Mapping of Genes Involved in Cleft Lip
with or without Cleft Palate
by
Gilhan Mary Vintiner
Thesis submitted for the degree of Doctor of Philosophy
University of London

Department of Molecular Genetics
Institute of Child Health

ProQuest Number: U539328

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest.
ProQuest U539328
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.
ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

To Peter

ABSTRACT

C andidate genes for C L /P were selected on the basis of involvement in
cytogenetic alterations, from published linkage and association studies, and
from regions linked to syndromes w ithin which clefting occurs.

Linkage

analyses were carried out w ith 8 families with an apparent autosomal
dom inant inheritance of non-syndromic C L /P, while the association analyses
involved 57 unrelated British Caucasian individuals w ith C L /P and 60 controls.

Linkage was excluded between markers D1S65 and D1S58 (lq31), thought to
flank the Van der W oude syndrom e locus, and the families with CL/P.
M ultipoint analysis excluded linkage betw een C L /P and the 2 loci w ith a
m axim um lod score of z=-4.0. An association between an RFLP at TGFA
(2pl3) was confirmed (X^=15.04, p<0.001) although there was no evidence of
linkage between TGFA and familial C L /P (z=-3.152, 0=0.05). CRTLl (5ql5)
was also excluded from a role in the form ation of familial C L /P (z=-3.466,
0=0.05). Amplification of this locus in a 5q- hybrid of an individual with
syndromic CP, m apped the translocation breakpoint below 5ql5. Contrary to
a published report there was no linkage between F13A1 (6p24) and C L /P (z=2.052, 0=0.05).

There was no association between VIM (10pl3) and the

unrelated clefted individuals (X^=0.110, p>0.5).

FISH analysis using two

cosmids identified by VIM in a cosmid library screen, did not reveal if VIM
w as involved in a 10pl3 translocation breakpoint in an individual with CL/P.
There w as no association between KARA (17q21) and unrelated clefted
individuals (X^=0.954, p>0.1). Linkage also excluded KARA from a role in
familial clefting (z=-3.211, 0=0.001).

In addition to this work, a linkage analysis w as carried out between COL2A1
and 6 families w ith an autosomal dom inant inheritance of Stickler syndrome.
A m axim um lod score of z=0.96, 0=0.100 was suggestive of either genetic
heterogeneity or the involvement of a locus closely linked to COL2A1.
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1.0 INTRODUCTION
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1.1.0 CLEFT LIP WITH OR WITHOUT CLEFT PALATE
Non-syndromic cleft lip with or w ithout cleft palate (CL/P) is one of the most
common craniofacial malformations affecting approximately 1 in 1000 live
Caucasian births.
unsolved.

Despite a half-century of intense study, C L /P remains

Although m any models have been proposed to explain the

inheritance of C L/P, the precise roles played by genes, environm ent and
chance are still unknown.

A considerable am ount of data have been collected on the incidence of C L /P
worldwide, since reliable family histories are fairly easy to obtain and almost
all affected individuals are surgically treated.

This has resulted in the

opportunity for comparisons between populations, the sexes, and the rigorous
testing of inheritance models.

About two-thirds of all C L /P are unilateral and occur on the left side. A
bilateral C L /P is considered more severe than a unilateral C L /P and there is
a higher incidence of cleft palate w ith the former.

C L /P occurs more

frequently in males than females w ith a ratio of 1.8:1. The excess of males
appears greater for the more severe defects, i.e. greater for C L /P than cleft lip
alone and for bilateral rather than unilateral. W ithin families however, the risk
of near relatives having a C L /P is independent of the sex of the proband.

There is considerable variation in the incidence of C L /P between races. The
highest incidence is in the American Indians with a mean incidence of about
3.6 per 1000 births. This is closely followed by the Japanese w ith an incidence
of 2.1 per 1000 births. In comparison, there is a reduced risk within Negroes
w ith an estimated frequency of C L /P of 0.41 in 1000 births (Gorlin et al, 1990).

The frequency of isolated cleft palate (CP) is quite different from C L/P. The
incidence is approxim ately the same among white and blacks; about 0.4/1000
births. There is a higher occurrence for complete clefts of the hard and soft
palates in females compared with males (2:1), although the ratio approaches
19

1:1 for clefts of the soft palate only.

The incidence of C L /P can be subdivided into non-syndromic sporadic and
familial cases, and syndromic cases. Separate analyses of a Danish and British
population, suggest that about 60% of C L /P cases are sporadic although this
proportion w as greatly reduced in a Chinese population (Melnick, 1992).

It is estimated that about 10% of cases of C L /P are associated with other
syndromes which are usually manifestations of a m utant gene. 118 syndrom es
have been reported to include C L /P amongst their clinical features (London
Dysmorphology Data Base, 1991). Van der W oude syndrom e (VWS) is one
example of syndrom ic clefting.

The clinical feature of this disease is the

autosomal dom inant inheritance of lip pits w ith either isolated cleft lip or cleft
palate (Schinzel and Klausler, 1986).

Ectrodactyly-ectodermal dysplasia-

clefting syndrom e is another example. This syndrom e is usually inherited in
an autosomal dom inant m anner with low penetrance and variable expressivity.

There are m any examples of isolated cleft palate occurring within syndromes
and it w ould appear that this is more commonly found than with C L /P
(Fraser et al, 1970). Two examples of syndrom es w ith cleft palate are Treacher
Collins syndrom e (Connor and Ferguson-Smith, 1991) and Stickler syndrome
(Temple, 1989). Chromosomal aneuploidies such as trisomy 13 and trisomy
18, and a num ber of chromosomal rearrangements, are also associated with the
C L /P phenotype (Connor and Ferguson-Smith, 1991).

The rem aining percentage of clefted cases are familial, some with an
inheritable pattern of C L /P (Temple et al, 1989). It would appear in these
families that a gene of major effect is being passed from parent to child.
Indeed, the action of a major gene has been proposed as the best explanation
for the pattern of inheritance seen in a portion of Danish kindreds (Maritza et
al, 1984) and within Indian (Nemana et al, 1992) and American families (Hecht
et al, 1991c).
20

A n X-linked form of cleft palate (CPX) has been identified within a British
Columbian and an Icelandic family. In these families m any of the affected
males and carrier females also had ankyloglossia (tongue-tie). The X-linked
gene w ithin the Icelandic family has been localized to Xql3-21 (Moore et al,
1987) while the gene segregating in the Canadian family has been localized to
Xq21.1 (Gorski et al, 1992). It has been postulated that the elucidation of the
molecular defect causing the cleft palate in these individuals will identify a
class of genes involved in craniofacial development.

