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Molecular approaches to dysmorphology
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SUMMARY The biochemical and physiological defects underlying human dysmorphic syndromes
can now be approached using techniques of molecular biology. The genetic component of the
causation of the dysmorphology can be studied in isolation from the environmental component
by using large, rare families which exhibit the same phenotype as more complex multifactorial
disorders, but inherit the mutation in a monogenic fashion. Such an analysis starts with the
determination of linkage to a gene probe, followed by the use of newer techniques of molecular
biology to enable cloning and sequencing of the mutated gene.

Analysis of the gene product by amino acid sequence homology to other known proteins, and
tissue specific expression, may place the defect within the cascade of events associated with
development and differentiation. Once cloned, the gene can also be manipulated in transgenic
laboratory animals and the effect of its mutation studied directly. The use of techniques of
molecular biology to study the genetic aspects of dysmorphic syndromes will allow insight to be
gained both into normal fetal development and into the causes of congenital malformations.

The human genome has approximately 109 base
pairs of DNA in 22 pairs of autosomes and the sex
chromosomes. In addition to the several tens of
thousands of genes which code for proteins, this
complex of information also contains the instruc-
tions required for differentiation and development.
It is only with the advent of recombinant DNA
technology that we have been able to study the
structure and function of the genes that control
these processes at the molecular level. As a result of
random mutations in the human genome, changes in
the pattern of cleavage of restriction enzymes occur,
which provide specific polymorphic markers, inher-
ited in a Mendelian manner. The analysis of the
patterns of inheritance of these markers in family
studies provides a tool with which to map any gene
and to study its cosegregation with any normal or
abnormal variant phenotype.

It is now just over 10 years since the first
mammalian gene, rabbit globin, was cloned. Since
then, the advance in molecular genetics has been
even greater than predicted by the most optimistic,
with over 3500 markers identified. The mapping of
the Duchenne muscular dystrophy locus provides a
good example of the power of 'reverse genetics' in
the analysis of gene disorders. The primary defect
involved in Duchenne muscular dystrophy was first
localised by linkage to a region of Xp and by a
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combination of recombination studies and use of
deletions and translocations for mapping and gene
isolation, the DMD gene has now been
characterised.' 2 The protein product of the gene,
'dystrophin', has been studied using polyclonal
antibodies, and an animal model, the mdx mouse,
has been validated3; indeed, if this mouse model is
insufficient, further models may be made in the
laboratory using transgenic techniques. This struc-
ture for the study of a complex single gene disorder
may become a classic for similar conditions.
A necessary prerequisite for the study of a disease

at the DNA level is a genetic model; a small
proportion of dysmorphic syndromes appear to be
simply monogenic or polygenic, with no environ-
mental component. However, most fall into the
category of multifactorial disorders, determined by
the varying contribution of both intrinsic and
extrinsic factors, such that any given case will be the
result of the net effect of these factors, as in
coronary heart disease.4 It is important to distin-
guish between multifactorial and polygenic inheri-
tance; we use the latter term in a restricted sense
with reference to conditions caused exclusively by a
large number of genes and with minimal extrinsic
involvement. We also note that conditions which are
multifactorial in general may nonetheless be
monogenic or polygenic in a given family, as will be
seen for one large family with cleft palate that we
have studied.
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The role that chance plays in the occurrence of
malformations has recently been studied in the form
of a stochastic single gene model.5 Using computer
simulations to describe endocardial cushion out-
growth and fusion, randomly walking cells were
allowed to migrate, divide, and adhere with preset
probabilities. The results were interesting: the
outcomes are variable, despite multiple inde-
pendently performed simulations using identical
parameters (that is, identical genotypes and
environments). Not only did the stochastic single
gene model generate a continuous liability curve
resembling that which is obtained from a multi-
factorial threshold model,6 but it also showed that
the variability was intrinsic to the simulation and did
not require external factors, such as changes at the
genetic or environmental level. If a number of
simulations were performed in which a single
parameter was changed (inter-cell adherence),7 the
liability curves could be shifted to the left (increased
defect risk) or to the right (decreased risk) of a
predetermined defect threshold value.

