentrate on those which we believe are of most
importance in the study of developmental defects.

Rescue experiments Mouse mutants have been identified and studied for almost a
century, initially as spontaneously arising mutants and later on by a more systematic
approach, using large-scale mutagenesis. A large number of these mutants showed
developmental defects, often mimicking human syndromes. While these models
were initially used to characterize the developmental and physiological defects at a
descriptive level, it was important to identify the mutation underlying the defect.
Transgenic rescue or complementation of a phenotype is a crucial approach to prove
that a mutation associated with a disorder is causative for a phenotype. This has been
particularly important for positional cloning approaches, in which several genes are
removed due to large deletions, e.g. mice that have been generated by X-ray-induced
mutagenesis (Antoch et al, 1997). Given the random nature of the large-scale
N-ethyl-N-nitrosourea (ENU) mutagenesis screens that are currently performed at
several institutes, it is likely that complementation analysis will become more and
more important to confirm gene function.

To test whether a gene can rescue a phenotype, the gene in question is expressed in
the same spatial and temporal pattern as the endogenous locus, ideally using its own
promoter. In that respect, BAC or YAC transgenic approaches are the method of
choice, since these large constructs are likely to contain all regulatory elements to
confer tissue specific expression of the transgene and do not have to be modified
before microinjection.

Overexpression studies

Clearly most disorders are caused by loss-of-function or dominant/dominant-
negative mutations affecting gene function. A separate class of disorders is caused
by ‘overexpression’ of a gene/genes. In nature there are different reasons for such an
‘overexpression’ to occur. These can include mutations in cis-regulatory control
regions, such as enhancers or promoters, which can lead to an increase of trans-
criptional activity, mutations that positively affect mRNA or protein stability or
those that interfere with degradation pathways. The most common reasons for
overexpression-caused disorders, however, are duplications of genomic regions.
Duplication of genetic material is often due to translocations, chromosomal duplications
or trisomies, most notably trisomy 21 (Down’s syndrome). It is clear that the various
phenotypic aspects of these syndromes are caused by the overexpression of several
genes. Transgenic analysis allows us to dissect the contribution of each gene mapping



CH 05 TRANSGENIC TECHNOLOGY AND ITS ROLE 83

to a duplicated chromosomal region to a particular phenotype, and has demonstrated
that the chromosome 21-encoded Efs2 gene plays an important role in the cardiac
phenotype associated with Down’s syndrome (Sumarsono et al., 1996). Clearly, not
all genes are sensitive to gene dosage and in many ways it is surprising that a simple
increase from two to three copies of a gene can induce developmental defects. How
can we explain this observation? From an evolutionary point of view it makes sense to
express sufficient amounts of a protein from one allele, so that mutations in the
second allele do not interfere with survival. This also allows the second allele to
acquire a new function and thus contribute to the evolutionary process. However,
there are genes from which a precise amount of protein has to be produced. These
genes are often signalling molecules or factors involved in setting up or interpreting a
protein gradient. Changes in expression levels will distort this gradient and result in
changes of the timing of development.

Ectopic expression studies

In contrast to overexpression studies, in which a gene is expressed according to its
endogenous pattern, ectopic expression directs a transgene to tissues or at times
where it is not normally found. This approach is very important, as it allows us to test
whether expression of a gene is sufficient to activate a particular downstream target
and whether it can direct differentiation of cells along a specific developmental
pathway. As an example, we have ectopically expressed the male-specific gene Sox9 in
XX gonads using a gonad-specific promoter. Transgenic XX mice developed testes
instead of ovaries (Vidal et al., 2001). This study thus confirmed that Sox9 is sufficient
to induce the male-specific pathway and placed the gene at the top of a molecular
cascade of male development.

Ectopic expression studies can be performed either using a well-defined promoter
fragment of a heterologous promoter or by replacing the coding region of a gene
(knock-in approach). Although the latter strategy is often performed using gene
targeting in embryonic stem cells (see below), the advances in YAC/BAC transgenic
technologies and the development of BAC cloning techniques using homologous
recombination now also allow the efficient insertion of a cDNA into a locus encoded
on a BAC. The advantages of this approach include the much more rapid generation
of transgenic lines when compared to ES-cell gene targeting and the fact that
BAC transgenesis does not usually lead to the disruption of an endogenous gene.

Analysis of cis-regulatory elements

During development expression of genes has to be tightly regulated. This is achieved
through an intricate network of factors that bind to promoter and enhancer
sequences and control the transcription of downstream target genes. Molecular
pathways are not necessarily linear and there is a significant amount of cross-regulation
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between individual factors. While most enhancers are located in close proximity to
the 5’end of a gene, some genes have very complex regulatory regions, which can
extend over as much as 1 Mb. This is demonstrated in patients suffering from
syndromes such as campomelic dysplasia or aniridia, in which rearrangements
(translocation or inversions) up to 1 Mb upstream of SOX9 (Pfeifer et al., 1999)
or 300 kb downstream of PAX6 (Kleinjan et al., 2001), respectively, result in severe
developmental disorders. Besides the classical enhancer elements there are also
sequences that may have a more basic role in organizing chromatin structure
(chromatin organizer, matrix attachment region, locus control regions or insulator
sequences) but which can be equally important for proper expression of a gene.

Understanding the regulation of genes is crucial, as it allows us to decipher
molecular networks and thus to comprehend developmental processes at the
molecular level. Moreover, sequences that regulate expression are essential for proper
functioning of a gene and are therefore potential sites for mutations in human
diseases. Although mutations are mostly identified in the coding region of a genes,
this may simply represent the bias of researchers, since regulatory sequences are less
obvious than open reading frames and thus less accessible for mutagenesis screens.

Traditionally, in vitro studies, such as co-transfection into cultured cell lines, were
employed to show that a specific sequence is required for the activation of a gene.
Since these approaches do not take into account chromatin structure, data obtained
by in vitro analysis have to be interpreted with care. In transgenic mice, and
particularly in YAC/BAC transgenic mice, we can analyse the importance of re-
gulatory elements in an almost natural context. To facilitate the analysis of enhancers,
a reporter gene (lacZ or GFP) is linked to a minimal promoter, which gains activity
only in the context of additional expression-promoting sequences (Kothary et al.,
1989). This type of analysis has been used to demonstrate the modularity of activating
sequences with individual tissue-specific enhancers attached to one gene.

Inducible systems

So far we have discussed the use of endogenous genomic sequences to direct
transgene expression to a specific tissue. While this is adequate for a large number
of assays, it is clear that many applications require a more amenable way of
controlling the expression of a gene. This is particularly desirable for the analysis
of gene function in the adult situation, e.g. physiological problems. Recent develop-
ments of inducible systems are beginning to address this problem and there are now
several options to control activation of a gene through the administration of drugs.
Probably the most frequently used approach is based on the bacterial tetracycline
sensing system, using the tetracycline-controlled transactivator tTA (effector) in
combination with a responsive promoter (responder construct), usually encoded on
two distinct transgenes and brought together by genetic mating (Figure 5.2). tTA
represents a fusion protein between the DNA-binding domain of the tetracycline
repressor (TetR) coupled to the transcriptional activation domain of the viral protein
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Figure 5.2 Schematic representation of the tetracycline-inducible system. Two alternative
systems are available. (a) Tet-off: in the absence of tetracycline, the DNA-binding domain of the
tetracycline-controlled transactivator (tTA) interacts with the recognition sequence and activates
expression of the transgene. Binding of tetracycline to the ligand-binding domain of the tTA protein
induces conformational changes, leading to the release of tTA from the DNA recognition sequence.
The expression of the transgene is then shut down. (b) Tet-on system. The rtTA protein is initially
inactive. Upon binding of tetracycline to the ligand-binding domain, rtTA gains DNA-binding
activity and the transgene becomes activated

VP16. In its original version, the DNA-binding domain of the tTA protein binds to its
recognition sequence in the absence of its ligand tetracycline and the target promoter
is thus active. Upon binding of tetracycline, the repressor changes its conformation,
loses its affinity to the DNA recognition sequence and, as a result, transcription stops
(Tet-off system). The tetracycline system also exists in the opposite configuration,
which allows activation of a target gene upon tetracycline administration (Tet-on
system). Nowadays tetracycline is usually substituted by the commercially available
compound Doxycycline (Dox). In addition to the tetracycline-inducible system, there
exist some alternative hormone receptor-based strategies, including progesterone
(Gardner et al., 1996; Kellendonk et al., 1999; Wang et al., 1999) and ecdysone (No
et al., 1996). Since they have not been used very much in transgenic approaches, we
will not discuss them in detail.

Induction using the Cre—loxP system

In addition to the above substrate-induced transgenic system, we can also induce
transgene expression using a site-specific recombinase (e.g. Cre, Flp) in combination
with a stop cassette. Site-specific recombinases are extremely versatile for the
manipulation of the mouse genome and have been used for a wide variety of
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Figure 5.3 Site-specific recombinases used for conditional gene targeting. (a) LoxP and FRT are
palindromic sequences interrupted by an 8 bp spacer, which are recognized by the Cre and Flp
recombinases, respectively. (b) Excision vs. inversion. Excision of intervening DNA occurs when
the loxP or frt sites are inserted in the same orientation. When the loxP or frt sequences are in the
opposite orientation, recombination between these sites will lead to the inversion of the
intervening sequence. LoxP or frt sites are represented by black triangles

approaches, including conditional gene targeting and chromosome engineering (see
below). Hence it is worthwhile discussing some of their features in more detail.

Site-specific recombinases recognize short palindromic sequences (34 bp) and
induce homologous recombination between two of these sites (Figure 5.3). Depend-
ing on the orientation of the pair of recognition sites, Cre-recombination results in
the inversion (opposite orientation) or excision (same orientation) of the intervening
sequence (Figure 5.3). Currently there are two site-specific recombination systems in
use to manipulate the mouse genome: the Cre—loxP system, which was isolated from
the P1 bacteriophage, and the yeast Flp—FRT system (Figure 5.3; for review, see
Branda and Dymecki, 2004).

The Cre—loxP system has been used to activate genes in a tissue-specific manner.
The gene of interest is cloned under the control of a ubiquitously expressing
promoter. To avoid expression of the gene in all tissues, a stop cassette (inactivation
cassette) flanked by loxP sites is inserted between the transcription start site and the
coding region of the gene, thus rendering this transgene silent. Activation is achieved
via a second transgene, which expresses the Cre-recombinase in a tissue-specific
manner. In tissues where no Cre is expressed the transgene remains silent. In contrast,
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Figure 5.4 Cell lineage analysis. To determine the origin of a cell type, mice carrying an
inactivated reporter gene placed under the control of an ubiquitous promoter are crossed with mice
carrying the Cre recombinase under the control of a tissue-specific promoter. In double transgenic
animals, the Cre recombinase will be expressed in a tissue-specific manner, leading to the excision
of the inactivation cassette and expression of the reporter gene in this subset of cells. During
embryogenesis these cells may differentiate along different pathways. However, all cells will
maintain expression of the reporter gene, which was activated at an early time point. Thus, this
analysis can be used to trace back the developmental origin of a cell type

Cre-recombinase expression leads to excision of the stop cassette and hence activa-
tion of the transgene (Figure 5.4). It should be noted that, in contrast to the
tetracycline or hormone-induced systems, this activation is irreversible, since it is
based on a permanent genetic modification of the transgene. Although this may be of
disadvantage for some applications, developmental biologists have made use of this
system by employing it for cell lineage analysis.

To achieve this, a reporter gene (lacZ) driven by a ubiquitous promoter was
generated, which in its original form is inactive due to a loxP-flanked poly-
adenylation signal after the transcription start of the lacZ reporter gene. To analyse
cell lineages, these reporter mice are crossed with animals transgenic for a
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Cre-recombinase expressed in a tissue-specific pattern. Excision of the polyadenylation
signal, and thus activation of the reporter gene, occurs only in those tissues where the
Cre-recombinase is active. However, since the reporter gene is driven by a ubiquitously
expressing promoter, all tissues derived from this cell will maintain expression of lacZ,
independent of the transcription state of the Cre transgene. This type of analysis has
provided important clues about the inter-relations of cells and tissues.

siRNA approaches

While homologous recombination provides a very direct way of identifying the
function of a gene, the establishment of mice carrying a targeted allele is still a time-
consuming process. siRNA (short interfering RNA) approaches may offer an
attractive alternative. siRNA technology is based on the ability of short double-
stranded RNA oligos, or hairpin structures, to align with cellular mRNA and induce
degradation of the transcript (for review, see McManus and Sharp, 2002). Since
siRNA only rarely causes degradation of 100% of transcripts, we generally refer to a
‘knock-down’ rather than a ‘knock-out’ approach. Consequently, phenotypes
achieved vary with the siRNA used and often represent hypomorphs. This metho-
dology has now been tested extensively in cell culture, organ culture (Sakai et al.,
2003; Davies et al., 2004) and in some cases even in transgenic mice (Kunath et al.,
2003; Carmell et al., 2003). Despite the enormous potential of siRNA approaches, we
should be cautious with this new technology. This was demonstrated by a recent
report that showed that siRNA can induce unexpected changes in the expression
levels of untargeted proteins (Scacheri et al., 2004).

Genetic manipulation using gene targeting in ES cells

Of equal importance to transgenic techniques has been the development of gene-
targeting technology for the analysis of the function of genes in developmental
processes. A crucial step was the establishment of totipotent embryonic stem (ES) cell
lines which, when reintroduced into mouse blastocysts, can give rise to all cell types.
ES cells can be easily manipulated in vitro, allowing the introduction of a variety of
genetic alterations at an endogenous gene locus.

Principles

Site-directed mutagenesis of the mouse genome is based on homologous recombina-
tion between a targeting construct introduced by electroporation into ES cells and the
corresponding endogenous sequence brought about by the cellular recombination
system. Clones are selected on the basis of a selectable marker (e.g. neomycin) co-
introduced with the targeting construct and can include a counter-selection (e.g.
thymidine kinase) against non-homologously recombined clones (Figure 5.5). An
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Figure 5.5 Site-directed mutagenesis of the mouse genome. (a) Design of a knock-out strategy.
The targeting construct possesses a selection marker (Neo) flanked by sequences homologous to the
target gene (Gene A), and in addition it contains a counter-selection marker (7k) at its 3’-end. Upon
electroporation of this construct in ES cells, recombination will take place between homologous
sequences, leading to the replacement of the endogenous wild-type gene by its knock-out allele.
(b) Standard design of a knock-in (gene-replacement) experiment. The targeting construct harbours
the gene to be inserted (Gene B), selection (Neo) and counter-selection markers (7k), and it
possesses homology to an endogenous locus (Gene A). Upon electroporation of the targeting
construct into ES cells, recombination occurs between sequences of homology, leading to the
insertion of the construct into the genomic locus. Expression of the transgene will be driven by
regulatory elements provided by the endogenous (‘*host’) locus. Neo, neomycin resistance gene; Tk,
thymidine kinase gene
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increase in the length of the homologous region provided on the targeting construct
(Hasty et al., 1991b), as well as the use of isogenic DNA (te Riele ef al., 1992),
improves targeting efficiencies dramatically, which are usually in the range 0.1-30%
of selected clones. Several strategies have been developed, which allow a variety of
different manipulations.

Knock-out

The standard knock-out approach has been the most important breakthrough in
analysing gene function. Function is usually tested by deleting sequences that code for
an important part of the protein and observing the resultant phenotype. To allow
easy monitoring of gene expression, part of the gene can also be replaced by a marker
gene such as lacZ. This insertion has two positive effects. First, it allows determina-
tion of the expression of the endogenous gene in much greater detail than conven-
tional methods allow and has often helped in discovering new expression domains,
due to its higher sensitivity compared to in situ hybridization. Second, the lacZ gene
can be used to determine the fate of cells in a homozygous knock-out. For example, if
a gene is required for the migration or survival of cells, a complete knock-out of this
gene would result in misplacement or absence of these cells. Such an analysis can
therefore be very instructive in elucidating the function of a gene during normal
development.