1.2.0 CRANIOFACIAL DEVELOPMENT
In humans, branchial arches which contribute to the formation of the head and
neck, begin to develop early in the fourth week as a result of an influx of
neural crest cells. Mesenchyme, or ectomesenchyme which is derived from
these neural crest cells, essentially form all the skeletal and connective tissues
of the face including bone, cartilage and fibrous connective tissue. The first
branchial arch is involved in the development of the face and consists of a
larger m andibular prominence which forms the lower jaw and a smaller
maxillary prominence. The lower jaw or mandible is the first part of the face
to form which occurs during the fourth week.

Palatogenesis begins towards the end of the fifth week although complete
fusion of the palate is not complete until the twelfth week. The palate is
derived from the maxillary processes and is composed of a prim ary and a
secondary palate. The prim ary palate consists of a labial component which
forms the philtrum of the upper lip and a triangular palate that includes the
four maxillary incisor teeth. The secondary palate is the result of bilateral
palate shelves which appear in the sixth week and grow dow nw ard on each
side of the tongue.

A t a precise developmental stage which occurs in the seventh week, the
shelves rapidly elevate to a horizontal position above the tongue and fuse with
21

each other as well as the prim aiy palate. This process is completed earlier in
males than females. Bone gradually develops in the prim ary palate and in
parts of the secondary palate to form the hard palate. The posterior portion
of the secondary palate does not become ossified and is referred to as the soft
palate (Gorhn et al, 1990; Moore, 1982).

1.2.1 M echanism s for CL/P
There are two major groups of cleft lip and palate. Firstly there are clefts
which involve the upper lip and the anterior part of the palate with or without
involvement of the hard and soft regions of the palate. This type of cleft is the
result of a malformation in the developm ent of the prim ary palate. The other
m ain group of clefts are those which only involve the hard and soft regions
of the palate and is the result of a disruption within the secondary palate.

A unilateral cleft lip is thought to result from the failure of mesenchymal
masses merging during the unification of different facial prominences. The
result is a persistent labial groove. The epithelium in the groove becomes
stretched resulting in the breakdown of tissues in the floor of the groove and
the formation of a complete division in the lip.

A bilateral cleft is m ost likely to result from the same mechanism postulated
for a unilateral cleft. The defects on each side may be similar or dissimilar
(Gorlin et al, 1990).

A cleft palate in some instances m ay only involve the uvula, or it may extend
through the hard and soft palates. This type of cleft could result from the
palatal shelves being too small to meet, the failure of the shelves to elevate at
the correct time, from excessive head w idth or failure of the mesenchyme to
fuse the bilateral shelves together and to the prim ary palate (Ferguson, 1983).
Such clefts may be either unilateral or bilateral.

Approximately 85% of bilateral clefts and 70% of unilateral clefts are
22

associated with cleft palates. However, although there is such a high incidence
of both defects occurring simultaneously, a suitable biological explanation is
not obvious. It has been proposed that the tip of the tongue may become
w edged in a cleft of the lip which would subsequently inhibit the fusion of the
palatal shelves. However, it has been suggested that this explanation is too
simplistic and alternatively, that the occurrence of a cleft lip and cleft palate
m ay result from reduced facial prominences and palatal shelves. The inability
of these to fuse would then result in a cleft of the lip and palate (Gorlin et al,
1990).

1.2.2 Factors involved in palate form ation
After elevation of the palatal shelves, the epithelial cells of each shelf adhere
to each other and eventually form an epithelial seam. This epithelial seam
undergoes program m ed cell death resulting in mesenchymal continuity across
the palate (Ferguson, 1983). Using chickens and mice as models, Ferguson has
identified different types of collagen, cytokeratins and vimentin (VIM)
interm ediate filaments present in the medial cell edge at the time of fusion.

Transforming grow th factor alpha (TGFA) and epidermal growth factor (EGF)
have both been shown to stimulate mesenchymal cell proliferation in vitro.
Transforming growth factor beta (TGFB) in contrast, inhibits proliferation but
stimulates the synthesis of other factors such as fibronectin and collagen type
IV.

A lthough the whole area of signalling within the palate is complex it is

likely that grow th factors play an im portant role in norm al and cleft palate
developm ent (Ferguson, 1983).

1.3.0 COLLAGEN GENES
The different types of collagen form a multigene family which are distributed
over 20 chromosomes. The type and quantity of collagen expressed varies
between different tissues. Types I, II and HI are the fibrillar colla gens. Type
I is the m ost abundant and is located in most connective tissues. Type II in
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comparison, is mainly present in hyaline cartilage while type IQ is less
common and is usually associated w ith type I. Type IV is a major constituent
of all basement membranes, type V is found in blood vessels while type VI is
found in small quantities in a num ber of tissues (Prockop and Kivirikko, 1984).
M any of these colla gens have been identified within the developing palate and
their synthesis has been shown to be stimulated by grow th factors such as
TGFA and EGF (Ferguson, 1983).

The central collagen dom ain consists of an a chain which is m ade up of a
basic repeating triplet unit of amino acids, Gly-Xaa-Yaa. Proline and hydroxy
proline often occupy the Xaa and Yaa positions respectively, although other
amino acids may be present.

Three a chains are required for a collagen

molecule, each of these is coiled into a left-handed helix while the three helical
chains are twisted around each other into a right-handed super helix. The
different types of collagen are composed of different a chains which may vary
in length, the presence of non-coUagenous domains and the location of
disulphide bonding which stabilize the collagen molecule (Cheah et al, 1985).
The identification of the molecular defect behind a collagen disease is
dependent on first identifying the type of collagen affected.

The

chondrodysplasias are a heterogenous group of syndrom es which have
abnormal developm ent of bone and joints often with associated short stature
and cleft palate. It has been suggested that the prim ary defect within this
group of diseases is in cartilage synthesis.

Type n collagen is composed of three identical a chains which are encoded at
the type Q alpha 1 collagen (COL2A1) locus. This was originally m apped to
12ql4.3 (Law et al, 1986) but has more recently been localized to 12ql3.1
(Takahashi et al, 1990). COL2A1 has been used as a candidate gene for a
num ber of the inherited chondrodysplasias where the prim ary defect is
thought to be with cartilage synthesis (W ordsworth et al, 1988).
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1.3.1 Stickler syndrom e
Stickler syndrom e was first reported in 1965 as the autosomal dom inant
inheritance of a syndrom e characterized by severe myopia, progressive arthroopthalm opathy, deafness and a characteristic flat facial appearance often with
a cleft palate (Temple, 1989). The clinical manifestations of this disease are
highly variable between families and it has been suggested that Stickler
syndrom e represents a group of disorders rather than a single genetic
syndrom e (Zlotogora et al, 1992).