In terms of clinical applications of this model, it
has been noted that in Down's syndrome patients,
significant variability in the extent of congenital
heart malformation occurs, with approximately half
of the subjects exhibiting heart defects.8 Discord-
ance for congenital heart defects between monozy-
gotic twins has been observed9; a similar result was
found in the murine model for Down's syndrome
(trisomy 16)."1 In summary, the segregation of a
given malformation can be explained by the inheri-
tance of a single defective gene that predisposes to,
but does not necessarily result in, the malformation.
This idea is embodied in the concept of 'reduced
penetrance' of a disease, words which now must be
regarded as giving way to more precise definitions of
genetic causalities.
There are a variety of perturbations which can

affect normal embryogenesis. The term 'develop-
mental field' is used to describe those parts of the
embryo in which the appropriate processes of
development are controlled and coordinated spat-
ially and temporally. Disturbances of normal field
development may be corrected or may lead to
anomalies. Evidence for the existence of fields
comes from the observation of identical malforma-
tions resulting from more than one cause, whether
genetic or environmental or both, thus identifying a
single developmental unit. In this manner, early
perturbation of a field may lead to an extensive
defect, whereas a late perturbation will result in a
lesser effect.

Malformations, on the other hand, can be defined
as a morphological defect of an organ, part of an
organ, or larger region of the body resulting from an

intrinsically abnormal developmental process. Post-
natally, it may be impossible to determine whether a
given anomaly is a malformation or a disruption,
caused by extrinsic factors (for example, teratogens)
on an otherwise normal development. For instance,
radial asplasia may be a malformation, as in Holt-
Oram syndrome, or a disruption, as in thalidomide
embryopathy. Virtually all malformations investi-
gated to date appear to be field effects." In
contrast, a deformation is the results of mechanical
forces (for example, intrauterine restriction) and
results in an abnormal form, shape, or position of a
part of the body. (By definition, a disruption can not
be inherited.)
One initial approach to the understanding of the

molecular basis of a dysmorphology lies in the
identification of pedigrees in which a simple disease
phenotype manifests as a purely genetic entity, but
exhibits all the features of the more common
polygenic or multifactorial disorder. These 'model
families' do exist for many disorders both in humans
and in the mouse. This review is concerned with the
technology available to identify and analyse a
defective gene, some of the clues to candidate
developmental genes, and future perspectives of
molecular biology with respect to correction of the
defect involved.

Techniques of gene analysis

Since the introduction of gene cloning 10 years ago,
one of the goals of molecular biologists has been to
understand the mechanisms that cause a single
diploid cell to develop and differentiate into a
human being. The application of both molecular and
genetic analysis has brought us a great distance
towards understanding the genetics which underlies
both the structure and function of organisms such as
E coli and Drosophila melanogaster. These techni-
ques have been difficult to apply to mammals,
however, primarily owing to the sheer size of the
mammalian genome.

If a genetic marker which has been mapped to a
particular chromosome is always associated with a
disease, then the disease may be assumed to be on
that chromosome. In studying linkage, one very
considerable contribution of molecular biology has
been the observation that, even more than proteins,
DNA sequences show abundant polymorphism.'2
These markers are called restriction fragment length
polymorphisms (or RFLPs for short). Whereas
RFLPs are rarely part of the coding sequence of a
gene, and therefore do not usually denote functional
variation, it has been estimated that a few hundred
spread evenly over the genome would provide
sufficient genetic markers to enable any gene of
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interest to be mapped."3 The recombinational map
of the human genome is now virtually complete.'4
The analysis of linkage between two markers is

dependent on the availability of sufficient numbers
of informative families; this is true whether marker/
marker or marker/disease linkage is studied, and is a
function of the distance between the markers and
the informativeness of the polymorphism (or
disease). The likelihood of linkage (cosegregation)
between the disease and each polymorphic marker
can be followed using the maximum likelihood
estimate, usually with the help of a computer
program such as LIPED.'5 The alternative to
pairwise linkage analysis is to follow the segregation
of several loci on the same chromosome simul-
taneously. This is a much more powerful method for
linkage analysis within a defined linkage group and
is performed using a program package such as
LINKAGE. 16 This approach is, however, limited by
the accuracy of our knowledge of the recombination
distance between the markers and of their order.
Once linkage has been found, and flanking

markers isolated for a gene which is mutated so as to
cause pathology, it is usually necessary to walk the
genome in order to define the precise nature of the
basic defect. At present, standard cloning strategies
are limited by the capacity of the vectors used.
Relatively small distances can be analysed by the use
of chromosome 'walking', involving the repeated
use of fragments from the end of one clone to
identify adjacent overlapping clones. Generally
these walks are much smaller than would be
expected theoretically; as a result, a walk of
1 million bases would probably require at least
50 steps, which is impractical.
To overcome this problem, 'jumping' clones have