Conditional knock-outs

Although gene targeting represents a remarkable tool to analyse gene function, it
quickly became clear that there are several questions that cannot be addressed with
this methodology. Genes often function at several different stages during develop-
ment. However, if a gene is essential for embryonic survival at an early development
stage, a complete knock-out would result in embryonic lethality and thus preclude
the analysis of gene function at later stages of development. Conditional mutagenesis
using site-specific recombinases provided the answer to this problem. To direct
deletion of a gene in a specific tissue, transgenic mice are generated with the site-
specific recombinase (Cre) cloned under the control of a tissue-specific promoter.
Genetic mating of transgenic mice with animals carrying a conditional allele leads to
excision (inactivation) of a gene only in those tissues were the Cre-recombinase is
expressed (Figure 5.6). For example, this tissue-specific approach allowed the analysis
of B-catenin function in a variety of tissues, including the hair (Huelsken et al., 2001),
nervous system (Hari et al., 2002; Brault et al., 2001) and endoderm (Lickert et al.,
2002), despite the fact that complete knock-out mice die at E7.5 due to gastrulation
defects (Haegel et al., 1995). At present the major limitation of this technique is the
specificity and efficiency of Cre lines available, a problem which will surely be ad-
dressed in future research.
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Figure 5.6 Design of a conditional knock-out experiment. Transgenic mice are generated from
modified ES cells, which contain two LoxP sites inserted into the locus to be depleted. These mice
are crossed with mice expressing the Cre-recombinase in a tissue-specific manner. In double
transgenic mice, in cells expressing the Cre-recombinase, the genomic DNA flanked by the LoxP sites
will be excised, generating a null allele

In addition to straightforward tissue-specific approaches, inducible Cre lines have
been developed that allow stimulation of Cre activity upon drug administration. The
most commonly used is a fusion between the oestrogen receptor ligand-binding
domain and the Cre-recombinase (Cre—ER) (Brocard et al., 1997; Feil et al., 1996).
This fusion renders the Cre-recombinase inactive. However, upon binding of its ligand
the three-dimensional structure of the protein changes and the Cre-recombinase
becomes active. Thus, administration of tamoxifen can be used to induce recombina-
tion, an approach that has been employed to delete the retinoid X receptor-a (RXR-«
in adult mouse keratinocytes; Li et al., 2000).

Introduction of subtle mutations

A high proportion of human disorders are due to single base changes rather than
complete deletions. While some of these mutations result in a complete loss of gene
function (frame shift, stop-codon, etc.), there exist also many other possible
consequences. Point mutations can result in reduced activity of the protein and
thus create ‘hypomorphic alleles’ or they can interfere with only one particular
function in the case of multifunctional proteins. In addition, they can provoke
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additional functions or constitutive activation of a protein. While the molecular
consequence of such a mutation can often be tested in vitro, the developmental
aspect has to be analysed in vivo. Consequently, there have been an increasing
number of studies using subtle gene targeting to recreate mutations found in
human patients.

Introduction of point mutations is more demanding than a simple knock-out and
usually requires two consecutive steps of genetic manipulation. There are several
strategies available: ‘hit-and-run’, ‘double-replacement’ and ‘Cre—lox-based’ strate-
gies (see Figure 5.7). The hit-and-run strategy was first described by Hasty et al.
(1991a) and is based on an integration-type targeting vector carrying the mutation.
Integration occurs through a single cross-over event and leads to a duplication of part
of the gene. The second step involves the spontaneous excision of the integrated
allele. Excised clones are selected for using a counter-selectable marker, such as HPRT
or the thymidine kinase gene (TK). The excision event can result in either the wild-
type or the mutant locus. Since this second event is rather inefficient, this
methodology has not been used very often.

In contrast to the hit-and-run strategy, double replacement is achieved through
two consecutive rounds of targeting events, using replacement-type vectors (Reid
et al., 1990). In the first targeting, a counter-selectable marker (e.g. TK) is inserted at
a position close to the site where the subtle mutation should be introduced. The
second targeting event is designed to replace the counter-selectable marker with a
piece of genomic DNA carrying the desired mutation. Similarly to the hit-and-run
strategy, the efficiency of this technique can be rather low, since gene conversion of
the targeted to the wild-type allele significantly contributes to false positives in the
second round of targeting.

By now the most frequently used technology to create subtle mutations is based on
the Cre—lox system. The mutation is introduced in one step using a standard gene
replacement approach. In a second step the selectable marker, which is flanked by
recombinase recognition sites, is removed by transient transfection with a site-specific
recombinase. Since this second step does not require homologous recombination, but
just transient expression of the Cre-recombinase, deletion of the selectable marker is
highly efficient. A drawback of this strategy is that one recognition site is left behind
during the excision event. Hence, to confirm that this sequence does not cause any
unwanted effects, it is essential to generate a control allele carrying the recombination
recognition site but lacking the point mutation (see e.g. Arango et al., 1999). Mice
carrying this control allele should develop normally.

Knock-in strategies

We have seen above that ectopic expression of genes is often desirable to gain
information about the function of a gene. Transgenic constructs are often hampered
by the lack of regulatory elements driving expression of a gene in the appropriate com-
partment. As an alternative we can introduce a cDNA coding for a gene of interest
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into an existing gene, using homologous recombination. This gene-replacement
or ‘knock-in’ strategy usually results in the inactivation of the underlying gene
(Figure 5.5(b)). Although this may be undesirable in some cases, this approach has
been successfully used to test the functional redundancy of genes and to help to
clarify molecular pathways. For example, this technique was used to replace the Myf5
locus with myogenin cDNA (Wang et al., 1996). Homozygous Myf5 knock-out mice
show rib cage defects, but it was not clear whether these defects were due to the
failure of the early activation of the gene or to the unique interactions of Myf5 with
specific downstream targets. Mice expressing myogenin instead of Myf5 developed
normally, demonstrating the functional redundancy of Myf5 and myogenin for rib
formation.

If replacement of a gene is undesirable, the introduced gene can be joined with the
existing locus using IRES sequences (Martinez-Salas, 1999). These internal ribosomal
entry sites allow re-initiation of translation and thus lead to the translation of two
proteins from the same cDNA. Unfortunately, IRES sequences often work ineffi-
ciently and produce rather low amounts of the second gene product.

Chromosome engineering: the versatility of the Cre—lox system

Although the Cre—lox system plays a crucial role for conditional gene targeting, it can
be applied to a much wider range of applications. Human syndromes are frequently
caused by large deletions removing several genes on one chromosome. For example,
DiGeorge syndrome is caused by hemizygous deletion of human chromosome 22 and
characterized by cardiovascular defects. To recreate a mouse model for this disease,
two loxP sequences were inserted on either side of the region on mouse chromosome
16, which corresponds to the human DiGeorge region. Transient expression of Cre in
such ES resulted in a precise deletion of 1.2 Mb. Mice generated with these ES cells
mimicked the human syndrome at both the molecular and the phenotypic level, and
thus provided an excellent system to study the developmental defects of this
developmental disease (Lindsay et al., 1999). Furthermore, when combining site-
specific integration of a loxP sequence with randomly integrating retroviral vectors
carrying a loxP site, a series of nested deletions on the same chromosome can be
generated (Su et al., 2000).

Since loxP sites work in an oriented manner, the Cre—lox system can be used not
only to delete sequences but also to generate large inversions by placing the loxP sites
in the opposite orientation. This approach has recently been used to create a 24 cM
inversion on mouse chromosome 11. This represents the first mouse balancer
chromosome and will be an invaluable resource for functional analysis in combina-
tion with ENU mutagenesis screens (Zheng et al., 1999; Kile et al., 2003).

Finally, integration of loxP sites on distinct chromosomes and subsequent recom-
bination between these lox sites has been used to generate inter-chromosomal
translocations similar to those found in human patients (Smith et al., 1995; Van
Deursen et al., 1995).
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Outlook and future developments

Transgenic and ES cell technology have drastically changed the way developmental
problems are addressed. Despite the already impressive toolbox available, there are
still new techniques evolving. Surely, chromosome engineering in combination with
ENU mutagenesis will become extremely important to generate mutants for specific
parts of the mouse genome. On the other hand, improvements in siRNA technology
may allow rapid functional screens for genes in the transgenic system and may change
the way developmental problems are addressed. Finally, transgenic technology may
evolve towards mammalian artificial chromosomes (for a recent review, see Larin
and Mejia, 2002), which would not only increase the efficiency of transgenesis
but, more importantly, would also avoid the undesirable integration of the transgene
into the host genome. The importance of such vectors for somatic gene therapy is
self-evident.
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Chemical Teratogens:
Hazards, Tools and Clues

Nigel A. Brown (with revisions by Cheryll Tickle)

Introduction

Individual chemicals, a single drug or food contaminant for example, have been
recognized to cause only a small proportion of birth defects, perhaps less than 5%.
Nevertheless, since this represents a significant health burden, there is no excuse for
not making every effort to avoid such exposures, and this chapter will review some of
these human teratogens. Furthermore, the contribution of chemicals to human birth
defects may be much larger. In addition, studies of chemical teratogens can certainly
contribute more to understanding both normal and abnormal development. This
chapter will consider how chemical teratogens can: (a) phenocopy birth defects for
which there may be no convenient genetic models; (b) be used as tools to manipulate
development; (c) reveal unknown components of normal development; and (d) have
generated general principles applicable to human malformation.

When Etienne Geoffroy Saint-Hilaire concocted the term ‘teratology’ in the early
nineteenth century, he meant the study of birth defects, in a broad and all-
encompassing sense. However, in the 1960s, the thalidomide tragedy generated a
new field of investigation dedicated to ensuring that we are not exposed to
environmental influences that cause birth defects. This study of chemical and physical
agents, largely an aspect of toxicology, assumed the name ‘teratology’. That this field
is now termed ‘developmental toxicology’ (and ‘teratology’ has reverted to its original
meaning) provides the first general principle. It is clear from experimental studies that
chemically induced effects on prenatal development are manifested in many
more ways than the ‘monstrous’ defects of Hilaire. Pre- and perinatal death,
growth retardation, behavioural and functional impairment, germ cell mutation
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and adult-onset disease are all parts of the spectrum. There was no scientific reason to
consider structural defects separately when studying the consequences of embryonic
chemical insults, and there is equally no reason to be blinkered about wider effects
when considering human birth defects.

Prevention of environmental (non-genetic) causes of birth defects requires meth-
ods to detect teratogens (hazard identification) and to predict their human effect
(risk characterization). Testing is a thorny issue, particularly as society increasingly
questions the use of animals. Eventually, we will understand mechanisms of
teratogenesis and the conservation of developmental processes between species.
Until then, there is no choice but to do the best we can to devise tests that balance
the conflicting needs for sensitive detection and for humanity to animals. To
characterize risk, we need to know about the exposure, absorption, disposition,
metabolism and elimination of a chemical, both in the test system and in humans. All
these aspects are essential for the active prevention of birth defects, but are outside
the scope of this book.

Teratogens and human malformations

Lists of human teratogens are dangerous, and have undoubtedly resulted in the
deaths of many normal fetuses through needless therapeutic abortion. They are also
notoriously contentious, and for good reasons. Should a list give what we know has
happened, or what might happen? Many chemicals probably would cause human
malformation, given sufficient exposure. Should a list include only agents that cause
structural defects? What about miscarriage, functional effects, and so on? Should a list
include pharmacological effects, like the congenitally heroin-addicted baby, or
neonatal meconium ileus after anticholinergics? What evidence is required to place
chemicals on the list? Most importantly, what about dose? Ionizing radiation and
ethanol are undoubtedly human teratogens but all embryos are exposed to both from
natural sources. Lest there be any doubt: just because a pregnant woman has been
exposed to a chemical listed as a human teratogen does not necessarily justify a
termination of pregnancy, and just because a chemical is not on the list does not
guarantee its safety.

So, Table 6.1 is offered with caution. These are chemicals that certainly have
disrupted human prenatal development, meeting objective criteria for identification
(Shepard, 2002). The list is not comprehensive, but selected to illustrate the range of
effects and chemical classes. Perhaps the most important aspect of this list is that we
have no plausible molecular mechanism for over half of these teratogens. However,
successful investigation of those with known mechanisms has revealed previously
unknown processes in development, as discussed below.

It is sometimes said that all human teratogens have been identified by astute
clinical observation. This is both a truism and misleading: a truism in that, of course,
the only conclusive proof of human teratogenicity is an affected baby; misleading in
that several human teratogens were known animal teratogens before any human
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Table 6.1 Teratogens that have caused human birth defects

Molecular
Chemical Use Effects site of action
ACE inhibitors: Antihypertensive Patent ductus arteriosus, ACE (kininase II)
captopril, oligohydramnios, renal
enalapril, etc. abnormalities and
dysfunction, skull
hypoplasia
Androgens, including  Antimiscarriage Masculinization of female Androgen
synthetic progestens external genitals and receptor
urogenital sinus
Cytotoxic agents: Cancer Multiple malformations: DNA integrity?
cyclophosphamide, chemotherapy most organ systems
busulphan, etc.
Diethylstilboestrol Anti-miscarriage Multiple defects of female Oestrogen receptor
(and male less often)
reproductive tract, vaginal
adenocarcinoma
Diphenylhydantoin Anticonvulsant Nail and digit hypoplasia, ?
fetal hydantoin syndrome
Ethanol Recreational drug ~ Growth and mental Alcohol
retardation, craniofacial dehydrogenase

Folic acid antagonists:
aminopterin,
methotrexate, etc.

Lithium

Mercury, organic

Polychlorinated
biphenyls

Retinoids:
isotretinoin,
etretinate, etc.

Streptomycin

Tetracyclines

Thalidomide

Trimethadione

Abortifacient,
cancer
chemotherapy

Antidepressant

Food contaminant

Food contaminant

Anti-acne

Antituberculous

Antibiotic

Sedative

Anticonvulsant

and CNS defects, fetal

alcohol syndrome
Multiple malformations:

most organ systems

Cardiac defects:
Ebstein’s anomaly

Cerebral palsy,
microcephaly

Intrauterine growth
retardation, skin
discoloration

Multiple malformations:
craniofacial, CNS,
cardiac, thymic aplasia

Deafness

Tooth and bone
discoloration

Phocomelia, external ear
defects, oesophageal
and duodenal atresia,
tetralogy of Fallot, renal
agenesis

Cleft palate and other
craniofacial defects,
cardiac defects

DNA synthesis?

Retinoid
receptors

(continued)
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Table 6.1 (continued)

Molecular
Chemical Use Effects site of action
Valproic acid Anticonvulsant Spina bifida, cardiac Histone
defects, fetal deacetylase
valproate syndrome
Warfarin Anticoagulant Nasal hypoplasia, bone Vitamin
stippling K-dependent
bone matrix
protein?

ACE, angiotensin-converting enzyme.
See Shepard (2002) and Schardein (2000) for comprehensive listings, and Jones (2005) for full descriptions of
syndromes.

exposure (valproate, retinoids, lithium and angiotensin-converting enzyme inhibitors
in Table 6.1). Indeed, there have been no human teratogens identified over the past
30 years that were not already under suspicion from experimental studies. Who
knows how many more human teratogens might be in use were it not for current
testing? The pharmaceutical industry has shelves full of prospective drugs abandoned
because of teratogenicity in animals.

General strategy in chemical teratogenesis

The approach to discovering a mechanism of teratogenesis obviously depends upon the
properties of the chemical and the nature of the birth defects, but a general strategy is
shown in Figure 6.1. This has been a well-worn path for some 40 years, but there are still
few complete journeys, perhaps only for TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin)
and the glucocorticoids (see below) in addition to those in Table 6.1. The major impact of
the advances in developmental biology that fill this book has been to introduce a much
more solid background in which to take the final two steps towards cellular and molecular
mechanisms. The teratogenicity of the antiepileptic valproic acid (VPA; Depakene™,
Epilim™) illustrates the general strategy.