Linkage between COL2A1 and a single large family implicated a role for this
locus in Stickler syndrom e (Francomano et al, 1987). This was confirmed by
the establishment of linkage in another large family. However, the presence
of a recombination in a smaller family suggested either genetic heterogeneity
or linkage to another gene proximal to COL2A1 (Knowlton et al, 1989). The
recent identification of a point m utation w ithin COL2A1 in affected members
of a family w ith Stickler syndrom e is direct evidence of a role for this gene in
the developm ent of the disease (Ahmad et al, 1991).

Defects w ithin COL2A1 have also been identified in an autosomal dom inant
form of spondyloepiphyseal dysplasias (SED). This disease shares many of the
characteristics described for Stickler syndrom e although the changes are often
more severe with associated extreme short stature (Temple, 1989). A link
between COL2A1 and SED was first dem onstrated w hen cartilage from
patients were shown to have an abnormal electrophoretic pattern compared
w ith controls (Murray et al, 1989). Since then, two different mutations within
COL2A1 have been identified. Firstly, a deletion of exon 48 was identified in
all members of a family affected w ith SED (Lee et al, 1989) while in another
family, a tandem duplication within exon 48 was also identified (Tiller et al,
1990).

Familial osteoarthritis is another m em ber of the chondrodysplasias linked with
COL2A1. This disease is characterized by deterioration of cartilage in most
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joints. Linkage was first reported in 1989 by Palotie et al, and confirmed in a
second family by Knowlton et al, 1990. Evidence of more direct involvement
was provided w ith the identification of a point m utation w ithin COL2A1 in an
individual with this disease (Kokko et al, 1990).

1.4.0 MODELS OF INHERITANCE FOR CL/P
In 1942, Fogh-Anderson analyzed a large Danish population w ith C L /P and
proposed that the malformation was inherited as a conditioned dom inant trait
i.e., the gene was usually expressed in the homozygote but occasionally in the
heterozygote.

He observed a reduced penetrance of the phenotype and

suggested that there could be more than one genetic type of C L /P (Fraser,
1989).

Dissatisfaction w ith this model arose in the 1960s w hen it was obvious that in
some individuals, C L /P did not follow a Mendelian pattern of inheritance. In
1969, Carter proposed a multifactorial model for C L /P based on a
mathematical model outlined by Falconer. The mechanism postulated was
that C L /P depended on the additive effects of several minor m utant genes and
environm ental factors. The accumulation of genetic and environmental factors
could be tolerated by a developing embryo until the threshold was reached,
beyond which there w as a risk of malformation (Carter et al, 1969). However,
the subsequent refutation of a num ber of predictions m ade by Carter in this
model, led to the re-examination of the inheritance of C L /P during the 1970s.

The increased interest in computer technology allowed for the development
of program s enabling complex segregation analysis. Here, the phenotypes of
first-degree relatives are checked to determine if they conform to predicted
patterns of single gene locus segregation. A num ber of different racial groups
have since been analyzed. The analysis of a large num ber of Danish pedigrees
suggested evidence of a major gene with recessive inheritance in families with
a positive history of clefting (Maritza et al, 1984).
26

However, in Japanese

families, the model of best fit was multifactorial inheritance (Chung et al,
1986).

W ithin Indian families (Nemana et al, 1992), and American families (Hecht et
al, 1991c) the m odel of best fit was a major dom inant locus with reduced
penetrance. In English families, there was evidence of a major locus with
some multifactorial contributions (Maritza et al, 1986).

The observation that a major gene may be involved in the clefting process, has
focused research interest. Genetic techniques such as linkage and association
studies have been employed in attem pts to identify this gene of major effect.

1.4.1 THE CANDIDATE GENE APPROACH
The hum an genome is m ade up of 46 chromosomes in which an estimated
3x1 (f bases of deoxyribonucleic acid (DNA) are packaged.

Over the last

decade it has been the subject of extensive research activity in an effort to map
genes or chromosome regions to various diseases. The num erous successes to
date have not only resulted in immediate benefits such as prenatal diagnosis
and carrier testing in the population, but have also led to a better
understanding of genetic mechanisms and genome organization.

The/MWn group of genetic disorders are the single gene defects.

These

diseases can be traced through families with a clearly defined pattern of
inheritance - usually either an autosomal dom inant pattern, autosomal
recessive or an X-linked form of inheritance. There are many examples where
the defect in a single gene has been successfully identified.

1.4.2 Chrom osom al locations based on cytogenetic abnorm alities
The chromosomal location of a candidate gene can be indicated w hen a
cytogenetic abnorm ality is present in affected individuals. Any known genes
which m ap near to the implicated region m ust be considered as candidates.
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especially if the physical function of the encoded protein could be a candidate
for the disease group. Alternatively, if there are no obvious candidates, it is
necessary to find genes expressed in the defined critical region and examine
these for any mutations associated w ith the disease.

The presence of an l l p l 3 deletion in m any individuals with W ilm's tum our
has led to the identification of a putative W ilm's tum our gene in this region
(Call et al, 1990). M ental retardation in males has long been associated with
a cytogenetically detectable fragile site located at Xq27.3 (the fragile-X
syndrome). It has now been shown that this phenotype is the result of an
unstable DNA sequence within the FMR-1 (fragile X mental retardation gene)
located near to the fragile site (Verkerk et al, 1991).

1.4.3 Cluom osom al locations based on linkage studies
Often there is no visible deletion associated with a particular phenotype. In
these cases it is necessary to localize the chromosome indirectly w ith a linkage
approach which is based on the coinheritance of aUele combinations across
polymorphic loci.

This approach was first used successfully in linking

H untingdon's disease to the probe G8, a chromosome 4p m arker (Gusella,
1983).

Through linkage analysis, Marfan syndrom e was m apped to 15q which was
the same region to which fibrillin m apped (Lee et al, 1991). Fibrillin was an
obvious candidate for Marfan syndrom e as it is abundant in the affected
tissues. This was confirmed w hen point m utations within fibrillin in affected
individuals were identified (Maslen et al, 1991). Similarly, a point m utation
within the rhodopsin gene in patients affected with retinitis pigmentosa has
been discovered.

This was m ade possible after a linkage approach had

m apped this disease to 3q (Dryja et al, 1990).

M any other diseases and congenital malformations have a considerable genetic
component, yet cannot be easily classified into the single gene disorders.
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Alzheimer's disease is one example, which has both a genetic and
environm ental component.

It is often difficult to recognize a pattern of

inheritance for Alzheimer's due to the incidence of sporadic cases and families
w ith only a few affected individuals. However, several large families have
been identified that display a pattern of inheritance indicative of a single gene
defect (Goudsmit et al 1981). Markers from chromosome 21 were selected as
candidate regions in linkage studies w ith these families because of the similar
morphological appearances of brains from individuals w ith Alzheimer's and
individuals affected w ith Down syndrome. Although the putative Alzheimer's
gene did not m ap to the region associated w ith the Down syndrom e
phenotype, it was found to m ap near to the centromeric region of chromosome
21 (St George-Hyslop et al, 1987).