been developed to cope with the large distances
separating markers and genes of interest. 17 Only the
ends of very large DNA fragments generated by rare
cutting restriction enzymes are cloned. In this way, a
directional jump of 500 000 bases can be attained.
The use of rare cutting sites as start/end points of
jumps allows the distance covered by a jumping
clone to be estimated. This is made possible by the
development of an extremely powerful method,
pulse field gradient gel electrophoresis (PFGE),
which separates DNA molecules up to several
million base pairs in length.'8
For this technique, Schwartz and Cantor'8 mod-

ified standard electrophoresis by pulsing the DNA
with roughly diagonal electric fields, allowing the
resolution of DNA fragments ranging in size from
50 000 to over 7 million base pairs. In combination
with rare cutting restriction enzymes and jumping
clones, it has now become possible to determine a
physical, as opposed to recombinational, map
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around a gene/marker locus, and to compare the
two. This is the method of choice for determining
gene order when flanking markers are so close to a
defective gene that recombination is rarely seen.2

AN APPLIED EXAMPLE
As most congenital dysmorphic syndromes, such as
cleft palate and neural tube defects (NTDs), have an
undefined site of lesion, they are not amenable to
direct genetic analysis. One exception to this gener-
alisation is being studied in our laboratories. It
involves the localisation of a single gene defect
responsible for secondary cleft palate and ankylog-
lossia in a large Icelandic pedigree. Clefting of the
human secondary palate (CP) occurs during the
seventh to ninth weeks of embryological develop-
ment when the lateral palatine processes fail to fuse.
This malformation shows little variation between
populations; the incidence is approximately 1 in
1500.19 Normally, CP is more prevalent in females,
owing in part to the palatine processes fusing one
week later, with a concordantly longer period during
which the fetus is vulnerable to teratogenic agents.
In the pedigree studied, males exhibited both cleft
palate and ankyloglossia, whereas the females, in
almost all cases, had only ankyloglossia. This is the
result of incomplete penetrance of the defect in
females. There were no cases of father to son
transmission of the mutant gene, which demon-
strated X linkage. We regard this family as an
example of a single, rare, monogenic disorder that is
amenable to molecular genetic analysis, and which
mimics the much more common multifactorial
condition.
Accordingly, linkage analysis was performed on

the family using polymorphic DNA probes. A
significant linkage was detected at zero recombina-
tion with a probe localised to Xq21- 1.21) The
acquisition of further samples from the family and
the analysis of other polymorphic markers in the
Xq21 region has enabled the defect to be more
accurately localised to the distal portion of Xq21.
The gene is flanked by two marker loci, DXYS12
and DXSI 7, which are thought to be at a recombina-
tional distance of 5% (5 cM).

Further corroboration of this result is provided by
the molecular analysis of two deletion patients. The
first deletion patient22 has an interstitial deletion of
Xq13-3-*Xq21.33 and has, among other defects,
cleft palate. This patient is deleted for the locus
DXYS12 but not for DXS17. The second deletion
patient has a slightly smaller interstitial deletion in
this region of the chromosome (Xq2-1*Xq21-31)
and does not have cleft palate.23 We suggest that the
cleft palate defect lies in the region outside the
overlap of these two deletions, that is, Xq21-31 to

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.25.7.473 on 1 July 1988. D
ow

nloaded from
 

http://jmg.bmj.com/


Alasdair Ivens, Gudrun Moore, and Robert Williamson

Xq21-33, a distance of approximately 1 million
bases. This DNA sequence length can be mapped
and coding sequences within the region identified.
The techniques of HTF island cloning,24 chromo-
some mediated gene transfer (CMGT),25 jumping
libraries,'7 and PFGE'8 are currently being applied
to this region of the X chromosome.
As an extension of our work on X linked CP, we

are interested in other midline defects, specifically
spina bifida. Although much is known about neural
tube defects in general, we still know very little
about what causes them, and why spina bifida is
becoming less frequent in most parts of the world.
Once again, the vast majority (>90%) of defects
such as anencephaly, spina bifida, and encepha-
locele are of multifactorial origin.26 An additional
problem in the analysis of such NTDs is that the
prevalence of malformations at birth is usually far
less than the true incidence; a factor of 1/10 has been
proposed.27 Comparison of the relative rates of
NTDs in spontaneously aborted fetuses in areas of
different prevalences suggested that the incidence of
NTDs associated with chromosomal abnormalities
may be uniform and that it is the incidence of defects
with cytogenetically normal chromosomes that
varies. The differences of prevalence noted between
males and females again appear to be related to
differences in rates of embryological development.28

Spina bifida may be analysed at the genetic level
in both humans and mice. A pedigree has been
reported in which anencephaly and spina bifida
show an apparent X linked mode of inheritance.29
This is amenable to linkage analysis as detailed
earlier. Mouse models of diseases, especially
embryological defects, are useful as they enable one
to circumvent the ethical restrictions on human
embryo research. The pertinent model for spina
bifida is the curly tail mouse, whose defect is
associated with a malformation in the spinal cord at
the lowest point of closure, the posterior neuropore.
Many of these mice also suffer from spina bifida:
severity of the lesion is inversely proportional to
the speed of neuropore closure. Mechanisms for
neuropore closure are currently being investigated;
hyaluronic acid deposition is a candidate for the
defect.30

Homeo boxes: the key to developmental regulation?