Valproic acid

VPA is a short-chain carboxylic acid, 2-propyl pentanoic acid (Figure 6.2). It was first
identified as a teratogen by orthodox animal testing. The site of action is embryonic
and the unchanged drug is the proximate teratogen, as shown by direct effects on
mammalian embryos in culture, which also showed effective concentrations close
to clinical plasma levels (Kao et al., 1981). This, and teratogenic doses well below
those toxic to the maternal animal, characterized VPA as a likely human teratogen
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Figure 6.1 General strategy for the investigation of mechanisms of chemical teratogenesis

(Brown et al., 1980). Clinically, the drug was first shown to cause spina bifida but it
can also induce malformations of the heart, craniofacies, axial skeleton and limb
(Thomas et al., 2004). A fetal valproate syndrome has been described, with facial
features in common with the fetal hydantoin syndrome (Jones, 2005).

Several antiepileptic drugs appear to cause birth defects: carbamazepine and
trimethadione, and perhaps some barbiturates, as well as valproate and the hydan-
toins (Thomas et al.,, 2004). This suggests a relationship between the mechanisms
of pharmacological and teratological effects, but may simply reflect the fact that
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Figure 6.2 Structure of valproic acid (VPA) and derivatives, showing stereoselectivity and the
separation of teratogenetic and anticonvulsant activities. Sedation is measured in adult mice as an
index of anticonvulsant activity. Teratogenicity is measured as the induction of exencephaly in
mice. Figure kindly provided by H. Nau (see review, Nau, 1994)

anticonvulsants are one of few classes of drug that women of child-bearing age take
chronically. The pharmacological mechanisms vary widely across the chemical
classes, but modulation of neurotransmitter levels is a feature in common. Some
neurotransmitters function in other capacities during development, and indeed this
may have been their primary role in early evolution (Lauder, 1993). The action of
valproate may be a clue to such a process. However, it is clear that the pharmaco-
logical and teratological activities of VPA are separable (Figure 6.2).

Studies of the relationship between delivered dose (the amount that reaches the site
of action — the embryo in this case) and response for VPA were instrumental in
establishing the importance of pharmacokinetics in teratogenesis (Nau and Scott,
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1987). In the case of VPA, it is peak plasma concentration (C,,,), not duration of
exposure (AUC), that correlates with teratogenic effect (see Nau and Scott, 1987). For
other chemicals, cyclophosphamide for example, the opposite is true. The fact that
not only dose, but also kinetics, determine teratogenic response has important
implications for clinical management in pregnancy. For example, divided doses are
preferable for VPA in women of child-bearing age. These studies also generated the
general principle that much of the often observed variation in species sensitivity to
teratogens is pharmacokinetic in origin, with wide variation in delivered dose after
the same administered dose (reviewed by O’Flaherty and Clarke, 1994).

Small structural changes to VPA have a profound effect on teratogenicity (see Nau,
1994). Two aspects are particularly interesting: separation of pharmacological and
teratological properties, and chirality (Figure 6.2). A metabolite of VPA, 2-ene-VPA,
retains anticonvulsant activity but is not teratogenic and is a candidate replacement
drug (Nau, 1994). Introducing a terminal triple bond in one of the carboxyl side-
chains is one of the few modifications that enhances the teratogenicity of VPA. This
produces a molecule with an asymmetric centre, and the two enantiomers (R-4-yn-
VPA and S-4-yn-VPA) differ markedly in their teratogenic (and pharmacological)
potency. This is due to intrinsic activity, since both enantiomers distribute equally
into the embryonic compartment (Nau, 1994), and is suggestive of a receptor-
mediated action, but this remains enigmatic. Short-chain carboxylic acids, in general,
may share a common mechanism of teratogenicity (Coakley et al., 1986). The
teratogenicity of the glycol ethers, widely used industrial solvents, is mediated by
their stable alkoxyacid metabolites. For example, methoxyacetic acid is responsible
for the effects of ethyleneglycol monomethyl ether, and the structure—activity
relationship of these alkoxyacids is reminiscent of VPA.

The critical stage for VPA induction of spina bifida in the mouse is gestational day
9 (Nau, 1994) and the initial dysmorphogenesis may involve the neural suture and
presomitic mesoderm (Brown et al., 1991). Initial histological changes have been
described, including cell death in the neuroepithelium (Turner ef al., 1990), but the
molecular mechanism of VPA teratogenicity remains unknown. Early effects on lipid
synthesis, intracellular pH or zinc or neurotransmitter metabolism have been
suggested (reviewed by Nau, 1994), but perhaps most plausible is an effect on folate
metabolism. Supplementation with some folates can reduce the incidence of VPA-
induced defects, and VPA alters folate metabolism, perhaps by inhibition of
glutamate formyltransferase. However, folates also reduce the incidence of malfor-
mation from other genetic and chemical causes. This is clinically important and
several programmes are under way to supplement food with folate to reduce the risk
of neural tube defects, following the clear demonstration of its effectiveness in
controlled trials (Hall and Solehdin, 1998). Nevertheless, the mechanism of folate
protection against neural tube defects remains obscure (see Chapter 8) and, in the
case of VPA-induced defects, has not been reproducible in all laboratories (Hansen
and Grafton, 1991). Further research is clearly needed in this important area.
Recently it has been suggested that VPA teratogenicity is related to inhibition of
histone deacetylases (HDACs; Phiel er al., 2001), perhaps involving the peroxisome
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proliferator-activated receptor delta (PPARS; Lampen et al., 2001; 2005) and activation
of specificity protein 1 (Sp1)-related pathways (Kultima et al., 2004).

Gene-teratogen interaction

The susceptibility to VPA teratogenesis varies markedly across different inbred mouse
strains (Nau, 1994), a finding that has been utilized to map genes that confer
susceptibility or resistance to the teratogenic effects of VPA (Lundberg et al., 2004).
Although the molecular basis of the genetic modulation of VPA teratogenicity
remains unknown, it serves as an excellent example of a gene—teratogen interaction,
which has an important general principle with implications for the entire field of
teratology. We do not know the causes of most human birth defects, but it is clear
that only a small proportion, perhaps 20%, are Mendelian genetic syndromes. It is a
salutary thought that even when all the mutations responsible for McKusick’s (1994)
compendium are identified, it will not explain the vast majority of human mal-
formations. It is often said that most birth defects are multifactorial, that is, the result
of environmental action on a susceptible genotype. Some would say this is not
profoundly helpful, since if we exclude genotype and the environment there is
nothing left but chance, and it is too depressing to conclude that random develop-
mental ‘error’ is responsible for most human malformations. On the other hand, the
principle of gene—teratogen interaction has been formalized in the multifactorial/
threshold hypothesis of Fraser (1977) and this provides a useful conceptual model
(Figure 6.3).

Using the development of the palate as an example (Ferguson, 1988; see Chapter
10), Fraser (1977) suggested that the palatal shelves must become horizontal before a
critical stage, otherwise they will be unable to fuse and a cleft will result. Any
population of embryos will be distributed around a mean stage of shelf development,
due to usual biological variation. Many aspects of head development (tongue
motility, shelf growth, and so on) will contribute to this process, and each will be
influenced by both genetic and environmental factors. The proportion of embryos
that fall beyond the threshold depends upon this complex interaction. The search for
genetic variations in the human population that determine sensitivity to particular
environmental agents represents a major challenge for the future.

Teratogens and phenocopies

An understanding of the pathogenesis, that is, the sequence of cellular and tissue
changes leading to a particular malformation, can help to design the best approach to
corrective surgery, may suggest potential cellular and molecular changes, and can
identify critical aspects of normal development. As discussed throughout this book,
there are very many genetic animal models of human malformation, and new
transgenic knock-out models are being generated rapidly (see Chapter 4). Chemical
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Figure 6.3 Multifactorial/threshold model of teratogenesis. Cleft palate is proposed to result if the
palatal shelves do not become horizontal before a certain threshold (T) embryonic stage. A population
of embryos is distributed Normally about a mean stage of shelf elevation, with a small proportion
falling beyond the threshold. Many developmental processes (cranial base extension, extracellular
matrix accumulation, etc.) shift either the distribution of stages or the position of the threshold.
Each of these processes can be influenced by both genetic (G) and environmental (E) factors. After
Fraser (1977)

teratogens can phenocopy the abnormal phenotypes of some of these genetic models
and it is useful to be able to compare the pathogenesis of two different insults that
lead to the same malformation.

Chemical phenocopies have a long history (Landauer, 1948) but a couple of
examples are sufficient to illustrate the approach. The ideal phenocopy is one in
which the chemical induces a single malformation in all treated embryos. As a model
for the commonest human cardiac malformation, ventricular septal defect (VSD), the
anticonvulsant trimethadione (TMD) comes very close to these criteria (Veuthey
et al., 1990). VSD can be induced in 98% of rat fetuses treated with TMD, and the
critical changes appear to be in the proximal parts of the conotruncal ridges,
particularly the septal ridge. Bisdiamine can also induce close to 100% incidence
of cardiac malformation (Veuthey et al, 1990) and, although more varied in
morphology, this may be a phenocopy of the heart defects in the DiGeorge/
velo-cardio-facial syndrome. Recent findings indicate that mutations in TbxI are
responsible for the heart defects in this syndrome and for other associated abnorm-
alities (Yagi et al., 2003).

The herbicide nitrofen (2,4-dichlorophenyl-4’-nitrophenyl ether) is an interesting
experimental teratogen that phenocopies several malformations, including diaphrag-
matic hernia (Wickman et al., 1993). Nitrofen can also induce a 100% incidence of
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absence of the Harderian gland, a lacrimal gland prominent in some species but
rudimentary in man (reviewed by Manson, 1986). Its mechanism is not established
but may involve thyromimetic activity and it should be a useful tool to study the role
of the hypothalamic—pituitary—thyroid axis in development.

One area in which chemical phenocopies have been valuable is the gut atresias,
both oesophageal and anorectal. These are amongst the most common life-
threatening birth defects. Several chemical teratogens can induce gut atresias,
including ethylenenitrourea. A rat model has been developed in which treatment
with ethylenenitrourea leads to 80% incidence of anorectal malformations (Qi et al..,
2004). Recent work has shown that mouse embryos with defective hedgehog
signalling have both foregut and hindgut abnormalities; for example, embryos lacking
functional Shh (Litingtung et al., 1998; Ramalho-Santos et al., 2000) or Gli genes
(Motoyama et al., 1998; Mo et al., 2001) that encode transcriptional effectors of
Shh signalling.

One problem with the straight forward gene knock-out approach to studies of
developmental mechanisms is that the normal function of the affected gene is
prevented in all tissues and at all stages of development, which can considerably
complicate the analysis of effects, since the resultant phenotype will include
secondary and tertiary effects of gene elimination. There are, however, an increasing
number of conditional approaches available that allow genes to be functionally
inactivated in specific tissues and at specific times during development (Sauer, 1998;
Metzger and Chambon, 2001). Antisense oligonucleotides also provide an alternative
to complete knock-outs and may allow both spatial and temporal control over
interference in gene function (Sadler and Hunter, 1994). RNA interference technol-
ogies may also prove to be useful to knock down genes in cultured mouse embryos
(Calgeri et al., 2004) and in chick embryos (Bron et al, 2004; Chesnutt and
Niswander, 2004).

Teratogens as manipulative tools

There is a distinguished history of advances in understanding mechanisms of
development by following the consequences of induced abnormalities. Early studies,
around the turn of the century, usually used surgical tools, like the cautery needle of
Roux and the hair loop of Spemann (for historical perspectives, see Oppenheimer,
1967; Barrow, 1971), but chemical treatments were also common in those heydays of
experimental embryology. Experiments using lithium to induce transformation of
the germ layers of echinoderms, performed by Herbst in the 1890s and expanded by
both Horstadius and von Ubisch in the 1920s, were seminal studies, as were
‘animalization’ treatments with cyanide and other respiratory inhibitors by Lindhal
in the 1930s.

Clearly, early teratology contributed much to our understanding of development,
but are chemicals useful tools today? I believe they can be, but with the usual caveat
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that one does not know all the consequences of treatment. When Roux killed a
blastomere to examine its influence on the neighbouring cell, he did not know that
the dead cell would have a mechanical constraint on further development. So even
killing a cell, the easiest thing for an experimentalist to do, may induce an effect more
complex than is immediately apparent.

Early mammalian development is a progressive hierarchy of regional specification
by inductive interactions, rather than by autonomous cellular mechanisms. This
enables mammalian embryos to be highly regulative and, at least in theory, able to
repair damage. Very little is known of the mechanisms and capabilities of mammalian
embryos to regulate, and it is here that chemical teratogens could be very useful tools
but, ironically, are not being extensively utilized. In contrast, there are elegant studies
of the embryonic response to physical damage and wounding in both mammalian
and other embryos (Martin et al., 1994; Redd et al., 2004).

The only extensive studies of regulation following chemical insult concern the
recovery of mouse embryos from mitomycin C (MMC) treatment (reviewed by
Snow, 1987). This yielded important information on mechanisms of development
and suggested a novel mechanism of teratogenesis. MMC is an alkylating agent that
kills cells and arrests cell division. A single injection of MMC at primitive streak
stages in mice results in massive cell death, so that 12 hours later the neural plate
stage embryos contain only 10-15% of the normal number of cells. Despite this, most
(>85%) embryos survive and by the end of organogenesis are overtly normal and of
usual size. This is remarkable, given that many populations of cells are specified by
primitive streak stages, and suggests extensive respecification during recovery from
damage. At the end of organogenesis, less than 10% of embryos show gross
malformation, the most common defect being microphthalmia.

However, these apparently normal embryos harbour covert defects. Newborn
animals have severe neurological defects and few (< 30%) survive to weaning.
Even the healthy survivors have reduced fertility. Snow (1987) showed that the
synchrony in development of individual organ systems was not normal during
organogenesis, and suggested that this asynchrony is responsible for the subsequent
abnormalities. Organs could be grouped into those that showed little or no retardation
in their appearance, those with a moderate delay (5-6 hours), and those delayed by
more than 10 hours. Derivatives of all three germ layers were found in all groups, but
cells already committed to a particular tissue at the time of treatment (neural ectoderm,
heart, germ cells, hindgut, allantois) appeared least delayed.

The precise relationship between the start of sensitivity of a tissue or organ to
chemical disruption and its stage of development is another area where teratogens are
underutilized as tools. In broad terms, the variation in sensitivity with gestational age
has long been documented. For example, the peak sensitivity for thalidomide-
induced defects was 21-27 days post-conception for external ears, 27-30 days for
arms and 30-33 days for legs (Thomas et al., 2004). The start of sensitivity must often
relate to the allocation of cells to a particular fate, but this is poorly studied. An
excellent example of what can be learned is the startling limb and lower body
duplications following retinoic acid treatment at pre-implantation stages in the
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mouse, suggesting that aspects of body patterning may occur even before gastrulation
(Rutledge et al., 1994).

Programmed cell death is an important mechanism of morphogenesis. In many
phases of development, too many progenitor cells are produced and cell numbers are
subsequently regulated by programmed cell death. The numbers of neurones in the
optic stalk are an example of this (Raff, 1992). It is possible to manipulate regions of
cell death by chemical treatment. It has long been observed that cell death is a
common feature in the pathogenesis of chemically induced malformation (Scott,
1977). Furthermore, several teratogens, such as ethanol and retinoic acid, increase the
areas of normal programmed cell death (Sulik et al, 1988). This provides an
opportunity to vary, systematically, the proportion of cells in a particular region
that die, then study subsequent development. Furthermore, retinoic acid treatment
can ameliorate the interdigital webbing seen in the mouse hammertoe mutant by
enhancing the cell death that normally serves to separate the digits (Ahuja et al.,
1997). On the other hand, diminution of physiological cell death can itself lead to
congenital malformations (see Chapter 8), emphasizing the need during development
for a precise balance between cell proliferation and cell loss.