1.4.4 Chromosomal location based on association
A nother method of testing whether a candidate gene influences susceptibility
to a disease, is to compare the frequency of a DNA m arker in appropriately
m atched groups of patients and control subjects. The identification of such an
association may indicate that genetic variation at this locus may increase or
reduce the risk of developing the disease. Associations have been reported
between genetic disorders such as insulin-dependent diabetes mellitus (IDDM)
and specific histocompatibility leucocyte antigens (HLA) alleles, although no
significant linkage in families with diabetes and the HLA locus has been
reported (Hitman and McCarthy, 1991). The exact nature of the association
remains unclear.

In this study, candidate regions for C L /P were selected using three criteria.
Specifically, the basis of their possible involvement in cytogenetic alterations,
from previously published association and linkage analyses and from regions
linked to syndrom es which include C L /P among their features. The genes
were investigated through a variety of physical and linkage m apping
techniques. These techniques plus other commonly used m ethods of analysis
are outlined in the following pages.
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1.5.0 GENE MAPPING BY PHYSICAL METHODS
Physical m apping includes a variety of techniques which generate a range of
information from the identification of different chromosomes to the
understanding of the nucleotide sequence of a stretch of DNA. At its simplest
level, physical m apping involves karotyping chromosomes. As a result of
work during the 1960s, there are now cytogenetic m aps which have a scale
and coordinate system corresponding to a chromosome banding pattern
generated after staining with the chemical dye Giemsa. The chromosome band
nomenclature emerged from the Fourth International Congress of H um an
Genetics in Paris in 1971 resulting in a m ap which is universally recognized
and allows for the description of a particular region on either the short or long
arm of a particular chromosome.

The concept of applying molecular material directly to cytological spreads was
pioneered in the late 1960s.

The technique relied on autoradiographic

detection of radioactive probes and was initially used to localize abundant
sequences such as DNA sequences in amplified polytene chromosomes.
Although this work has been used successfully in the localization of genes on
m etaphase chromosomes (Harper et al, 1981), there are some disadvantages to
the technique.

1.5.1 Fluorescent in situ hybridization
Fluorescent in situ hybridization (FISH) is based on the deposition of
fluorescent molecules in the sites of specific DNA sequences. FISH has several
advantages over hybridization w ith isotopically labelled probes; the resolution
is very high, results are quickly generated and it is possible to simultaneously
detect two or more sequences in the same nucleus (Trask, 1991).

One of the earliest non-isotopic in situ detections revealed the hybridization of
ribosomal ribonucleic acid (RNA) using antibodies to polytene chromosomes
of Drosophila melongaster by indirect immunofluorescence (Rudkin and Stollar,
1977). Over the following ten years, various non-isotopic labelling techniques
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were used in detecting highly repeated DNA sequences or abundant
messenger RNAs (Langer-Safer et al, 1982; Wu and Davidson, 1981). The
transition to the detection of single copy sequences was first dem onstrated by
Lawrence et al, in 1988. Specifically, two fragments as small as 5 kb and
spaced 130 kb apart, were detected in the Epstein-Barr virus genome on an
interphase spread. Although the direct labelling of fluorochromes to DNA has
been reported (Bauman et al, 1980), m ost of the w ork during this time
concentrated on the indirect labelling of DNA.

Fluorescent reporter molecules that proved successful included biotin (Langer
et al, 1981), and aminoacetyl fluorene (AAF) (Tchen et al, 1984). Biotin is
incorporated into the probe by nick translation while AAF modifies the DNA
chemically.

Most reporters require a different detection system. Fluorochrome conjugated
avidin or anti-biotin antibodies are used for the detection of biotinylated
/
probes while fluorescently labelled anti-immunoglobulins are used in
conjunction w ith AAF.

The most commonly used fluorescent labels are

fluorescein isothiocyanate (FTTC) and rhodam ine isothiocyanate (Trask, 1991).

Enzymatic reporter molecules have also been developed. Conunonly used
enzymes are horse radish peroxidase and alkaline phosphatase.

These

molecules require additional steps to convert the substrate to a visible product,
however they have an advantage over fluorescent reporter molecules in that
the signal does not fade (Renz and Kurz, 1984). In comparison, fluorescent
molecules offer the highest resolution under the microscope and they can
easily be adapted for multicolour labelling (Lawrence, 1990).

The choice of probe or labelled material has expanded w ith the increased use
of this technique. Often cosmids or yeast artificial chromosomes (YACs) are
preferentially used as probes, due to their large size and more efficient
incorporation of label. Amplified copies of sequences derived from a single
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hum an chromosome can be used as a labelled probe resulting in a paint for
that particular chromosome (Lengauer et al, 1990).

FISH has been successfully used in detecting chromosomal aneuploidies and
translocations (Finkel et al, 1988), the identification of duplications such as a
possible candidate gene for Charcot-Marie-Tooth disease type lA (Valentijn et
al, 1992) and deletions of the ankyrin gene in an individual with hereditary
spherocytosis (Lux et al, 1990).

FISH has already m ade a significant contribution to the gene m apping process.
This was dem onstrated by Trask et al, in 1991 w ith the use of multicolour
analysis to order probes along the X chromosome. In this experiment the
fluorochromes FTTC and Texas Red were used to generate two colours which
could be visualized simultaneously on a chromosomal spread.

O n metaphase spreads, sequences separated by >1 Megabases (Mb) can be
ordered relative to each other although this distance can be less if interphase
nuclei are used. Pronuclei, with its large spread of chromatin fibres, promises
to allow even closer m apping of sequences w ith a m inim um reported
separation of 20 kilobases (kb) between probes (Brandriff et al, 1991).

1.5.2 Chromosome isolation
Other physical m apping techniques which have been used to isolate particular
chromosomes include a fluorescence-activated cell sorter through which
chromosomes are sorted. After isolation, a particular chromosome is then
available for micro-dissection work (Meltzer et al, 1992). A somatic cell hybrid
is generated through the fusion of rodent and hum an cells under specific
conditions and is another means of investigating a particular chromosome.
Although the resulting heterokaryons are initially unstable, stable cell lines are
eventually produced. If the original hum an cell contained a translocated or
deleted chromosome, the hybrids can be used to m ap a DNA fragment relative
to the translocation breakpoint.

This technique has also been used in
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determining the order of genes on the hum an X chromosome by measuring
the frequency w ith which pairs of linked genes are co-transferred after
irradiation (Goss and Harris, 1975).