An unanswered question of mammalian develop-
ment is how an embryonic cell comes to follow a
specific pathway of differentiation. A major
obstacle to our understanding of differentiation at
the molecular level has been the inability to identify
the relevant genes and the genes that control them.
Not so for Drosphila melanogaster, where a rigorous

genetic dissection has enabled the characterisation
of many key genetic loci controlling development.3'
Experiments have shown that a 180 base pair

protein coding sequence, the homeo box, is a
component of some of these Drosophila genes. The
homeotic genes control the developmental fate of
groups of cells with respect to their morphological
characteristics; homeotic genes control pattern
formation.32 In all instances studied, the homeo box
is part of an open reading frame and the sequence
has been detected in mRNA. A comparison of a
number of homeo box genes indicated a helix-turn-
helix DNA binding motif within the box domain33; it
is thought that the activity of these genes is
mediated by direct binding to controlling/promoting
sequences of important genes.
Using the Drosophila homeo box sequence as

probes, it has been possible to identify homologous
sequences in a wide variety of vertebrates, including
man. Interestingly, the mammalian sequences show
high degrees of homology to the Drosophila probe,
typically 70 to 95%. In addition to their strong
primary sequence homology, there are other com-
mon features. The majority of homeo box copies in
both Drosophila and mammalian genomes are
organised within physically linked clusters. At least
three human homeo boxes are known to be localised
in a 20 000 base pair stretch of DNA.34 A similar
situation is found in the mouse.35 36 Even more
striking is the similarity between homeo box con-
taining genes in mouse and man, which are more
homologous to each other (>90%) than to the
Drosophila sequences.36
The two main mouse homeotic clusters, Hox-1

and Hox-2, have been localised to chromosomes 6
and 11, and contain six and at least four homeo
boxes respectively.37 In all cases, these murine
sequences were shown to be parts of genes whose
patterns of expression are specific for given stages of
embryogenesis, or for restricted numbers of adult
tissues or cell lineages.3 37 It appears that some are
coordinately regulated, being expressed in the same
embryonic structure but at different times.3842
Similarly, if homeo box genes direct specific mor-
phogenetic functions during development, as for
Drosophila, one could predict specific spatial ex-
pression. This is elegantly shown for the murine
Hox-3 and the human HHO.c1O, with expression
limited to the central nervous system.38 39
The homeo boxes found in several Drosophila

genes control segmentation: do they have the same
function in mammals? It has not been possible so far
to analyse developmental mutants in mammals with
the same thoroughness as Drosophila. A major
drawback is the definition of comparable aspects of
mammalian and Drosophila development, along
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with the practical aspects of embryo manipulation.
Analysis of the embryo is not technically possible at
the required stage, although Gaunt43 has recently
been able to detect expression in the mouse at the
gastrulation stage by in situ hybridisation.
How do the homeo box proteins function? We

know a considerable amount about their expression
and spatial localisation in the embryo but very little
about how they exert their effects: the only clue we
have is the presence of a putative DNA binding
domain, similar to that found in yeast mating type
a2 protein.4 This suggests a regulation role. The
conservation of homeo box sequences across a
broad range of organisms indicates a conserved
function; just what this is in mammals has yet to be
shown.
Teratocarcinoma cells provide a useful model of

differentiation in vitro.42 Normally growing as un-
differentiated cells, they can be made to differen-
tiate by adding a variety of agents (for example,
retinoic acid) to the culture medium. Such cells can
be used to assay homeo box containing genes. In
differentiated F9 cells, a homeo box containing
2-7 kb RNA is expressed at a high level but its
expression is dependent on the continued presence
of retinoic acid.
Homeotic genes may well play an important role

in the normal development of the embryo, but what
controls their expression? Hormones and growth
factors are known to act as inducers of gene
expression, and are good candidates for mor-
phogens. Their receptors are intracellular proteins
that act as the mediators of transcription; the recent
cloning and characterisation of the genes for the
human glucocorticoid and oestrogen receptors has
revealed that these molecules contain discrete DNA
binding and ligand binding domains. Another
striking observation is the extensive homology
between the DNA binding domains of steroid and
thyroid hormone receptors; this has enabled the
isolation of other receptor molecules, one of which
is the retinoic acid (RA) receptor.45
RA is essential for normal epithelial cell prolifera-