The mechanisms of teratogen expansion of regions of cell death are unknown, but
the view (Raff, 1992) that death is the fate of all cells, unless they receive sufficient
survival factors, provides a potential explanation. Competition for limited quantities
of survival factors from target cells may control the degree of ‘programmed’ death.
Such conditions would involve a fine balance between the production of sufficient vs.
insufficient factor by a group of signalling cells, with the population of respond-
ing cells on a knife-edge of survival. Any action that reduced the amount of factor
would expand the proportion of responding cells that died. One can imagine many
mechanisms by which a chemical teratogen could, rather unspecifically, reduce the
amount of survival factor: metabolic or growth inhibition, or killing of signalling
cells, for example. This would also provide a means whereby chemical teratogens of
diverse mechanism might act additively at one site.

Teratogens as clues

When an exogenous chemical has an unexpected potent teratological effect, parti-
cularly when a reproducible syndrome of defects is induced with a high frequency,
then suspicions should be raised that a fundamental developmental process is being
disrupted. In several such cases, the search for the teratogenic mechanisms has
provided valuable clues to normal mechanisms, whilst many others remain to be solved.

Retinoids

No chemical has received more attention, or contributed more to understanding
development over the past 20 years, than vitamin A (retinol) and its derivatives
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(see Chapters 7, 11 and 14). The first demonstration that mammalian development
could be profoundly affected by an environmental manipulation was Hale’s (1933)
observation of pigs born without eyeballs to sows on a vitamin A-deficient diet. The
very wide range of defects that could be caused by deficiency were beautifully
described by the fathers of modern teratology, Wilson and Warkany (see Wilson et
al., 1953), and they unknowingly provided phenocopies of recent multiple retinoic
acid receptor (RAR) and retinoid X receptor (RXR) targeted mutations. Subse-
quently, vitamin A excess was shown also to be a teratogen with a remarkable
spectrum of dysmorphic effects. Synthetic retinoids, isotretinoin and etretinate are
perhaps the most effective human teratogens known (Thomas et al., 2004).

It is now appreciated that retinoids play a widespread and critical role in
developmental control. Genes that encode enzymes that metabolize retinoids have
been identified and are expressed in embryos. Several of the genes encoding these
enzymes have been knocked out in mice and this leads to abnormalities. Embryos in
which the gene encoding Raldh2, retinaldehyde dehydrogenase 2, an enzyme that
controls retinoic acid synthesis from retinaldehyde, has been functionally activated,
do not undergo turning, are shortened with respect to the main body axis and die at
mid-gestation (Niederreither et al., 1999). Interestingly, it has been suggested that the
teratogenic effects of ethanol may be mediated by inhibiting alcohol dehydrogenase
catalysis of retinol to retinaldehyde (Deltour et al., 1996). Mouse embryos deficient in
the Cyp26al gene, which encodes a cytochrome P450 enzyme that catabolizes retinoic
acid, also die in mid-gestation and have major defects in several aspects of body
patterning (Abu-Abed et al., 2001). Cyp26al '~ mouse embryos can be phenotypi-
cally rescued by heterozygous disruption of Raldh2 (Niederreither et al., 2002). This
elegant genetic experiment shows that it is maintenance of the proper balance
of retinoic acid levels that is critical for development. In addition, the fact that
Cyp26al~'~, Raldh2"'~ mice are normal and can even survive to adulthood shows that
the oxidative derivatives of retinoic acid are not involved in retinoid signalling.

It is still not clear exactly how exogenous retinoids induce some of their teratogenic
effects. For example, the archetypal morphological effect of retinoid treatment at late
gastrulation/early neurulation is abnormal branchial arch development (Webster et
al., 1986). Treatment at this time can cause anterior shifts in the expression domains
of Hox genes (see Chapters 11 and 14) and the most profound result of this seems to
be the homeotic transformation of hindbrain rhombomeres (Marshall et al., 1992).
However, this does not seem to be involved in the development of abnormal arches,
since the critical stage for their induction is slightly later, when no shifts in Hox
expression are seen. The roles of extended cell death and inhibited cell migration,
which do occur in specific cell populations (Sulik et al., 1988), are not clear.

Jervine alkaloids/cyclopamine

A very good example of how understanding of developmental and of teratogenic
mechanisms has converged is seen in holoprosencephaly, which is characterized by a
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partial or complete absence of forebrain division into telencephalic vesicles, severe
skull defects and loss of midline facial structures. Holoprosencephaly in humans is
associated with haplo-insufficiency for a number of genes, among which is Sonic
hedgehog, one of the family of vertebrate Hedgehogs involved in mediating cell—cell
interactions. Holoprosencephaly is also associated with ingestion of jervine alkaloids,
and the reason why jervine alkaloids phenocopy genetic lesions has now been nicely
explained.

Mouse embryos in which Shh has been functionally inactivated show holoprosen-
cephaly (Chiang et al. 1996), while holoprosencephaly in humans can also be caused
by mutations in SHH (Belloni et al., 1996; Roessler et al., 1996), in Patched, which
encodes the Sonic hedgehog receptor (Ming et al., 2002), and in Gli2, which encodes
one of the transcriptional effectors of Sonic hedgehog signalling (Roessler et al.,
2003). Hedgehog proteins undergo cholesterol modification and this is important for
their biological activity (Beachy et al., 1997; Lewis et al., 2001). Defects in genes
encoding enzymes involved in cholesterol biosynthesis are also found in some human
patients; thus, for example, mutation of the gene encoding 7-dehydrocholesterol
reductase is the major defect in Smith—Lemli—-Opitz syndrome, which has holopro-
sencephaly as part of its phenotype (Fitzky et al., 1998; Cooper et al., 2003).

Holoprosencephaly can be phenocopied by cholesterol inhibitors. Sheep born to
ewes which ingested Veratrum californicum during pregnancy were found to suffer
severe cyclopia. This plant produces jervine alkaloids and these have been shown to
inhibit cholesterol biosynthesis (Cooper et al., 1998). It has emerged, however, that
jervine alkaloids do not act by perturbing cholesterol modification of Hedgehog
proteins, as might be expected, but instead antagonize signalling through smooth-
ened, the key cell-surface transducer of Hedgehog signals (Taipale et al., 2000).

Dioxins

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD; dioxin) is the most potent of the
halogenated aromatic hydrocarbons. It is a contaminant of many industrial mixtures,
most famously the Agent Orange herbicide sprayed on Vietnam. Concern over the
developmental effects of TCDD began with the demonstration that birth defects
induced by 2,4,5-T (a component of Agent Orange) in rats and mice were actually
caused by contaminating TCDD (reviewed by Peterson et al., 1993). The usual model
of TCDD teratogenicity is cleft palate induction in mice, but kidney, brain and other
organs are also affected. It is thought that the ectodermal dysplasia syndrome
in offspring of women from Yusho and Yu-Cheng who consumed contaminated
rice oil was caused by TCDD, but many other contaminants were present (Peterson
et al., 1993).

The extraordinary potency of TCDD led to studies of molecular mechanisms that
have provided one of the most complete descriptions of chemical teratogenesis.
Postnatal behavioural and neuroendocrine functions are among the most TCDD-
sensitive developmental processes. Significant effects on reproductive function have
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been found in male rat offspring after a single dose of 64 ng/kg on day 15 of gestation
(Mably et al., 1992). The offspring of rhesus monkeys exposed to less than 1 ng/kg/day
before pregnancy were reported to have measurable behavioural changes (Schantz
and Bowman, 1989).

TCDD produces cleft palate by an unusual cellular mechanism (Abbott and
Bimbaum, 1989, 1990a, 1991). The palatal shelves of treated mice grow and make
contact normally, but the subsequent loss of periderm, shelf adhesion and medial
epithelium—mesenchyme transformation does not occur. Rather than transforming,
TCDD-treated medial epithelium cells proliferate and differentiate into a stratified
epithelium. This occurs in palate cultures from mouse, rat and human embryos,
although the mouse is most sensitive. It is possible that this effect is mediated by an
interference with epidermal growth factor (EGF) or transforming growth factor
(TGF) functions (Abbott and Birnbaum, 1990b), and an effect on the regulation
of EGF receptors may also be involved in TCDD actions on kidney develop-
ment (Abbott and Bimbaum, 1990c¢). It is clear that palate epithelium cells have a
high-affinity receptor for TCDD, the aryl hydrocarbon receptor (AhR; Abbott
et al., 1994a).

The mouse AhR gene encodes an 89 kDa transcription factor of the basic helix—
loop—helix (bHLH) family (Figure 6.4; reviewed by Whitlock, 1993). It has a DNA-
binding domain, a glutamate-rich activation domain, and a ‘PAS’ domain, named
after homology with Per (encoding the Drosophila circadian rhythm protein), Arnt
(encoding a protein that dimerizes with Ah, see below) and Sim (encoding a CNS
development regulator in Drosophila), which may be involved in ligand binding.
When unbound by ligand, AhR resides in the cytoplasm and is translocated to the
nucleus on TCDD binding. Arnt (Ah receptor nuclear translocator, also known as
hypoxia inducible factor la) is an 86 kDa nuclear protein, which also has bHLH
and PAS domains (Whitelaw et al., 1993). It has no affinity for TCDD or the
unbound AhR, but forms a heterodimer with activated AhR. Neither activated AhR
nor Arnt have substantial DNA-binding activity as monomers. By analogy with
other bHLH proteins and other classes of transcription factor, it is possible that the
diversity in biological effects of TCDD is the result of differential gene regulation,
mediated by heterodimers of AhR with as-yet uncharacterized proteins. AhR
associates with the 90 kDa heat-shock protein (Hsp90) in cytoplasm, which is
thought to maintain the receptor in a conformation optimal for ligand binding
and to prevent the inappropriate binding of the unliganded receptor to DNA
(Pongratz et al., 1992).

TCDD is a strong inducer of the expression of the cytochrome P450 1Al isozyme
(CYPIAI gene). Studies of this gene have identified the dioxin-responsive element
(DRE), a hexanucleotide core recognition sequence that is present in multiple copies
(probably six) within the enhancer region (Saatcioglu et al., 1990; Wu and Whitlock,
1993). DREs have been identified upstream of other TCDD-inducible genes (Pimental
et al., 1993).

The link between TCDD-AhR-mediated changes in gene expression and abnormal
development has yet to be established. AhR mRNA and protein are expressed in
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Figure 6.4 TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) regulation of gene expression. TCDD binds
to the aryl hydrocarbon receptor (AhR), which is held in an accessible conformation in the
cytoplasm by a 90 kDa heat shock protein (Hsp90). Binding activates the AhR, releasing Hsp90 and
translocating into the nucleus. Here it dimerizes with other helix—loop-helix (HLH) proteins,
including the Arnt protein and other unidentified factors. The dimer is phosphorylated, possibly
by protein kinase C (PKC), before binding to dioxin-responsive elements (DREs) in the enhancer
regions of regulated genes. TGF, transforming growth factor; EGF, epidermal growth factor; GR,
glucocorticoid receptor. After Whitlock (1993)

mouse palate, particularly in the epithelium (Abbott et al., 1994a). There is tissue and
spatial variation in intracellular distribution of the protein: perinuclear in the
mesenchyme, and cytoplasmic and nuclear in the medial fusing epithelium. Changes
in the levels of TGFa and TGFf, and of EGF and its receptor, have been observed
following TCDD exposure, presumably mediated by AhR regulation (Abbott and
Birnbaum, 1989, 1990b). These growth factor changes are consistent with the
abnormal proliferation of medial epithelial cells and the importance of these
signalling pathways can be assessed using knock-out mice (Abbott et al., 2003).
TCDD synergizes with excess glucocorticoids in the induction of cleft palate in the
mouse, and it has been proposed that there is a cycle of mutual induction involving
the AhR and glucocorticoid receptors (Abbott et al., 1994b). Because TCDD affects
neuroendocrine development, there may also be interactions between the AhR and
oestrogen and/or androgen receptor-mediated regulation (Whitlock, 1993). The study
of a recently developed transgenic mouse model in which the mouse Ahr gene has
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been replaced by a human AHR gene may provide more relevant information about
the basis of teratogenic effects of TCCD in humans (Moriguchi et al., 2003).

The natural ligand for AhR is not known. There are naturally occurring chemicals
with a high affinity for the receptor, particularly in plants, so it is possible that the
receptor evolved to induce the enzymes responsible for the metabolism of some
ingested lipophilic chemicals. If this were the case, however, it is not clear why the
receptor would be expressed during embryogenesis. An attractive hypothesis is that
there is an unidentified natural ligand which has an important role in normal
development. Consistent with this, the phenotype of AhR-deficient mice reveals that
the receptor is critical for liver formation and development of the immune system
(reviewed Carlson and Perdew, 2002). Arnt™’~ mouse embryos die in utero due
primarily to failure of placental differentiation (Kozak et al., 1997), suggesting an
essential role for Arnt in angiogenesis. Further evidence for members of this pathway
being involved in normal development is the recent finding that CYP1A1 activity can
be detected in early mouse embryos, although it is not clear whether expression is
regulated through the Ah receptor (Campbell ef al., 2005).

Cytochrome P450s comprise one of the most important families of xenobiotic
metabolizing enzymes. Another P450, CYP1BI, originally cloned as a dioxin-
responsive cDNA, is now linked to abnormal eye development in humans (reviewed
Stoilov, 2001). Indeed, there is increasing evidence for endogenous roles in devel-
opment for other P450s, e.g. CYP26 (see above) in connection with retinoic acid
signalling. Furthermore, functional inactivation in mice of P450 oxidoreductase
(POR), the electron donor that is necessary for activity of all microsomal cytochrome
P450 enzymes, leads to embryonic lethality (Otto et al. 2003), reinforcing the
importance of these enzymes for normal development.

Xeno-oestrogens

Diethylstilboestrol (DES) was synthesized as a synthetic oestrogen and used for
almost 30 years, until the 1970s, for the prevention of threatened miscarriage and
other complications of pregnancy. DES acts by binding to the oestrogen receptor,
a cytoplasmic protein that translocates to the nucleus on ligand-induced activation
and acts as a transcription factor. The discovery of a rare form of cancer in the
reproductive tracts of women who were exposed to DES in utero is now well known.
However, vaginal adenocarcinoma was a rare (perhaps 1/1000) outcome of prenatal
DES exposure, whilst structural and functional defects of both the male and female
reproductive organs were much more common (reviewed by Edelman, 1986).
Human exposure to DES is no longer a problem, but there are a very large number
of man-made and natural chemicals that have oestrogenic activity. Many of these
bear no overt structural resemblance to oestradiol-173 (Figure 6.5), the natural
ligand for the oestrogen receptor, but nevertheless have sufficient affinity to activate
the receptor. There is currently concern that the complex mix of xeno-oestrogens in
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Figure 6.5 Diverse chemical structures that bind to the oestrogen receptor: oestradiol, natural
ligand; diethylstilboestrol, synthetic oestrogen; dihydrobenzanthracene, metabolite of environmental
combustion product; zearalenone, mycotoxin product; DDT, pesticide; kepone, flame retardant. After
McLachlan (1993)

the environment may be affecting the reproductive health of wild animals and
humans alike. For example, polychlorinated biphenyls (PCBs) can cause gonadal sex
reversal in animals that exhibit temperature-dependent sex determination (Bergeron
et al., 1994) and the weakly oestrogenic bisphenol A, which is found in some food and
drinks as a contaminant from polycarbonate plastics, can produce effects on prostate
development in mice (Timms et al., 2005). It has been suggested that the apparent
decline in sperm counts, and increases in gonadal abnormalities, of men in Europe
and the USA over the past 50 years is caused by environmental oestrogens (Sharpe
and Skakkebaek, 1993). The studies of DES teratogenicity in mouse provide a model
for xeno-oestrogens and have revealed interesting features of normal reproductive
tract development.