1.5.3 Pulsed field gel electrophoresis
The presence of individuals in whom the disease phenotype is associated with
gross chromosomal rearrangements also provide a unique resource for
molecular based physical mapping.

Success in the isolation of the gene

involved w ith W ilms' tum our was m ade possible by studying such an
individual.

Pulsed-field gel electrophoresis (PFGE) provides a means for

separating large restriction fragments (between 100-1,000 kb) and the
construction of long range restriction maps. This enabled the identification of
deletions and major chromosomal rearrangem ents (Schwartz and Cantor,
1984). Use of PFGE has resulted in a complete long-range restriction m ap of
the DNA region thought to be involved in Wilms' tum our at 11 p i 3 (Rose et
al, 1990). A specific deletion found at this locus in all Wilms' tum our patients
has resulted in the characterisation of a transcript encoding a zinc finger
protein which is thought to represent the Wilms' tum our gene (Call et al,
1990).

1.5.4 Chromosome w alking and jum ping
Chromosome walking can be initiated w hen the gene of interest is within
several megabases of DNA. The starting point is a cosmid or YAC containing
a stretch of DNA which has been m apped and orientated. This is then used
to isolate other pieces of DNA from a library with which it overlaps. This
process then repeats itself until the gene of interest is reached. Chromosome
jumping offers m any advantages over a chromosome walk; progress is quicker
and it can circumvent highly repetitive stretches of DNA which w ould often
cause a walk to cease. The circularization of large stretches of DNA in the
jumping technique is a quicker w ay of covering large stretches of the genome
(Poustka et al, 1986).
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1.6.0 GENE MAPPING BY LINKAGE METHODS
In 1865, Gregor Mendel hypothesized w hat are now referred to as M endel's
laws of inheritance. The hypothesis was a result of a series of experiments on
the garden pea and postulated that characteristics segregated to different
gametes and appeared to assort independently of each other. In 1903, Sutton
and Boveri recognized that the behaviour of chromosomes during the
production of gametes paralleled the behaviour of M endel's hereditary
elements. From this observation a chromosomal theory of inheritance was
formulated.

Sutton predicted that characteristics or genes w ould only

segregate independently if they were present on different chromosomes while
those on the same chromosome would be inherited together, that is, they
w ould show linkage.

The first report of linkage was in the stock plant by Correns in 1905. However
it was not until 1911 that incomplete linkage, or the occurrence of
recombinations, was reported by Morgan in the fruit fly. Drosophila melongaster.
Morgan suggested that genes were linked as a result of being carried on the
same chromosome, and that genes closer together would be coupled more
frequently than those further apart.

In 1913, on the basis of M organ's

explanation, Sturtevant proposed the first m ap of X-linked genes in Drosophila
melongaster based on the frequency of recombination as an index of relative
position on the chromosome.

Offspring from parents in which crossing-over has occurred during meiosis are
referred to as recombinants. Therefore the num ber of recombinants in a family
is an indication of the distance between two loci. The m ap interval between
two loci on the same chromosome which dem onstrate recombination in 1 out
of 100 gametes is referred to as a centimorgan (cM), after the geneticist
Thomas Morgan.

1.6.1 Recom bination and genetic linkage
The phase of linkage refers to whether different alleles at two linked loci are
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on the same homologous chromosome or on the homologous partner. The
terms cis and trans are often used to describe genes in coupling or repulsion
respectively.

In Fig 1 it is assum ed that a doubly heterozygous father, individual U-1 with
alleles (A /a, B/b), is m arried to a doubly homozygous female (II-2) who has
the same genotype as one of the parents in the previous generation. This type
of mating is referred to as a phase-known double back-cross. The phase of
linkage of the father, i.e. w hether he is A B /ab or Ab/aB, can be deduced from
his parents genotypes. If one of his parents is doubly homozygous, AB/AB
or ab /ab , then his genotype m ust be AB/ab. In reality, often two generation
families are only available and the phase cannot be determined. For example,
the phase-unknow n double backcross (A /a, B/b) x a a /b b and the phaseunknow n double intercross (A /a, B /b) x (A /a, B/b).

I

A A
B B

a a

I
I
Figure 1.

Pedigree showing a phase known double backcross.
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W ithin the two offspring in Figure 1.0, both have inherited the haplotype ab
from their mother. Individual ni l has inherited recombinant gametes from
the father while individual in.2 has inherited non-recombinant gametes. If the
two loci A and B are inherited independently of each other then the four
haplotypes AB, ab, Ab, aB would be expected to be present in any offspring
w ith a ratio of 1:1:1:1. W hen there is a constant deviation from the expected
1:1 ratio of recombinant to non-recombinant it is predicted that the loci are
genetically linked.

The extent of genetic linkage is measured by the recombination fraction, which
is the probability that a gamete produced by an individual is a recombinant.
The recombination fraction is represented by 0 , and is calculated by dividing
the total num ber of recombinants by the num ber of offspring. Therefore when
the loci are unlinked and a 1:1 ratio of the haplotypes are found, the
recombination fraction equals 50% or 0.5.

This figure reflects complete

independent assortment. When loci are very tightly linked, 0 approaches 0,
as only very rarely does recombination occur between them.

1.6.2 Recom bination and m ap distance
Chiasmata are the sites at which homologous chromosomes appeared to have
exchanged material during meiosis. The am ount of recombination that occurs
along a chromosome varies between the different chromosomes and also
between the sexes. Observations of chiasmata show that there is at least one
chiasma per chromosome arm per meiosis and about 53 chiasmata occur in the
autosomes of the male. The total male autosomal m ap length is estimated as
approxim ately 2,650 cM or 26.5 Morgans, whereas the higher recombination
rate in the female has resulted in a m ap 1.5 times that of the male. A sexaveraged m ap length of 33 Morgans (Renwick et al, 1969) is often quoted with
the average length of a hum an chromosome equalling 1.5 Morgans, that is, it
experiences an average of 1.5 crossovers (Ott, 1991).
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1.6.3 M apping functions
The relationship betw een recombination and genetic m ap distance is complex.
W hen the interval is small, the frequency of recombination is often found to
be directly proportional to the m ap interval. However for larger intervals, this
relationship does not hold. If A, B and C are loci on a chromosome, w here B
lies between A and C, the distance between A and C should equal the sum of
the distances between AB and BC. However, above 20 cM, the recombination
frequency between A and C is smaller than AB + BC. The non-linearity is
explained by m ultiple crossovers and interference.

Interference was first

reported by Muller in 1916, w ho observed that the presence of one crossover
inhibits others nearby. It is m easured by the coefficient of coincidence which
is the ratio of the observed frequency of double recombinants to the expected
frequency (Conneally and Rivas, 1980).