tion and differentiation,46 and plays a major part in
pattern formation.47 It was suggested that RA also
mediates gene transcription via nuclear receptors.48
The cDNAs of several steroid receptors have been
cloned and appear to be structurally related and
share sequence homology with the avian erythro-
blastosis virus v-erbA oncogene.49 The DNA
binding domain, a stretch of approximately 70
amino acids (region C), determines the specificity of
the transcriptional activation by folding into two
zinc stabilised fingers, each involving two pairs of
highly conserved cysteine residues.5 Region E is
the hormone binding domain and is much less

conserved than region C. By creating chimeras of
the various receptor domains, it has been possible to
use the glucocorticoid receptor to induce genes that
are normally enhanced by oestrogen, and vice
versa.45 The cloning of the RA receptor is important
as it enables a more detailed molecular analysis of
differentiation at the gene level.

DNA transfection

The analysis of gene expression in prokaryotes has
been based, to a large degree, on the introduction of
genes and other DNA segments into bacteria. A
similar approach in higher eukaryotes was imposs-
ible until relatively recently, when transformation
assays using co-precipitation of DNA and calcium
salts was introduced.5'

Several well defined selectable markers have
already been used in eukaryotic cells; thymidine
kinase (tk) is the most fully studied, but this requires
a tk- cell line. Two vectors have been developed to
enable any cell line to be used; both use prokaryotic
genes linked to eukaryotic promoters. An example
of this is the SVgpt series of vectors52; an alternative
dominant acting vector, SVneo, consists of the
neomycin gene ligated to the SV40 early region.53
This region encodes a kinase that inactivates neomy-
cin; hence, mammalian cells can be transformed to
neomycin resistance. The existence of selectable
markers led to the idea of introducing any gene into
mammalian cells, by co-transfection of the cloned
DNA with the selectable marker.
DNA can also be stably introduced into cells by

direct microinjection; no selective pressure is
needed. The ability to introduce virtually any piece
of DNA into cells has enabled the introduction of
DNA sequences that control the expression of
certain eukaryotic genes. Generally, a gene intro-
duced into eukaryotic cells continues to respond to
the si nals that control the expression of the gene in
vitro.4

INTRODUCTION OF FOREIGN GENES INTO
FERTILISED MOUSE EGGS
Transfection of cell lines with purified genes is
proving to be a valuable method of studying gene
regulation. However, this approach is, in the
majority of cases, limited to partially or fully
differentiated cells. The molecular mechanisms
responsible for the temporal and spatial regulation
of genes driving embryogenesis remains masked.
This can be circumvented by the introduction of
foreign genes at the zygote or early embryo stage.
Cloned genes are microinjected into the pronuclei of
freshly fertilised mouse eggs and implanted into the
uterus.
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Integration of the cloned gene into the host
genome appears to be random, but the gene does
remain in both germline and somatic cells. Unfortu-
nately, by virtue of the experiment itself, we are
selecting for integration events that are compatible
with normal embryonic development, those that do
not involve important morphogenic genes, or those
that remain silent or underexpressed.
An exciting development using fused genes, in

which the 5' regulatory sequences of the mouse
metallothionine gene were attached to the coding
sequences of the rat growth hormone gene, indi-
cated the power of transgenic analysis. In this case,
the gene was induced by heavy metals and resulted
in growth hormone levels 100 to 800 times that of
the controls, with concomitant rapid growth of the
mice.
Other examples of important transgenic experi-

ments include (1) the construction of a mouse model
for Lesch-Nyhan syndrome by introduction of a
mutant HPRT into mice using transgenic embryonal
stem (ES) cell lines56 57; (2) cell lineage ablation in
transgenic mice by cell specific expression of a toxin
gene58; and (3) the correction of dysmyelinating
phenotype by the introduction of the wild type gene
into shiverer mice by microinjection; correct tem-
poral and spatial expression of the gene was
achieved.59 This raises the possibility of gene
therapy in man and its prospects will, in the future,
be the subject of continued debate. ')
However, from the point of view of this review, it

is more interesting to note that there are now many
models of single genes which, when introduced into
cells or organisms, alter morphology in a complex
yet defined fashion. The experimental imperatives
are to gain precision in site of integration and to
improve expression, which will enable us to study
many genes important in defining morphology
during embryogenesis and differentiation.
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