Because the development of the reproductive tract is hormone-dependent, it is not
surprising that DES is disruptive. Structural abnormalities of the uterus and oviducts
in females, testicular and epididymal defects in males, and reproductive dysfunction
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in both sexes are consequences of prenatal DES exposure in mice (reviewed by Mori
and Nagasawa, 1988). The molecular correlates of these actions are now being
characterized. Lactoferrin is the major oestrogen-inducible uterine protein in mice,
and is not normally expressed in the male. Prenatal DES exposure results in
constitutive and inducible expression of lactoferrin in the seminal vesicle epithelium
of adult offspring, without affecting the normal response to androgens (Beckman
et al., 1994). This is not an effect on circulating hormones, but appears to be due to
an alteration in the differentiation of epithelial cells by oestrogen imprinting.
Similarly, in the uterus of DES-exposed female mice, there is a permanent upregula-
tion of lactoferrin and EGF expression, independent of normal ovarian oestrogen
induction (Nelson et al., 1994). These permanent changes are the molecular
analogues of structural birth defects — ‘molecular teratogenesis’.

At certain critical stages of gestation, prenatal DES ‘masculinizes’ the behaviour
of female animals (reviewed by Newbold, 1993). This paradoxical effect illustrates
the potential impact of chemical teratogens on functional brain development. The
explanation for the paradox is that oestradiol is the normal mediator of testosterone
imprinting of the developing male brain. Testosterone synthesized by the fetal testis
is metabolized to oestradiol within cells of the brain. The brain is normally
protected from circulating oestrogens, of maternal or fetal ovarian origin, by a-
fetoprotein (AFP), which has a high affinity for oestradiol but not testosterone. DES
and other xeno-oestrogens do not bind to AFP and so gain access to the brain,
subsequently activating oestrogen receptors in an androgenizing manner. Whether
there is an equivalent effect of DES in humans is contentious. Although several
reports suggest changes in behaviour patterns associated with prenatal exposure to
DES, current evidence is not convincing (Newbold, 1993). The relationship of DES
developmental effects to the wider topic of endocrine disrupters has been well reviewed
(Newbold, 2004).

Final comments

What does the future hold for chemical teratogenesis? Inventive chemists will
continue to synthesize new molecules with surprising effects on development,
providing clues for the astute investigator. In the right hands, chemical tools will
help to unlock developmental mechanisms. The burgeoning molecular basis of
development will make it much easier to identify the initial molecular insults
inflicted by chemical teratogens, and to define the genetic susceptibility factors for
each teratogenic mechanism. As these are characterized, we will be better able to
detect and predict environmental hazards for the developing embryo and fetus. We
can now reasonably conclude that a chemical with affinity for retinoid, oestrogen,
glucocorticoid, androgen or Ah receptors is a potential teratogen. In time, this array
of potential targets will expand and simple reporter-construct tests will be devised to
screen new chemicals (McLachian, 1993). And we will begin to unravel the real
contribution of the environment to birth defects.
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The Limbs

Patrizia Ferretti and Cheryll Tickle

Developmental anatomy of the human limb

Both upper and lower limbs originate from the lateral plate mesoderm, which
thickens in discrete regions of the flank of the embryo. The primordium of the
upper limb is first apparent 26 days after fertilization (stage 12, according to Moore,
1988) at the level of the cervical somites, while the lower limb bud appears 1-2 days
later, at the beginning of stage 13, opposite the lumbar and upper sacral somites
(Figure 7.1). Apart from this delay in the appearance of the lower limb anlage and
its subsequent development, early stages of lower and upper limb development are
fundamentally the same. For simplicity, the stages discussed here will refer to
development of the upper limb.

The emerging limb bud consists of a rapidly proliferating mass of mesenchymal
cells covered by an epithelium which will thicken at the tip of the bud along the
anteroposterior (‘thumb to little finger’) axis to form the apical ectodermal ridge.
Interactions between the apical ectodermal ridge and the underlying mesenchyme are
of fundamental importance for proper progression of development and will be
discussed in detail in the section concerned with the cellular and molecular
interactions underlying normal development of the limb. Limb buds grow rapidly
and in a coordinated way. A few days after the formation of buds (Carnegie stages
13-14), spinal nerves start to grow into the mesenchyme of the bud and innervation
follows a segmental pattern. Initially the limb bud is supplied by a capillary network
which, through processes which are still poorly understood, will transform into a
main stem artery and its branches, which drain into a marginal vein. The limb bud
continues to grow and elongate and, 32—34 days after fertilization (Carnegie stage 14),
a paddle-shaped hand plate has formed. Prechondrogenic condensation of mesench-
yme becomes apparent in the regions where the cartilaginous skeletal elements will
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Figure 7.1 Limb development in human embryos at different times after fertilization. (a) Forelimb
buds (arrow) are apparent in a 28 day-old embryo, but the hindlimb bud is hardly visible. (b) In a 33
day-old embryo the developing forelimb is paddle-shaped, but the hindlimb is still at the bud stage.
(c) Finger rays are visible (arrowhead) in the forelimb and a foot plate (arrow) has formed in a 38
day-old embryo. (d) Short webbed fingers are present (arrow) and notches (arrowhead) are apparent
between the digital rays of the foot of a 53 day-old embryo

form in a proximal to distal (‘shoulder to digit’) direction and, towards the end of the
fifth week after fertilization (Carnegie stage 15), overt chondrogenesis is in progress.
Myoblasts aggregate to form two muscle masses dorsal and ventral to the developing
skeletal elements. The muscle masses will split to give rise to extensor muscles in the
dorsal part of the limb and to flexors ventrally. At the end of the sixth week (stage 17),
all the limb skeletal structures have been laid down in cartilage, digital rays are
present, notches appear at the tip of the inter-digital ray mesenchyme, and the hand
plate starts to assume a webbed appearance (44-50 days, stages 18—19). At the same
time (48-50 days, stage 19), rotation of the upper limbs begins and bending of the
elbow occurs. The limb will rotate 90° laterally on the longitudinal axis to assume the
adult position with the palm of the hand facing anteriorly. Appropriate positioning of
the lower limb, with the knee facing anteriorly and the foot downwards, is achieved
through a medial rotation of 90° a few days later. In the meanwhile, ossification
begins and digital separation is accomplished by destruction of interdigital tissue,
probably through a process of programmed cell death, as described in other species.
By the end of the eighth week, both upper and lower limbs appear as miniatures of
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the adult limb, but not all of the centres of primary ossification have yet formed, and
ossification will continue throughout fetal life.

Main classes of limb defects

Given the numerous events which must be spatio-temporally synchronized in order
to develop a normal limb, it is not surprising that limb abnormalities are frequently
encountered. Gradually we are learning how impairment of specific cellular and
molecular interactions can result in different limb abnormalities (see later). Limb
defects can be caused by environmental factors (either chemical or mechanical), gene
mutations and chromosomal abnormalities or a combination of such factors. As the
most important events in limb development occur between the fourth and eighth
week post-fertilization, this is also the period of higher susceptibility to teratogens or
defective expression of developmentally regulated genes. However, limb defects can
also occur once development of all of the limb structures has been accomplished, as a
consequence of trauma. For example, secondary destruction, so called ‘intrauterine
amputation’, is thought to be caused by constriction of the developing limb by
amniotic bands. There have been several studies over the last 10 years that have
suggested that an increased frequency of limb deficiencies, including ‘amniotic band
deformities’, is associated with chorionic villus sampling carried out early in
pregnancy (see e.g. Firth et al., 1994; reviewed by Holmes, 2002).

Although many of the limb defects observed are quite minor and easily corrected by
surgery, major limb abnormalities are observed in two of every 1000 births (Moore,
1988). Amelia, which is total absence of the limb, can occur, but it is a fairly rare
condition. In contrast, partial absence of one or more of the limbs, meromelia, is
frequently observed. Meromelia is often associated with other types of limb defects,
such as oligosyndactyly (fusion of digits), club foot (deformity of the ankle), and bowed
limbs. A large number of limb deficiencies occurred in the 1960s as a consequence of
the anti-nausea drug thalidomide, which produced a wide range of bilateral limb
deficiencies, including extreme cases of quadruple amelia. More commonly, prenatal
exposure to thalidomide resulted in various deficiencies of long bones.

Limb defects are often associated with other malformations affecting, for example,
craniofacial, kidney, cardiac and skin development (Stevenson and Meyer, 1993).
Limb defects associated with other abnormalities are often heritable, either as
autosomal recessive or autosomal dominant conditions. X-linked inheritance of
limb defects is observed only in a few syndromes. The various causes believed to lead
to each syndrome displaying limb abnormalities, including rare ones, can be found in
the review by Stevenson and Meyer (1993). An extrapolation of these data for
syndromes where either meromelias or synostoses (fusion of various bones) are
observed is shown in Table 7.1.

Since the classification of limb abnormalities is rather complex and has been
extensively covered in more specialized textbooks (Stevenson and Meyer, 1993;
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Table 7.1 Summary of causation of limb abnormalities in syndromes
displaying meromelias and synostosis

Meromelias* (%)

Synostosis* (%)

Autosomal recessive
Autosomal dominant
X-linked dominant
Chromosomal abnormalities
Unknown/uncertain
Sporadic/maternal diabetes
Drug (thalidomide, alcohol)
Trauma

25.8 18.6
25.8 52.1
3.2 4.3
4.8 1.4
27.4 12.8
9.6 5.7
1.6 2.9
1.6 1.4

*These values have been extrapolated from Stevenson and Meyer (1993). Rare
syndromes are also included.

Winter et al., 1993; Gupta et al., 2000), we will give only a few examples of the types
of defects which can occur (Table 7.2). As already mentioned, limb deficiencies —
amelias and meromelias — represent an important group of limb abnormalities. In
other cases, instead of deletions of structures, the presence of supernumerary
structures, such as fingers or toes (polydactylies), is observed. Polydactyly occurs
fairly frequently and the extra digits formed are usually incomplete. In contrast,

Table 7.2 Classification of limb defects

Limb defects

Prominent features

Amelia
Meromelia

Brachydactyly

Polydactyly

Synostosis

Syndactyly

Skeletal dysplasia

Complete absence of a limb
Partial absence of a limb

Shortening of digits

Supernumerary digits

Fusion of bones

Fusion of digits

Abnormal growth, organization

and density of cartilage and
bone

Terminal

Intercalary

Transverse

Longitudinal

Single digit (one or more bones involved)

Multiple digit (one or more bones
involved)

Incomplete extra finger/toe

Complete extra finger/toe

Mirror hand/foot

Bones normally separated by joint space
Bones of different rays

Bones of different limbs

Cutaneous

Osseous (synostosis)

Epiphysis

Metaphysis

Diaphysis
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Figure 7.2 Human congenital limb abnormalities (a, b) and experimentally manipulated chick
limbs (c) can have similar phenotypes. These examples were chosen to illustrate the close
resemblance between human limb abnormalities and the results of experimental manipulations in
chick embryos. (a, b) Fusion of digits (syndactyly) in Apert syndrome. Note also distal bone
synostosis. (c) Chick limb with fused digits (arrowhead) produced by implanting a bead soaked in Fgf
(arrow) in the interdigital space (Reproduced from Sonz-Ezquerro and Tickle, 2003, with permission)

mirror hands and feet (i.e. mirror-imaging of digits on either side of a proximo-
distally orientated midline of the digital array), which are usually unilateral, are very
rare. Most polydactylies (both isolated and associated with other anomalies) are
heritable. They are mainly inherited as an autosomal trait, but a few recessive
X-linked cases have also been reported. Other limb defects are the consequence of
fusion of structures, either bones (synostosis) and/or cutaneous (Figure 7.2). Soft
tissue syndactyly is a defect in which the web between the digital rays does not break
down during development, and is usually an autosomal dominant abnormality.
Another set of defects comprise the brachydactylies, where shortening of digits
occurs; different digits, phalanges, metacarpals and metatarsals can be affected.
Brachydactyly can be familial and is present in many syndromes and skeletal
dysplasias. The latter are skeletal abnormalities originating from abnormal growth,
organization and density of cartilage and bone.

Contemporary studies on mechanisms of limb development

Many of the contemporary studies that have shed light on mechanisms involved in
normal development of the limb are based on experimental analysis of chick
embryos. There is an extensive body of information on the effects of removing and
transplanting specific pieces of tissue in developing chick limb buds (reviewed by
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Saunders, 1977). Such classical embryological investigations have defined the cell—cell
interactions that are involved in limb patterning. Considerable progress has been
recently made in identifying molecules involved in these interactions (reviewed by
Capdevila and Izpisua-Belmonte, 2001; Tickle, 2003; Niswander, 2003). The potential
importance of some of these molecules was first suggested from analysis of patterns of
expression of genes encoding growth factors and of homeobox-containing genes in
developing mouse embryos (see below). Other developmentally important genes
expressed in the limb have been found by their homology with genes that are affected
in developmental mutants of insects, e.g. Hedgehog, Engrailed and Wnt (see
Chapter 1). Insights into the roles of these genes have been gained from the effects
of gene overexpression, limb bud manipulations and application of defined chemicals
in chick embryos, and from creating transgenic mice with specific mutations.

Cell—cell interactions
Work on chick embryos has revealed three major sets of cell-cell interactions which

operate in the distal region of the developing limb bud (Figure 7.3); an epithelial-
mesenchymal interaction between the apical ectodermal ridge and the underlying

AER

Thydy

Polarizing .

Pr Di region g’

Figure 7.3 Diagram to illustrate the major interactions in the developing limb bud. (a) Arrows
indicate reciprocal interactions between the apical ectodermal ridge (AER), the thickened
epithelium at the tip of the limb bud and underlying mesenchyme. Pr, proximal; Di, distal. (b)
Limb bud sectioned along the dotted line and then shown in cross-section. Arrows indicate
potential signals from dorsal and ventral ectoderm (stippled). V, ventral; D, dorsal (c). Straight
arrow indicates the interaction between the polarizing region (stippled) and the mesenchyme at the
tip of the limb bud. Curved arrow indicates maintenance of the polarizing region by the apical
ectodermal ridge
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mesenchyme; a second epithelial-mesenchymal interaction involving the ectodermal
covering of the limb bud and underlying mesenchyme; and a mesenchymal—-
mesenchymal interaction between the polarizing region (a region of mesenchyme
cells at the posterior margin of the limb bud) and other mesenchyme cells at the tip of
the limb bud.

The epithelial-mesenchymal interaction between the apical ridge and the under-
lying mesenchyme is required for bud outgrowth (Figure 7.3a). When the apical ridge
is cut away from an early chick limb bud, outgrowth is halted and truncated limbs
develop. Conversely, when an apical ridge is grafted to the surface of a bud near the
tip, a second outgrowth is induced. Limb structures are laid down along the long axis
of the limb in a proximo-distal sequence and removal of the apical ectodermal ridge
at later stages of development gives less severe truncations than removal at early
stages. The zone of mesenchyme immediately below the apical ridge consists of
undifferentiated proliferating cells. A long-standing model suggests that the identity
of structures being laid down is controlled by a timing mechanism operating
autonomously in this zone, which has become known as the progress zone (Summerbell
et al., 1973). Cells that leave the progress zone early form proximal structures, whereas
cells that leave it later form distal ones. Recently, this model has been challenged; it has
been suggested that all the limb structures have already been specified in the early bud
and that the primordia of these limb structures expand in a proximo-distal sequence as
the limb bud grows out (Dudley et al., 2002).

Signals from the ectoderm covering the tip of the bud appear to control pattern
across the dorso-ventral axis (Figure 7.3b). When the ectodermal jacket of a left limb
bud is replaced by the ectodermal jacket of a right limb bud, the dorso-ventral axis of
the part of the limb laid down after the operation (i.e. the distal part of the limb) is
reversed, as judged by muscle pattern, joint flexure and skin appendages (MacCabe
et al., 1974; Akita, 1996). In addition, when an apical ridge is grafted to the surface of
a chick limb bud, the outgrowth has a symmetrical pattern, either double-dorsal,
when the outgrowth arises from the dorsal surface, or double-ventral, when out-
growth arises from ventral surface (Saunders and Errick, 1976). It has also been
suggested that the ectoderm may play a mechanical role in controlling bud shape. The
apical ridge might provide a stiffened rim to the tip of the bud and help to keep the
bud dorso-ventrally flattened (Figure 7.3b).