Several authors have attem pted to define the relationship between true m ap
distance and the observed recombination fraction. Haldane proposed the first
m apping function in 1919, which was based on the assumption of no
interference. This was updated in 1944 by Kosambi, then in 1951 by Carter
and Falconer. More recently, Rao and colleagues proposed a new function
actually based on hum an chiasma data. Their analysis dem onstrated that the
coefficient of coincidence varied little w ithin the metacentric and acrocentric
classes, however the latter group showed significantly more interference than
the former (Conneally and Rivas, 1980).

In most analyses it is the Haldane function which is used. The ability to
convert m ap distance into a recombination fraction via the Haldane function
is included in the LINKSYS package used in the analysis of linkage.

A

graphical representation of the various proposed relationships between the
recombination fraction and m ap distance is given in Figure 2.
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Relationship between the recombination fraction, ©, and the map
interval, cM (reproduced from Conneally and Rivas, 1980).
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1.6.5 Restriction Fragment Length Polymorphism
A polymorphism refers to the occurrence of two or more alleles at a particular
locus. A locus is considered polymorphic when at least two alleles appear
with frequencies greater than 1%. A polymorphic marker near to a gene of
interest can be used to follow the inheritance of that gene through families
with linkage analysis.

The most currently used method to detect a

polymorphism is to digest DNA with restriction enzymes. Variation in the
sequence of DNA can result in base changes which may create or eliminate an
enzyme restriction site thus altering the length of the resulting DNA fragment.
This variation creates a restriction fragment length polymorphism (RFLP).
RFLPs encoding specific sequences from a large num ber of DNA fragments
can be detected by using the m ethod of Southern (Southern, 1975).
The usefulness of RFLPs for linkage analysis depends on the num ber of alleles
and their gene frequencies, that is its degree of polymorphism. The more
polymorphic a marker is, the greater the probability of heterozygosity.
The degree of polymorphism of a marker can be measured in two ways.
Firstly, the num ber of heterozygotes in the general population for a particular
marker can be determined by calculating the heterozygosity of that marker.
Alternatively, the polymorphic information content (PIC) of a marker can be
calculated based on a method outlined by Botstein and associates (Botstein et
al, 1980). This m ethod is a function of the number of alleles at a given locus
and of their frequencies. It represents the probability that a child from a
mating chosen at random wiU yield information on the inheritance of the
m arker locus (Gusella, 1986).
The construction of a complete linkage map of the hum an genome has been
undertaken. Ultimately it will enable a systematic search for a disease locus
using an array of equally spaced polymorphic markers.

Botstein and

associates (Botstein et al, 1980) have predicted that polymorphic markers
placed at 20cM intervals could be used to include or exclude the disease gene
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by linkage analysis. This correlates to approximately 150 RFLP markers, based
on the estimate that the hum an genome is 33 Morgans in length. Through
collaborative efforts such as the Centre de L'Etude du Polymorphisme H um ain
in Paris, preliminary linkage m aps for all the chromosomes are now available
(Gann, 1992).

1.6.5 Tandem repeats
More recently, studies have concentrated on minisatellites and microsatellites.
This group of polymorphic markers represent highly variable regions of DNA.
Variations in the num ber of tandem repeats (VNTR) which could be used for
linkage, w ere first identified by Jeffreys and colleagues. These usually have
a core sequence of GGGCAGGAXG (Jeffreys et al, 1985). The range of repeats
is between 11 and 60 base pairs (bp) and is thought to result from either
unequal exchange during recombination or slippage of the polymerase enzyme
during transcription (Weber, 1990a). Some VNTR probes have been identified
around telomeric regions (Royle et al, 1988) and have been useful in providing
a set of highly polymorphic markers. This compares w ith RFLPs which are
often dimorphic, ro&ultii)g4o.^QAly''50.% heterozygosity^ c y S O /tp

Another group of highly polymorphic m arkers are comprised of mono, di, tri
or tetranucleotide repeat units. These have two advantages over VNTRs in
that they can be scored by the polymerase chain reaction (PGR) and appear to
be equally spread through the genome (Weber, 1990a). W ithin this group, the
GA dinucleotide repeats are the m ost intensively studied.

It has been

estimated that approximately 12,000 GA sequences m ay be found in the
hum an genome with PIG values greater than 0.5. Of these, 7,000 will have a
PIG value higher than 0.7. The high level of heterozygosity combined with
their apparent broad dispersal through the genome makes GA repeats ideal for
use in the construction of a complete linkage map. It has been estimated that
these markers could yield a genetic m ap with an average resolution of 0.3-0.5
cM (Weber, 1990b).
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As the microsatellites may differ by only a single repeat, the best w ay of
distinguishing the alleles is by electrophoresis in polyacrylamide gels. The
amplified DNA containing the CA repeat is radioactively labelled which
allows visualization of the alleles after autoradiography. Genotyping efficiency
has

been

greatly

increased

by

resolving

several

different

repeats

simultaneously. Ideally, three or four m arkers may be resolved at one time
(Weber, 1990a).

1.7.0 ANALYSIS OF LINKAGE
The first gene to be assigned to a hum an chromosome was that for colour
blindness, deduced to be on the X chromosome in 1911. However it was not
until 1968 that the first gene was assigned to an autosome; the Duffy blood
group to chromosome 1 (Donahue et al, 1968). The field has since expanded
dramatically. By 1991, 2,325 genes had been m apped and more than 10,000
loci were defined by DNA markers (Sefton and Goodfellow, 1992).

Although a num ber of these successes have resulted from physical mapping
techniques, w hen the biochemical or physiological basis for a genetic disease
is unknown, a search using linkage analysis is necessary. This type of analysis
relies heavily on exceptional families although the disease itself is often rare
and families are usually small.

1.7.1 Tw o-point analysis
The theory of the lod score method was proposed by M orton in 1955 and can
be used to analyze data from multi-generational families. Prior to this, valid
scoring procedures were first applied to hum an linkage by Bernstein in 1931.
By the early 1950's the most commonly used m ethods to detect linkage were
Fishers' m ethod of efficient scores, the Penrose sib-pair m ethod and the
probability m ethod introduced by H aldane and Smith (Morton, 1955).

The m ethod proposed by M orton outlined a sequential test procedure
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combining the probability ratio test of H aldane and Smith with a method for
sequential analysis devised by Wald in 1947. M orton's analysis calculated the
overall likelihood of observing the phenotypes in a given family. The odds in
question referred to the likelihood that a disease and a m arker locus were
linked w ith a recombination fraction 0 , rather than unlinked, i.e. w hen 0=0.5.
The odds are usually expressed as its logarithm; the logjo of the odds is the lod
score.