The mesenchymal-mesenchymal interaction involves signalling by the polarizing
region to mesenchyme cells at the tip of the limb bud, and this determines the pattern
of structures that develop across the antero-posterior axis of the limb (Figure 7.3¢).
Signalling of the polarizing region was discovered by grafting the posterior margin
from one chick wing bud to the anterior margin of a second bud. In response to a
signal from the graft, anterior mesenchyme cells in the host limb bud were found to
form an additional set of digits (4, 3, 2) in mirror-image symmetry with the normal
set of digits (2, 3, 4; Saunders and Gasseling, 1968). The strength of the polarizing
region signal can be assayed by the character of the additional digits and was found to
be dose-dependent. With a very small number of polarizing region cells grafted, just
an additional digit 2 develops (Tickle, 1981). The polarizing region appears to
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provide a long-range positional signal and the structures that form depends on
distance from the polarizing region. When the polarizing region is grafted more
posteriorly, closer to the host polarizing region, anterior digits do not form and
the digit pattern that results is 4, 3, 3, 4. Experiments in which blocks of leg tissue
were interposed between graft and responding cells show that the polarizing signal
can operate over about 10-30 cell diameters (Honig, 1981).

Signalling by the polarizing region also leads to maintenance of the apical ridge;
this property of posterior mesenchyme was discovered even before the patterning
effects of the polarizing region were identified and was postulated to be due to
production of an apical ectodermal ridge maintenance factor (Zwilling and
Hansborough, 1956). The length of the ridge is related to the number of digits
that will form; thus, the maintenance of the apical ectodermal ridge links limb bud
patterning and outgrowth. This link is further strengthened because the apical
ectodermal ridge, in turn, has been shown to maintain the polarizing region at the
posterior margin of the limb bud tip. Assays for polarizing activity after the posterior
part of the ridge has been removed showed that the ability of posterior mesenchyme
to induce digit duplications has been reduced (Vogel and Tickle, 1993).

Molecules implicated in signalling

Apical ectodermal ridge signals Genes encoding fibroblast growth factors (Fgfs) are
expressed in the apical ectodermal ridge and can substitute for the apical ridge in
mediating bud outgrowth (Niswander et al., 1993; Fallon et al., 1994). When beads
soaked in Fgf are placed at or near the margin of a chick limb bud following removal of
the apical ridge, outgrowth continues and distal structures are laid down. Even though
Fgf beads can effectively promote outgrowth, the limb buds become bulbous rather
than being dorsoventrally flattened. This change in bud shape could account for the
bunching of digits that frequently occurs in Fgf-treated limbs.

Several members of the Fgf family are expressed in early chick and mouse limb
buds. Fgf8 is expressed throughout the apical ectodermal ridge from very earliest
stages in limb bud development in mouse and chicken embryos and persists until the
tips of the digits are formed, while Fgf4, Fgf9 and Fgf17 expression is initiated later, at
limb bud stages, in the posterior part of the ridge, and Fgf4 and Fgfl7 expression
switches off prior to digit formation (reviewed by Martin, 1998). Mice have been
created in which these genes have been conditionally knocked out — singly and in
combination — in the apical ectodermal ridge of the limb. Some of the limb
phenotypes are rather complex but several general points emerge. One is that if
FGF signalling is completely deleted from the earliest stages of limb development, no
limbs form (Sun et al,, 2002). A second general point is that there seems to be
considerable redundancy between the Fgfs expressed in the ridge. Thus, for example,
deletion of just one of the posteriorly expressed Fgfs, Fgf4, has no effect on limb
development (Sun et al., 2000).
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Figure 7.4 Molecules expressed in tissues at the tip of the limb bud that could be involved in
mediating interactions between the apical ectodermal ridge and the underlying progress zone
mesenchyme. (a) Limb bud showing the apical ectodermal ridge and progress zone and the
pattern of expression of Fgf4 transcripts. (b) Selected lists of molecules expressed in the two
tissues

Apical ridge cells express genes encoding other signalling molecules in addition to
Fgfs, including bone morphogenetic proteins (Bmps) and various members of the Wnt
family. Wnt genes are a family of genes that comprise vertebrate homologues of the
Drosophila wingless gene and an int gene which is involved in induction of mammary
tumours in mice. Genes encoding Bmps and Wnt5A are also expressed in the
mesenchyme at the tip of the limb bud (see below; Figure 7.4). Since Fgfs appear to be
able to substitute for the apical ridge signal, these other growth factors and other
molecules expressed in the apical ridge may be involved in either regulating Fgf
expression or maintaining mechanical integrity of the ridge. In chicken limb
development, Wnt3a has been shown to be involved in initiating Fgf8 expression
in the apical ridge (Kengaku et al., 1998). In mice, this function seems to be served by
Wnt3 (Barrow et al., 2003).

Several different transcription factors are expressed by apical ectodermal ridge cells.
For example, Distal-less and Engrailed are expressed in ridge, while Msx genes (see
later) and the Id gene are expressed in both ridge and mesenchyme. The Id gene is
affected in the mouse limb deformity mutants and the location of the gene affected
was characterized by identifying the site of an insertional mutation in a transgenic
mouse. One gene in this region encodes a member of a previously unknown family of
proteins called ‘formins’. Formins are localized in the nucleus and may be involved in
gene regulation (Woychik et al., 1990). Another gene in this region encodes gremlin,
an antagonist of Bmp signalling (see later), and it is now clear that it is the gremlin,
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Figure 7.5 Molecules expressed in the dorsal and ventral ectoderm. Those expressed in the ventral
ectoderm are later expressed in the apical ectodermal ridge (see Figure 7.4). V, ventral; D, dorsal

not the formin gene, that is responsible for the limb deformity phenotype (Khokha
et al., 2003; Zuniga et al., 2004).

Ectodermal signals (Figure 7.5) Several molecules are known to be expressed in
either dorsal or ventral ectoderm. A striking dorsoventral ectodermal restriction is
that of transcripts of the gene Wnt7a, which are localized in dorsal ectoderm (Parr
et al., 1993; Dealy et al., 1993). Functional inactivation of Wnt7a in mice leads to
ventralization of distal limb pattern (Parr and McMahon, 1995), showing that
Wnt7a acts as a dorsalizing signal. At very early limb bud stages, a number of genes
that are later restricted to the apical ridge are expressed in ventral ectoderm,
including Engrailedl (Figure 7.5). There is evidence from studies in both chick and
mouse embryos that Bmps act upstream of Engrailed] in apical ridge formation
(Pizette et al., 2001; Ahn et al., 2001). Functional inactivation of Engrailed] results
in dorsal transformation of ventral paw structures, suggesting a specific role for this
gene, in addition to Wnt7a, in dorsoventral patterning of the limb (Loomis et al.,
1996).

Polarizing signals The first molecule to be identified that can mimic signalling of
grafts of the polarizing region was a vitamin A derivative, retinoic acid (Tickle et al.,
1982). More recently, it has been shown that expression of the sonic hedgehog gene
(Shh) maps to the polarizing region and the product of the Sonic hedgehog gene can
provide a polarizing region signal (Riddle et al., 1993). Beads soaked in retinoic acid
or grafts of fibroblast cells transfected with the Sonic hedgehog gene or Shh-soaked
beads placed at the anterior margin of a chick wing bud lead to digit duplications
(Tickle et al., 1985; Riddle et al., 1993; Lopez-Martinez et al., 1995; Yang et al., 1997).
Application of retinoic acid to the anterior margin induces expression of Shh,
suggesting that the Shh signal acts downstream of retinoic acid (Riddle et al., 1993;
Niswander ef al., 1994). Shh is a good candidate for the long-range positional signal
produced by the polarizing region. Diffusion of Shh across the limb bud has been
demonstrated by immunohistochemistry (Gritli-Linde et al., 2001) and by an indirect
bioassay (Zeng et al., 2001). The effects of Shh application are dose-dependent (Yang
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Figure 7.6 Molecules involved in the interaction between the polarizing region and the progress
zone mesenchyme at the tip of the bud. (a) Potential signalling molecules; retinoic acid — high to
low concentration indicated by large arrow; genes expressed in the polarizing region. (b) Pattern of
expression of gene members of HoxD cluster across the antero-posterior axis of the limb bud.
Changes in the expression pattern can be brought about by polarizing signals. (c) Feedback loop
between signalling by the polarizing region and signalling by the posterior ridge. Arrows do not
necessarily imply direct action

et al,, 1997) but there has been considerable debate about whether Shh directly
controls specified digit pattern or acts indirectly (see later). Recent work has also
raised the possibility that the length of time cells are exposed to Shh in addition to the
level of signalling may be important in determining which digit cells form (Harfe
et al., 2004; Ahn and Joyner, 2004).

There is also evidence that endogenous retinoic acid signalling plays an important
role in limb development. Retinoic acid has been extracted from early chick and
mouse limb buds and is estimated to be present in nanomolar concentrations
(reviewed by Hofmann and Eichele, 1994). Chick limb bud mesenchyme cells
express a range of molecules that mediate a retinoid response (Figure 7.6), including
nuclear retinoic acid receptors and retinoid-binding proteins (reviewed by
Mangelsdorf et al., 1994; Kastner et al., 1995). In addition, the genes encoding
enzymes that metabolize retinoic acid — both those that are required to generate
retinoic acid from retinol, e.g. retinaldehyde dehydrogenase (Raldh2), and those that
break it down, e.g. Cyp26B1 — have been identified and are expressed in developing
limb buds. In Raldh2™~ mice, forelimb development is not initiated, while in
Cyp26BI7"~ mouse embryos there are distal limb defects (Niederreither et al,
2002; Mic et al., 2004; Yashiro et al., 2004).

The details of how cells respond to Hedgehog signalling and the components of the
intracellular signal transduction machinery were first unravelled in Drosophila, in
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which the transmembrane protein encoded by the segment polarity gene patched is
the hedgehog receptor and is also an immediate downstream regulator of Shh
signalling. Vertebrate patched is expressed in the posterior part of vertebrate limb
buds and expression can be induced by Shh applied ectopically (Goodrich et al., 1996;
Hahn et al., 1996a; Marigo et al., 1996; Pearse et al., 2001). Interestingly, patched not
only plays a crucial developmental role but also appears to be a tumour suppressor
gene, as mutations of patched in humans are frequently associated with basal cell
carcinoma (Hahn et al., 1996b; Johnson et al., 1996). When Shh binds to patched,
this relieves inhibition of signalling through another transmembrane protein,
smoothened. The transcriptional effectors of hedgehog signalling in vertebrates are
the three bifunctional Gli proteins, Glil, Gli2 and Gli3 (in Drosophila, there is only
one protein, cubitus interruptus). In the absence of hedgehog ligand, the Gli proteins,
Gli2 and Gli3, are processed to generate transcriptional repressors; while in the
presence of hedgehog ligand, the Gli proteins act as transcriptional activators and
Glil itself is an immediate downstream target of Shh signalling (reviewed by Cohen,
2003).

Analysis of the limb phenotypes of mouse embryos in which Shh, Gli3 and both
Shh and Gli3 together have been knocked out has revealed that the main function of
Shh signalling appears to be to relieve Gli3 repressor activity in the posterior part of
the limb bud. The limbs of Shh™~ mouse embryos are very reduced distally, and this
can be understood in terms of high levels of Gli3 repressor being present throughout
the limb bud and virtually abolishing limb outgrowth. In contrast, when GIi3 is
functionally inactivated, the limbs are polydactylous and all the digits look the same.
A similar phenotype is seen in mouse embryos in which both Shh and GIi3 have been
functionally inactivated (Shh™~ Gli3™"), indicating that formation of morphologi-
cally identical digits from both posterior and anterior parts of the limb bud is
independent of Shh signalling and depends, instead, on absence of Gli3 repressor (te
Welscher et al., 2002a; Litingtung et al., 2002).

Shh expression is maintained by the apical ridge (Niswander et al., 1994). The
three Fgf genes expressed in the posterior part of the apical ridge are good
candidates for fulfilling this role, but even in triple knock-outs (mouse embryos
in which Fgf4, Fgf9 and Fgfl7 have been functionally inactivated in the ridge) Shh
expression is maintained, suggesting that Fgf8 can suffice. Shh, in turn, maintains
expression of the three Fgf genes in the posterior apical ridge, creating a positive
feedback loop (at first thought to involve only Fgf4; Niswander et al., 1994; Laufer et
al., 1994). The feedback loop from mesenchyme to ridge is now known to be
accomplished via Shh, maintaining expression of gremlin (the limb deformity gene),
which thus acts as the ridge maintenance factor (Zuniga et al., 1999). In addition to
the positive feedback loop between Fgfs and Shh, there is evidence that Wnt7a is
also necessary for the maintenance of Shh expression (Parr and McMahon, 1995;
Yang and Niswander, 1995). Thus, there is coordination of signalling along all three
limb axes.

Bone morphogenetic proteins (e.g. Bmp2, Bmp4; Francis et al., 1994) are signalling
molecules of the transforming growth factor (TGF-3) superfamily (reviewed by
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Wozney et al., 1993) involved in cartilage and bone development. BMP transcripts
are found in mesenchyme cells at the posterior margin of the early limb bud. In a
Drosophila signalling pathway, hedgehog induces expression of a gene called dpp,
which has a patterning function (Basler and Struhl, 1994). Dpp encodes a molecule
very closely related to Bmp2 and Bmp4 and application of Shh can lead to Bmp2
expression in anterior cells of chick limb buds (Yang et al, 1997). There is also
evidence from experiments on chick limb development that manipulating Bmp
signalling in cells previously exposed to Shh can alter digit patterning (Drossopolou
et al., 2000). One recent model suggests that the most anterior digit of the mouse
limb might be specified by Bmps, the next three digits by Shh and Bmps, and the
most posterior digit by Shh alone (Lewis et al., 2001) but this remains to be tested
directly and is still very controversial.

Bmps seem to have other roles in limb development. For example, the gene
encoding Bmp?7 is also expressed in developing limbs, and functional inactivation of
this gene in mice results in polydactyly (Luo et al., 1995; Dudley et al., 1995). There
is also evidence that Bmp4, which is expressed more strongly anteriorly in chick
limb buds, opposes Shh signalling posteriorly and that Shh, in turn, can inhibit Bmp4
gene expression (Tumpel et al., 2002). At later stages, Bmp4 signalling seems to
regulate the programmed cell death that occurs interdigitally and serves to separate
the individual digits. Thus, inactivation of a BMP receptor in chick limb buds leads to
interdigital webbing (Zou and Niswander, 1996).

Recently it has been shown that digit morphology is surprisingly plastic at late stages
in chick limb development. Thus, for example, when interdigital tissue from between
two chick toes is grafted to a new location between two different toes, this can affect the
adjacent toes and longer toes with additional phalanges or shorter toes with a reduced
number of phalanges develop (Dahn and Fallon, 2000). Beads soaked in Shh can also
induce the formation of additional phalanges in chick toes, when implanted at late
stages when Shh is no longer expressed. There is evidence that the effects of Shh on digit
length and induction of an extra phalange are mediated via Bmp signalling (Dahn and
Fallon, 2000) and also that the duration of Fgf signalling in the apical ridge overlying
the forming digits is prolonged (Sanz-Ezquerro and Tickle, 2003). When an Fgf bead is
placed at the tip of the developing toe, this can also lead to digit elongation but tip
formation is prevented and fusion of adjacent digits can result (Figure 7.2¢). In
contrast, cessation of Fgf signalling triggers a special developmental programme for
making the digit tip (Sanz-Ezquerro and Tickle, 2003).