A lod score, z, is defined by the expression:

probability of observing this family if loci are
linked w ith a recombination fraction 0
z=log 10
probability of observing this family if loci are
unlinked, 0=0.5

L(0)
or

z=log 10
L(0.5)

A great advantage of lod scores is that data from different families can be
added together. The lods are calculated for values of 0 from 0 to 0.45. The
most likely estimate of the am ount of recombination between the m arkers is
at the point where the lod score is highest. A positive lod score favours
linkage whereas a negative lod score is evidence against linkage.

An example of a phase-known, double back-cross family, segregating w ith an
autosomal dom inant condition and the m arkers Cl and C2, is outlined in
Figure 3.
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Figure 3.

Pedigree segregating for an autosomal dom inant condition.

Of the offspring in generation in, ni-4 shows a recombination between the loci
whereas the other three are non-recombinants.

If 0 is defined as the

probability w ith which a recombination occurs, then a recombination event
may be defined as 0 , while a non-recombination m ust equal 1 - 0 . Given a
value 0 of the recombination fraction, it is possible to calculate the likelihood,
L(0), of the observations i.e., the probability of occurrence of the phenotypes
of all individuals. For the four children, L(0) is calculated by:
L(0) = (1-0)

X

(1-0)

X

(1-0)

X

0

= 0 (1- 0)^

For a given observation, L(0) changes w ith different values of 0 . The value
of 0 in the range between zero and 0.5 at which L(0) is the largest is defined
as the m axim um likelihood estimate of the recombination fraction, 0 .
In Figure 3, the likelihood w hen 0=0.5, i.e., w hen there is no linkage will be
L(0)

= 0.5

X

0.5

X

0.5

X

0.5

= 0.5\
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The logio of the likelihood ratio, the lod score z, is
L(0)
z(0)= logio
L(0.5)

0( 1- 0)"
= log 10
0.5^

When a range of values of 0 from zero to 0.5 is used, a m aximum of z=0.227
at 0=0.25 is found. The odds for linkage are then:

0.25(0.75)"
z(0)= log 10
0.0625

which is approxim ately 1.7:1. As there is a 1 in 2 chance of an offspring
receiving a recombinant or a non-recombinant gamete from a parent in a
phase-known family, a general equation for the lod score is
z(0)= s log(20) + r log[2(l-0)]
w here

s = num ber of non-recombinant offspring
r = num ber of recombinant offspring.

If individual II I in Figure 3 were phase-unknown, then his children are either
three non-recombinants and one recombinant, or one non-recombinant and
three recombinants.

Both possibilities m ust be taken into account when

calculating the lod, thus for phase-unknown families a general equation is
z(0) = log(Z+""[0Xl-0)'+(l-0)'01)

(Ott, 1986).

1.7.2 Levels of significance
O tt developed a linkage computer program which is w idely used for
calculating lod scores. It takes into account gene frequencies thereby allowing
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for any missing data and reduced penetrance and age of onset calculations.
The criteria for which lod scores are either accepted or rejected for linkage is
based on M orton's sequential test for linkage.

Two constants A and B

determine one of three possible decisions.

1.

If z > log A, there is significant evidence for linkage.

2.

If z < log B, then 0 is significantly greater than the value for which the
lod score was determined.

3.

If log B < z < log A, then the evidence for linkage is not decisive.

The constants A and B are related to a, which is the probability of a Type I
error (finding linkage where none exists) and C, which is the probability of a
Type n error (detecting no linkage where Hnkage exists). Two approximations
can be used to determ ine A and B:

1 -fi
A = -------a

fi

B = -------1-a

Morton (1955) suggested criteria which are commonly used for accepting or
rejecting linkage. Linkage was to be accepted if log A w as greater than 3 with
corresponding odds of 1,000:1 and rejected if log B was less than -2. A result
between these two values neither supported nor rejected linkage. These values
were derived from setting a at 0.001 and fi at 0.01.

If two loci are chosen random ly in the hum an genome it is far more likely that
these loci will be unlinked rather than linked. It is often estimated that the
initial odds against linkage are 50:1. Therefore the fact that non-linkages are
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50 times more common than linkages implies that a LOD score of 3
corresponds to only about 20:1 odds in favour of linkage (Lander, 1988).

1.7.3 Penetrance
Penetrance can be defined as the probability of being affected with a disease
given a certain genotype. Dominant inheritance and recessive inheritance can
be distinguished through the penetrance of heterozygotes where the
penetrance is 0 in the recessive case and 1 (with complete penetrance) in the
dom inant case. For particular diseases, for example C L /P, some individuals
do not express a particular phenotype even though their parents and children
may.

The disease in such individuals is usually referred to as showing

incomplete penetrance which is accordingly calculated as being less than 1.

In H untington's disease, the genetic trait is not expressed at birth but develops
later in life, i.e. the penetrance is age dependent. In both the LIPED and
LINKAGE com puter program s the level of penetrance can be altered to reflect
the proportion of affecteds among susceptible individuals (Ott, 1991).

1.7.4 M ultipoint analysis
W hereas two point linkage analysis cannot combine information from more
than two loci, m ultipoint analysis allows for the sim ultaneous analysis of
several linked loci. W hen a new locus is to be m apped relative to a m ap of
markers, the evidence for a particular assignm ent of that locus is generally
based on the likelihood of the new locus being on the marker m ap against it
being off the map. Results can be presented as either map-specific multipoint
lod scores where the lod is the logarithm of the likelihood ratio or as location
scores.

The latter, which is quite commonly used, is simply a constant

multiple of the map-specific multipoint lod score.

The need for a multilocus analysis for the calculation of genetic risks arose
w ith the availability of several linked markers. The developm ent of computer
program s such as LINKAGE (Lathrop et al, 1984) enables the simultaneous
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analysis of more than two gene loci, where the phenotype of each individual
investigated is not necessarily known for each locus.

In the situation where there are three loci A, B and C, estimates may be made
for the probabilities of a recombination event between both AB and BC (p,),
recombination between AB and no recombination between BC (pg), and no
recom bination between AB and recombination between BC (p^). Therefore,
®AB = Pi + Pz/ ®Bc = Pi + P3 and 0AC = p 2 + P3 - From these equations an
estim ate of the most Ukely gene order will result.

1.8.0 ASSOCIATION ANALYSIS
A n association analysis can help in the identification of susceptibility loci for
multifactorial diseases.

The analysis involves testing for an association

betw een genetic markers, which are often selected on a candidate gene basis,
and the disease.

The rationale behind an association study is that if the

m arker locus and the unknow n disease locus are in linkage disequilibrium,
some alleles of the m arker should be found more frequently among affected
individuals compared with unaffected individuals. The study involves the
com parison of unrelated patients and controls which have been genotyped for
a m arker within the vicinity of a candidate gene.