Molecules expressed at the tip of the limb bud (Figure 7.4) Genes known to be
expressed in mesenchyme at the tip of the limb bud could encode molecules that play
roles in controlling cell proliferation, in maintaining cells in an undifferentiated state
and in timing mechanisms. Among genes with this expression pattern are those
encoding transcription factors and short-range signalling molecules.

Transcripts of a Wnt gene family member, Wnt5A, are found at high levels at the
tip of the limb bud. In mice in which Wnt5a is functionally inactivated, the limbs are
very short, due to progressive reduction of structures along the proximo-distal axis,
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culminating in complete loss of the distal-most structures, the phalanges of the digits
(Yamaguchi et al., 1999). Reduced outgrowth and patterning of the limb buds of
Whnt5a™'~ mouse embryos are associated with a reduction in cell proliferation.

Two related homeobox-containing genes, MsxI and Msx2 (formerly known as
Hox7 and Hox8) could be important in maintaining cells at the tip of the limb bud in
an undifferentiated state (Hill et al., 1989; Robert et al., 1991). Various grafting
experiments show that, in chick limb buds, mesenchymal expression of MsxI is
regulated by a signal from the ridge, which can be substituted by Fgf4 (Davidson et al.,
1991; Robert et al,, 1991; Vogel et al., 1995a). The potential role of MsxI in
maintaining an undifferentiated cell state was first suggested directly by experiments
with a potentially myogenic cell line which, when transfected with the MsxI gene, can
no longer be induced to differentiate into muscle (Song et al., 1992). More recently it
has been shown that Msxl transfection can even induce dedifferentiation of
terminally differentiated mouse myotubes (Odelberg et al., 2000). Functional
inactivation of MsxI in a transgenic mouse has no apparent effect on limb
development (Satokata and Maas, 1994) but it is possible that expression of Msx2
compensates lack of Msx!I in the limb.

Distal mesenchyme cells have also been shown to be linked by gap junctions (Kelley
and Fallon, 1978). The presence of gap junctions between distal cells is dependent on
ridge signalling (Green et al., 1994) and mediated by Fgfs (Makarenkova et al., 1997).
There is evidence from functional blocking studies using antibodies that gap
junctional communication could be important in limb patterning (Allen et al.,
1990) and, furthermore, that when expression of the gene encoding connexin43, a
member of the family of proteins that make up gap junctions, is knocked down in
chick limb buds using an antisense strategy, bud outgrowth is reduced and the limbs
are short or have distal deletions (Law et al., 2002).

Recently it has been shown that the gene Hairyl, which encodes a member of the
Hairy/Enhancer of split family of transcriptional repressors, is expressed at the tip of
developing chick limb buds (Vasiliauskas et al., 2003). This is of particular interest
because Hairyl can act as a transcriptional effector of Notch signalling and there is
evidence that both Hairy and Notch are components of the timing mechanism that
controls somite segmentation along the main body axis (reviewed by Rida et al.,
2004). It is not yet clear whether Hairyl is involved in measuring time in
the developing limb. When Hairyl is overexpressed in wing buds in chick embryos,
all the structures form normally but the wing is reduced in size (Vasiliauskas
et al., 2003).

Molecular response to signalling Genes involved in response to cell—cell signalling
in the developing limb bud include gene members of the HoxD and HoxA clusters.
Genes in the part of the HoxD cluster from Hoxd9 to Hoxd13 and in the part of HoxA
cluster from Hoxa9 to Hoxal3 are expressed in overlapping domains in vertebrate
limb buds, with transcripts of genes located more 5’ in the cluster being found more
distally and, in the case of Hoxd genes, also more posteriorly (Dolle et al., 1989;
Nelson et al., 1996). These nested patterns of gene expression are established in very
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early limb buds, with expression of 3’ genes appearing before that of 5" genes. Hoxc10
and Hoxcl1 are also expressed in early hindlimbs.

An ectopic sequence of Hoxd gene expression can be induced at the anterior of
early chick wing buds by grafting a polarizing region or cells constitutively expressing
Shh or by implanting retinoic acid-soaked beads (Nohno et al, 1991; Izpista-
Belmonte et al., 1991; Riddle et al., 1993). The establishment of an ectopic set of
overlapping domains of expression of HoxD genes in anterior cells of early limb buds
requires cooperation with FGF signalling from the apical ridge (Izpista-Belmonte
et al., 1992a; Niswander et al., 1994) and it has also been shown that maintenance of
Hoxal3 expression at the tip of chick wing buds depends on FGF signalling
(Hashimoto et al., 1999; Vargesson et al., 2001).

By the time the digits are forming in developing limbs, complex changes in the
pattern of Hox gene expression have occurred with, for example, Hoxd10 to Hoxd13 and
Hoxal3 being expressed in the distal region of the limb and Hoxall and Hoxal0 more
proximally (Nelson et al., 1996; Kmita et al., 2002). A global control region that
contains an enhancer responsible for the late phase of Hoxd-10 to Hoxd-13 expression
in the digits has been identified by a series of sophisticated genetic manipulations in
transgenic mice (Spitz et al., 2003). Another control region is responsible for the Hox
gene expression in the early limb bud. Genetic manipulations around this ‘early’ region
in transgenic mice lead to 5’ genes being expressed in the pattern of 3’ genes, e.g. the
most 5’ genes, such as Hoxd13 and Hoxd12, are expressed throughout the early limb
bud. These transgenic mouse embryos have extra digits and this is associated with
ectopic expression of Shh at the anterior margin of the limb bud (Zakany et al., 2004; see
also Knezevic et al., 1997). This finding provides a new explanation for the extra digits
observed after overexpressing a HoxD gene in chick limb buds (Morgan et al., 1992).

There is now substantial evidence consistent with the idea that the pattern of Hox
gene expression encodes position in the limb and is required for patterning different
limb ‘segments’. Creation of double and even triple knock-outs has been needed to
reveal the roles of Hox genes in patterning the limb because there is considerable
functional redundancy between corresponding genes (paralogues) from different
clusters. Analysis of the limb phenotypes of mouse triple mutants for HoxI0 and
Hoxl11 paralogues, together with analysis of double mutants, such as mutants that
lack Hoxd13 and Hoxal3, suggests that Hox10 (and Hox9, in the case of the forelimb)
paralogues are required for development of the proximal ‘segment’ of the limb, femur
and humerus. Similarly, HoxI1I paralogues are needed for development of the middle
segment, tibia/fibula and radius/ulna, and HoxI3 paralogues are required for
development of the distal segment, digits (Wellik and Capecchi, 2003).

Genes involved in specifying the proximal part of the limb bud in response to
retinoic acid signalling have also been identified. Expression of the homeobox genes,
Meisl and Meis2, is at first widespread in limb buds and then is restricted to the
proximal regions of the limb bud. The importance of these genes in limb patterning
has been shown by overexpression experiments in chick embryos. When either Meis!
or Meis2 is overexpressed in chick limb buds, this disrupts distal development and
produces distal to proximal transformations (Mercarder ef al., 1999; Capdevila et al.,
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1999). Genetic and biochemical studies have shown that Meis proteins can act as
co-factors for transcription factors, including Hox proteins, and this may explain
their role in limb development.

With respect to encoding dorso-ventral position, it has been shown that the
transcription factor LmxI can be induced by Wnt7a signalling in the dorsal chick
limb mesenchyme (Riddle et al., 1995; Vogel et al., 1995b). Ectopic expression of
Lmxl in the ventral mesenchyme of chick limb buds using retroviruses leads to
formation of ectopic dorsal structures. Furthermore, when LmxI targets are repressed
by overexpressing the Lmx1 DNA-binding domain fused to the Engrailed repressor,
the dorsal pattern of chick wing buds is ventralized (Rodriguez-Esteban et al., 1998).

Antero-posterior patterning in vertebrate limbs appears to mirror a signalling
cascade identified in Drosophila wing development (see earlier). Vertebrate ortholo-
gues of target genes, which encode transcription factors, have been shown to be
involved in responding to this cascade in insects. Omb orthologues, Tbx3 and Tbx2,
and Spalt orthologues, Salll (mouse), cSall and cSal2 (chick), are expressed in limb
buds. There is also experimental evidence that members of the Tbx gene family, Tbx2
and Tbx3, may contribute to encoding antero-posterior position in the limb bud.
Tbx2 and Tbx3 are expressed in posterior and anterior stripes, and expression in the
posterior stripe requires Shh signalling (Ttmpel et al., 2002). When Tbx3 and Tbx2
are overexpressed throughout chick leg buds, this has been reported to lead to
changes in digit morphology — anterior toes develop extra phalanges, consistent with
a change to a more posterior identity (Suzuki et al., 2004).

Initiation of limb bud development

The development of two pairs of limbs at different axial levels is a central feature of
the vertebrate body plan. What controls limb number, limb position and limb type
(i.e. forelimb vs. hindlimb)? Recent work suggests that homeobox-containing genes
and growth factors may be involved in controlling the initiation of limb bud
development and Thx genes in encoding limb identity.

Limb position could be related to the pattern of expression of homeobox-
containing genes along the body axis. In vertebrates, genes of the four Hox clusters
are expressed in a series of overlapping domains, with all members of each cluster
generally being expressed posteriorly at the ‘tail’ end of the embryo and anterior
limits of expression near the ‘head’ end being staggered, with more 3’ genes being
expressed more anteriorly. In mouse embryos, forelimb buds arise at the anterior
limit of expression of Hoxb8. Transgenic mice in which the anterior limit of
expression of Hoxb8 has been shifted by linking the coding region of the gene to
the promoter of the RARQ gene, a gene which is expressed in anterior regions of the
embryo, have duplicated forelimb patterns (Charité et al, 1994). The duplicated
skeletal pattern is preceded in early limb buds by mirror-image expression patterns
of Shh and Fgf4. Another transcription factor, D-Hand, also seems to be required for
Shh expression in the posterior region of the limb bud (te Welscher et al., 2002b).
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Signalling by Fgfs and Wnts can initiate the formation of limb buds. The first clue
that Fgf signalling can initiate limb formation came from mouse chimeras containing
cells that constitutively express Fgf4 (Abud et al, 1996); the chimeric embryos
develop ectopic ‘limb buds’ in the flank or interlimb region (the region lying between
fore- and hindlimb buds). In chick embryos, a single bead soaked in Fgf placed in the
presumptive flank can induce development of an ectopic bud that can then give rise
to a complete extra limb (Cohn et al., 1995; Ohuchi et al., 1995; Crossley et al., 1996).
The type of extra limb induced is related to bead position along the flank: beads
placed anteriorly tend to give wings, while more posteriorly placed beads give legs.

An interesting feature of the additional limbs is that they have reversed polarity and
this is correlated with a reversed pattern of Shh expression in ectopic buds. It seems
likely that the reversal of polarity is due to an anterior to posterior gradient in
polarizing potential in cells of the flank (Hornbruch and Wolpert, 1991). This
polarizing potential was assayed by systematically grafting pieces of flank to the
anterior margin of chick wing buds and showing that additional digits could be
specified. Flank cells will be recruited into an ectopic bud when Fgf is applied, and
cells with the highest polarizing potential will be at the anterior of the bud. Ectopic
buds also acquire an apical ectodermal ridge and once both signalling regions are
established, the bud can then autonomously develop into a limb (Cohn et al., 1995).
The flank of mouse embryos also has polarizing potential, and implanting an Fgf
bead can induce an Fgf8-expressing apical ridge all along the side of a mouse embryo
(Tanaka et al., 2000). Studies in chick embryos have also revealed that activation of
Wnt signalling in the flank by, for example, implanting Wnt-expressing cells can also
induce formation of additional limbs (Kawakami et al., 2001).

There is now evidence that Fgfs and Wnts could be involved in the normal process
of limb initiation in chicken and mouse embryos. Fgfl0 is expressed in presumptive
limb-forming regions in both chick and mouse embryos. Moreover, mice in which
Fgf10 is functionally inactivated fail to develop limbs (Sekine et al., 1999; Min et al.,
1998). Furthermore, mouse embryos in which the Fgfr2IIIb gene, expressed in limb
ectoderm, is disrupted also lack limb buds, suggesting that Fgfl0 induces limb
formation via Fgfr2IIIb (Xu et al., 1998). In chick embryos, Wnt2b is expressed in the
wing-forming region, while Wnt8c is expressed in the leg-forming region (Kawakami
et al., 2001) but transcripts of neither of these Wnt genes can be detected in limb-
forming regions of early mouse embryos.

Two members of the Thx gene family have been implicated in specifying limb
identify and have striking limb type-specific expression patterns. Thx5 expression is
associated with developing forelimbs and Tbx4 with hindlimbs in embryos of a wide
range of vertebrates, including teleost and cartilaginous fish, chickens and mice
(Tamura et al., 1999; Tanaka et al., 2002; Gibson Brown et al., 1996; reviewed by
Logan, 2003). Furthermore, when Thx4 is ectopically expressed in the wing-forming
regions of chick embryos, using retroviruses, changes towards a more leg-like
morphology are induced, and more wing-like characteriztics are seen when Tbx5 is
ectopically expressed in leg-forming regions (Rodrizuez-Esteban et al., 1999; Takeuchi
et al., 1999; Logan and Tabin, 1999). The importance of these genes for limb
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development is further shown by mouse knock-outs. When Tbx5 is functionally
inactivated, the forelimbs are completely absent (Rallis et al., 2003), while in Tbx4™~
mouse embryos, limb buds form but fail to develop (Naiche and Papaioannou, 2003).
Another gene, Ptx-1 (Pitx-1), is specifically expressed in regions that will develop into
hindlimbs. This is a homeobox gene, identified almost simultaneously in a screen for
genes encoding DNA-binding proteins (and named backfoot) and as a transcription
factor involved in pituitary gland development. Pitx-1 seems to lie upstream of Thx4
in hindlimb development. When Pitx] is ectopically expressed in wing-forming
regions in chick embryos, Tbx4 is induced and leg-like transformations result (Logan
and Tabin, 1999). In mouse embryos that lack PitxI function, there are abnormalities
in the hindlimbs (Marcil et al., 2003). These defects are often asymmetrical, with the
right leg being more affected than the left. This appears to be due to compensation by
the related homeobox-containing gene, Pitx2, a gene known to be involved in
determining laterality (left-right asymmetry) and which is expressed in the hindlimb-
forming region on the left-hand side of vertebrate embryos (Marcil et al., 2003).
Genes encoding other transcription factors are also expressed in limb-forming
regions, including snail and twist (Isaac et al., 2000). In twist”’™ mouse embryos,
limb buds form but do not grow out (Chen and Behringer, 1995).

Limb regeneration

Only a very few adult vertebrates are able to regenerate their limbs, although some
regenerative capability is present in the developing limbs of several species, including
mammals. In the mouse, significant regeneration has been observed in the digit tip of
the fetus, and it appears to be restricted to levels in which the amputation plane is
within the distal region expressing Msx! (Reginelli et al., 1995). The neonate can also
regenerate its digit tips, although not always perfectly, and such capability is restricted
to the nail bed, where both MsxI and Msx2 are expressed. The nail organ has indeed
been shown to have inductive ability on bone re-growth (Zhao and Neufeld, 1995). It
has been reported that even young children can regenerate their last phalange,
including the nail (Illingworth and Barker, 1974), but it is only urodele (tailed)
amphibians, such as newts and the axolotl, which can regenerate functionally and
morphologically perfect limbs in adulthood. The regenerating urodele limb therefore
represents a valuable model for tackling the complex issue of what mechanisms
underlie limb regeneration and why some animals are able to regenerate in adulthood
and others are not. Numerous cellular and molecular approaches have been devel-
oped over the last few years which are proving very useful for tackling molecular
mechanisms underlying regeneration, such as the availability of specific antibodies
(Ferretti et al., 1989; Kintner and Brockes, 1984, 1985), the establishment of long-
term culture systems (Ferretti and Brockes, 1988), the isolation of urodele genes
(Casimir et al., 1988; Corcoran and Ferretti, 1997; Ferretti et al., 1991; Géraudie and
Ferretti, 1998; Khrestchatisky et al., 1988; Onda et al., 1991) and the development
of transfection techniques (Brockes, 1994; Burns et al., 1994; Kumar et al., 2000;
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Roy et al., 2000). Crucially, urodele amphibian genome resources are now becoming
available (Putta et al., 2004)and the development of expressed sequence tags (ESTs)
and of the genome map of the axolotl can be monitored at: http://salamander
.uky.edu/about_sgp.htm

Limb regeneration proceeds by formation of a blastema, a mound of undiffer-
entiated mesenchymal cells (blastemal cells) which accumulate at the stump surface
after amputation and start to proliferate after 4-5 days. Innervation and the presence
of a specialized wound epidermis, which lacks a distinct basement membrane, are both
essential for regeneration in the newt, and they appear to control blastemal growth in
the regenerating limb (reviewed by Niazi and Saxena, 1978; Stocum, 1985; Thornton,
1968; Wallace, 1981). Once a critical mass of blastemal cells has accumulated,
differentiation and morphogenesis begin and, in about 10 weeks, all the structures
distal to the plane of amputation are faithfully replaced. The original pattern,
however, can be altered by administration of a class of putative morphogens, vitamin
A and its derivatives, among which retinoic acid has been the most widely studied
(see above). Retinoic acid induces formation of extra limb segments in a dose-
dependent manner and has been shown to affect all three axes of the regenerating
limb under certain experimental conditions (Brockes, 1990; Bryant and Gardiner,
1992; Maden, 1982; Niazi and Saxena, 1978; Stocum, 1991). Retinoic acid and
retinoic acid receptors are indeed present in the regenerating limb and the different
retinoic acid receptors expressed in the blastema have been shown to mediate
different functions (Pecorino et al., 1994, 1996). Expression of the recently identified
newt homologue of CD59, Prod 1, which is regulated by location along the limb
proximodistal axis, is increased by retinoic acid. Prod 1 is a surface molecule involved
in modulating cellular interactions that underlie positional identity of blastemal cells
(da Silva et al., 2002).

Do developing and regenerating limbs use the same
patterning mechanisms?

There is evidence from both classical tissue manipulation and, more recently, from
analysis of gene expression, to suggest that developing and regenerating limbs largely
use the same patterning mechanisms.

The specialized wound epidermis of the regenerating limb is believed to be
homologous to the apical ectodermal ridge in developing limbs (reviewed by Stocum,
1985). Removal of the wound epidermis, like removal of the ectodermal ridge during
development, has an inhibitory effect on further development of the regenerate.
When formation of wound epidermis is impeded, for example by covering the wound
with a skin flap, regeneration does not occur. Regeneration is also impaired in an
axolotl mutant, short-toes, where, although blastemal cells accumulate following
amputation, a thick and convoluted basement membrane forms. This is likely
to adversely affect interactions between the wound epidermis and the underlying
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mesenchyme (Del Rio Tsonis et al., 1992). In the frog, which loses regenerative ability
following metamorphosis, a wound epidermis forms after limb amputation in the
tadpole but not in the adult (see review by Thornton, 1968). These observations
demonstrate the importance of epithelial-mesenchymal interactions during regen-
eration, and equivalent interactions in mammals are probably impaired by the
presence of the basement membrane which rapidly forms after wounding mamma-
lian skin. Interestingly, partial blastema formation has been induced in amputated
toes of adult mice, in which the presence of a wound epithelium was maintained by
repeated surgical skin removal and treatment with sodium chloride (Neufeld, 1980).
In addition, some cases of regeneration of fingertips in young children were observed
when the wound was not sutured after injury (Illingworth and Barker, 1974).

During limb development, the polarizing region plays a fundamental role in
patterning. However, the regeneration blastema is in direct contact with the mature
tissues of the stump, which have ‘fixed’ positional values. Therefore, it had been
suggested that re-establishment of a polarizing region in order to trigger the chain of
events which will lead to correct patterning of the regenerate may not be necessary,
and that patterning could instead be determined by mesenchymal-mesenchymal
interactions between the blastemal cells and the distal cells of the stump. Signalling
molecules normally expressed by the polarizing zone, such as Shh, however, have
been recently found to be upregulated in the posterior region of the regenerating limb
(Imokawa and Yoshizato 1997; Torok et al., 1999). On the other hand, following limb
amputation, Shh is not expressed before the blastema has reached the medium bud
stage, hence at a later stage than in the developing limb bud and possibly in a more
restricted area. Shh expression in the regenerating limb, and the fact that its ectopic
expression anteriorly induces formation of extra digits (Roy et al., 2000), has been
taken to indicate the existence of a zone of polarizing activity also in regenerating
limbs.

Expression of transcription factors associated with limb development has been
reported also in regenerating limbs, although certain genes appear to be deployed in a
somewhat different fashion. In the case of Thx gene expression, regenerating forelimbs
and hindlimbs selectively express Tbx5 and Tbx4, respectively, as the developing
mammalian limb. In contrast, during development of the urodele limb Tbx5 and Thx4
are expressed in both anterior and posterior limb buds (Khan et al., 2002).

All of the developmentally regulated homeobox genes that are known to be
expressed during limb development are also expressed in regenerating limbs. HoxD
genes are expressed in the same spatio-temporal fashion as in development (Brown
and Brockes, 1991; Simon and Tabin, 1993; Torok et al., 1998), whereas the HoxA
genes are not re-expressed in a co-linear fashion (Gardiner et al., 1995). Interestingly,
expression of Hoxa6 and Hoxcl0 is not switched off in the adult newt limb, unlike in
vertebrates, which cannot regenerate their limbs, suggesting a possible relationship
between expression of these genes and maintenance of regenerative ability in
adulthood (Savard et al.,, 1988; Savard and Tremblay, 1995; Simon and Tabin,
1993). Furthermore, some of these genes, such as Hoxal3 and dix3, another
transcription factor involved in determining positional identity, are downregulated
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by retinoic acid in the regenerating limb (Gardiner et al., 1995; Mullen et al., 1996),
supporting their putative role in patterning it.

The presence of several Fgfs and at least three Fgf receptor variants in the limb
regeneration blastema (Boilly et al., 1991; Christen and Slack, 1997; Christensen et al.,
2002; Giampaoli et al., 2003; Poulin and Chiu, 1995; Poulin et al., 1993; Yokoyama et
al., 2001) further supports the view that the same key molecules are used to build
both embryonic and adult limbs. Even in this case, however, some differences in
deployment of various members of the Fgf family have been reported (e.g. Fgf4 does
not appear to be expressed in the regenerating urodele limb bud). The fact that some
regeneration of the embryonic chick limb can be induced by Fgf2 and Fgf4
(Kostakopoulou et al., 1996; Taylor et al., 1994), which can substitute for the apical
ectodermal ridge in developing chick limbs (Fallon et al.,, 1994; Niswander et al.,
1993), indicates that the regenerative potential in vertebrates is higher than previously
thought, and that, at least in the embryo, it can be stimulated when the right factor(s)
is provided. Therefore, it will be of fundamental importance to achieve a full
understanding of the basic mechanisms underlying limb development and regenera-
tion if we are to devise strategies aimed at increasing regenerative potential in higher
vertebrates, including humans.

Differences between developing and regenerating limbs

There are clear differences between development and regeneration concerning the
origin of the cells and the control of their division, in particular regarding the role of
nerves. While the developing limb bud starts to grow in the absence of innervation,
the initial growth of the blastema requires an adequate level of nervous supply (Fekete
and Brockes, 1988; Sicard, 1985; Singer, 1974; Wang et al., 2000). If the limb is
denervated and amputated, blastemal cells can accumulate but do not proliferate.
However, if the limb is denervated after a blastema has formed, regeneration will
progress but the regenerated limb will be smaller in size. Therefore, regeneration
depends on the presence of the nerve only during the phase of rapid proliferation of
blastemal cells. It has been suggested that the newt type III neuregulin and Fgf2 might be
among the factors secreted by the nerve, which either directly or indirectly control
blastemal cell proliferation (Brockes and Kintner, 1986; Ferretti and Brockes, 1991;
Mullen et al., 1996; Wang et al., 2000), but more work will have to be carried out to
fully define the molecular basis of nerve dependency. A number of factors that are not
secreted by the nerve, but whose expression depends on the presence of innervation,
such as Fgf8 and Fgfl0, have been reported. Interestingly, some degree of limb
regeneration has been induced in young opossums by transplantation of nervous
tissue (Mizell and Isaacs, 1970), indicating that the nervous system can also play an
important role in limb regeneration in higher vertebrates. It will therefore be
extremely important to fully elucidate the mechanisms underlying the neural control
of limb regeneration.
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The other fundamental difference between development and regeneration is the
origin of limb progenitor cells in the embryo and in the adult. As discussed earlier,
the limb bud originates from the lateral plate mesoderm, whereas the limb blastema
originates from the distal tip of the stump. The issue of whether these limb progenitor
cells are ‘equivalent’ and share the same phenotype was neatly addressed when the
monoclonal antibody technique became available and antibodies against blastemal
antigen and markers of the differentiated state were developed. Such antibodies
(reviewed by Ferretti and Brockes, 1991; Géraudie and Ferretti, 1998) have allowed
the identification of a number of regeneration-associated molecules, analysis of their
cellular distribution in developing and regenerating limbs, and isolation of the genes
encoding them by screening blastema expression libraries. Two main findings have
emerged from these studies. First, a difference in the phenotype of limb progenitor
cells in embryos and adults has been revealed, since molecular markers such as 22/18
and the simple epithelial keratins 8 and 18, all of which have been shown to be
expressed in the mesenchyme of regenerating limbs, are not detectable during limb
development (Corcoran and Ferretti, 1997; Fekete and Brockes, 1987). Second, it has
become apparent that blastemal cells do not comprise a homogeneous population,
as previously believed on the basis of their morphological appearance, but are
heterogeneous.

Blastemal cells are believed to originate from the mature tissues of the stump
through a process of dedifferentiation. It is generally agreed that, while neither
epidermis nor subepidermal glands contribute cells to the blastema, there is a
contribution from mesodermal tissues of the stump and from Schwann cells
(Maden, 1977). The most extensively studied tissue that contributes to blastema
formation is the muscle. Some elegant labelling experiments have demonstrated the
high plasticity of the urodele muscle (Kumar et al., 2000; Lo et al.,, 1993). When
cultured myotubes are injected with a tracing dye and implanted in the blastema in
vivo, labelled mononucleate cells can be found in the blastema, confirming previous
work which suggested that muscle fibres contribute to blastema formation through a
process of dedifferentiation (Hay, 1959). The molecular mechanisms underlying
dedifferentiation of myoblasts are becoming better understood. Msx1 has been shown
to play an important role in myofibre dedifferentiation, and a decrease in its
expression in myonuclei results in inhibition of myofibre fragmentation and forma-
tion of mononucleate cells (Kumar et al., 2004). Another key step for the re-entry of
dedifferentiated cells in the cell cycle is activation of thrombin at the injury site
(Tanaka et al., 1999). This is believed to induce cleavage of an as yet unidentified
serum component and lead to phosphorylation of the retinoblastoma protein, with
consequent cell cycle re-entry (Tanaka et al., 1997).

Cells equivalent to mammalian satellite cells are also present in the newt muscle
(post-satellite cells) and these cells proliferate and differentiate into myotubes in vitro
(Cameron et al., 1986). Although these cells might contribute to the blastema, there is
evidence to suggest that their main role is in the repair of stump muscle, whereas the
blastema contains cells produced through muscle dedifferentiation (Corcoran and
Ferretti, 1999).
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The possibility of inducing at least partial regeneration of limb structures in
humans is still in its infancy, and the most formidable challenge ahead of us is to fully
elucidate the molecular mechanisms underlying the remarkable plasticity of urodele
limb tissues and controlling re-entry in the cell cycle in response to limb amputation.

How, when, and where experimental studies elucidate
abnormal development

The results of embryological manipulations suggest that the cellular and molecular
basis of limb development is conserved between vertebrates. For example, the
polarizing region from embryonic limb buds of a wide range of vertebrates, including
man, was shown to lead to additional digit formation in chick wing buds (Fallon and
Crosby, 1977). This suggests that the signalling mechanism has been evolutionarily
conserved (see Chapter 1) and this conclusion has since been confirmed at the
molecular level. For instance, Shh transcripts have been detected in mouse and chick
limb bubs and fish fin buds (Echelard et al., 1993; Krauss et al., 1993; Riddle et al.,
1993) and the human SHH gene has been identified (Marigo et al., 1995). These and
other data suggest that principles of limb patterning that emerge from experimental
analysis of chick and mouse embryos can probably be applied directly to considera-
tion of abnormal development and congenital limb abnormalities in humans. In
addition, there have been considerable advances in clinical genetics and progress in
pinpointing the genetic basis of limb defects in humans (Table 7.3), and the genes
have often turned out to be those identified by basic research into limb development
in model vertebrates.

Limb deficiencies

Amelia and meromelia Experimental analysis shows that the apical ectodermal
ridge is central to bud outgrowth, and this has important implications for interpret-
ing how amelia and terminal meromelic limbs (limbs that lack distal structures)
could arise. If the apical ridge does not form at all, limbs will be completely absent
and amelia will result. Absence of limbs could result from lack of appropriate
initiation signals or failure to respond to these signals. Failure of limb bud outgrowth
leading to truncated limbs could result from defective signalling; for example, absence
of the apical ectodermal ridge and/or production of Wnts or Fgfs. Changes in apical
ridge signalling could either have a genetic basis or be due to damage to the ridge.
Another possibility is that there could be a failure to respond to ridge signals and, as a
consequence, correct patterns of Hox gene expression, for example, are not estab-
lished. In this respect it is interesting that the gene that is affected in the hypodactyly
mutant mouse, which has only a single digit on each paw, is Hoxal3 (Mortlock et al.,
1996).
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In some cases of limb meromelia (intercalary or transverse), it is proximal rather
than distal structures that are absent. A model for this class of defect is provided by
X-irradiation of chick limb buds (Wolpert et al., 1979). As the dose of X-irradiation is
increased, proximal limb structures are deleted, whereas distal structures develop
relatively normally. This result can be understood by reference to the progress zone
model. X-irradiation kills cells in the progress zone and the number of cells at the tip
of the limb will be reduced. Surviving cells will proliferate to fill the progress zone and
as they do so, they will spend a longer time at the tip and hence give rise to distal
rather than proximal structures. Therefore, death or killing of mesenchyme cells
could be a mechanism that leads to proximal defects. Destruction of mesenchyme
cells could be caused directly by cytotoxic drugs or indirectly by interference with
the vascular supply. This second mechanism was suggested some time ago as the
mechanism of action of thalidomide (Poswillo, 1975) and, more recently, thalido-
mide has been shown to inhibit angiogenesis, the growth and remodelling of blood
vessels (D’Amato et al., 1994). Roberts syndrome, a genetically inherited (autosomal
recessive) limb defect, is phocomelia-like.

Polydactylies Experimental analysis shows that the polarizing region is central to
anterior—posterior patterning. Therefore, defects in anterior—posterior patterning
could either be due to changes in distribution and/or strength of the polarizing signal
or to changes in cellular response to the signal. It could be that both signalling and
response are abnormal. In polydactylous limbs, one possibility is that the polarizing
signal might be more widespread and produced anteriorly and posteriorly. This could
account for extra digits pre-axially or mirror hands/feet but does not explain
additional post-axial digits.

In talpid (polydactylous) chicken mutants, an increased number of morphologically
similar digits develop. The limb buds are abnormally broad, and the apical ectodermal
ridge is correspondingly extended (Hinchliffe and Ede, 1967). Shh expression is
restricted as normal to the posterior margin of the broadened buds (Francis-West et
al., 1995) but there are uniform expression patterns of HoxD genes across the tip of
early buds, instead of the normal posterior 