One of the first associations carried out was in 1954.

In this study, the

frequency of the different blood groups amongst patients with peptic ulcers
and individuals with either cancer of the stomach, colon, breast and bronchus
w ere calculated. The analysis covered 12 hospitals throughout England. Over
7.000 patients were included in the test population while large groups of
individuals totalling over 10,000 were used as controls (Aird et al, 1954).

All patients were typed for their blood group, and these frequencies were
com pared w ith the controls.

There was a significant difference in the

distribution of the blood groups and individuals with peptic ulcers compared
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w ith the control population. In fact, Aird calculated that a person w ith blood
group O was 35% m ore likely to develop a peptic ulcer. Similarly, blood
group A was over-represented in patients w ith cancer of the stomach
compared w ith the control population. There was no significant difference
however, in the distribution of the blood groups in the remaining cancers
compared with the controls (Aird et al, 1954).

Although linkage analysis is more powerful than an association analysis, on
a population level an association analysis may suggest susceptibility of a
candidate locus to a particular phenotype. More recently, an association has
been identified between the region on chromosome 6 encoding the HLA and
IDDM (Cox and Bell, 1989).

Non-insulin dependent diabetes mellitus

dem onstrates no association w ith HLA, however an association has been
reported between different alleles within the hypervariable region of the
insulin gene on chromosome 11 (Hitman and McCarthy, 1991).

It could be assum ed in a population that a particular character is represented
by pi while another is represented by pg. If the two characteristics occur
independently of each other then it would be expected that a proportion of p^
X P2

individuals to have both characteristics. However, w hen the num ber of

individuals that express both characteristics is greater than w ould be expected
by chance alone, an association between the two is thought to exist although
often the nature of the association is unclear.

To calculate the presence of an association, a chi-square test is applied to a
group of test individuals and a control sample. This tests whether the null
hypothesis, that there is no significant difference between the two populations,
can be accepted or rejected. Rejection results if the answ er generated reaches
a standard of statistical significance, at a certain num ber of degrees of freedom,
on a probability table derived by Fisher and Yates.

The chi-square (X^) test used to analyze the association study results was in
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the form of a 2 x 2 contingency table:

Total

Total

a

b

a +b

c

d

c+d

a +c

b +d

a +b +c+d

is calculated:
(ad - bc)^ (a + b + c + d)

(a + b) (c + d) (b + d) (a + c)

The degrees of freedom equals:
(the num ber of columns m inus 1)

(the num ber of rows m inus 1)

If the probability generated by the

test is greater than the corresponding

probability at 0.05, the conventional level of significance, then the null
hypothesis m ust be rejected (Swinscow, 1985).

1.9.0 MAPPING APPROACHES TO CL/P
The aim of this study is to elucidate genes involved in CL/P.

Recently

published linkage studies and an association analysis have suggested different
regions of chromosomes which m ay influence the clefting process. There are
also many other candidate regions, based on their apparent involvement in
syndromic clefting and in cytogenetic alterations which appear to result in a
C L /P phenotype.
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1.9.1 A ssociation analysis
Complex segregation analysis carried out by Chung indicated the action of a
major gene in the etiology of clefting (Chung et al, 1986). In an attem pt to
identify this major gene, Ardinger carried out an association study which
com pared allele frequencies from several candidate genes in a white American
clefted Caucasian population against a control population (Ardinger et al,
1989). The genes selected were the glucocorticoid receptor, oestrogen receptor,
EGF, TGFA and the EGF receptor. The basis of their choice was their reported
role in norm al and abnormal palatogenesis in rodents (Ferguson, 1987).

An association was found between two (Taql and BatnHl) out of three RFLPs
at the TGFA locus and the clefted individuals, which was not present with the
control group.

W hen haplotypes were constructed for both groups, one

particular haplotype was found to be over-represented in those individuals
w ith C L /P . This distribution was independent of sex and of the type of cleft
involved. However the over-represented haplotype did occur more frequently
in those individuals w ith a family history of clefting. There was no association
found w ith the other candidate genes.

In addition to confirming the association between TGFA and C L /P, another
association has been suggested between an RFLP at the hum an retinoic acid
receptor (KARA) at position 17q21 and Australian clefted individuals
(Chenevix-Trench, unpublished results). Retinol (or vitam in A) and retinoic
acid, to which retinol is metabolized are essential for norm al development.
H ow ever there is increasing evidence that large doses of vitamin A is
associated w ith a num ber of birth defects. Among the range of features often
seen, are cleft palate and to a lesser extent, cleft lip.

The pathogenetic

m echanism of retinol is not clear. The high risk period appears to be between
2 and 5 weeks after conception, which is w hen the palate is forming. It has
been proposed that retinol's effect is on neural crest developm ent and the
m igration and excessive death of cells (Gorlin et al, 1990). Amongst the other
candidate genes tested in Chevenix-Tranch's association study were bcl-2
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oncogene and the homeobox genes 2F, 2G and EN2.

1.9.2 Linkage analysis
A suggestion of linkage between factor XULA (F13A1) and C L /P has been
reported by Eiberg et al, (1987). In Eiberg's analysis, 42 candidate gene loci
were tested.

These were selected from the blood group system, the

erythrocyte enzyme system and the plasma protein system.

The Danish

pedigrees that participated in the analysis totalled 58. Of these 49 had C L /P
while 9 had CP. In all families the disorder was segregating in an autosomal
dom inant m anner. A significant lod score was generated w ith factor XITTA
(F13A), a blood clotting factor at m ap position 6p24-25. The highest lod score
equalled 3.66 at 0=0.00 for males and at 0=0.26 for females (Eiberg et al, 1987).

1.9.3 Syndrom ic clefting
VWS is an autosom al dom inant disorder with a phenotype that includes lip
pits and both isolated cleft lip and cleft palate (Schinzel and Klausler, 1986).
The identification of an individual w ith a deletion of lq(32-41) and an
associated phenotype of lip pits and a bifid uvula indicated a candidate region
for VWS (Bocian and Walker, 1987). Linkage between VWS and the renin
locus (map position lq32-42) was later reported w ith a lod score of z=8.85 at
0=0.05 (M urray et al, 1990). M ultipoint analysis predicted the most likely
location of a VWS locus was approximately 2cM away from renin and llc M
away from the nearest proximal marker, D1S65.

The typical phenotype associated w ith Van der W oude syndrom e (VWS) is
C L /P, CP and lip pits. The lip pits are thought to result from the incomplete
reduction of the naturally occurring sulci latérales of the lower lip which
normally occurs at the same time as fusion of the lip and palate (Schinzel and
Klausler, 1986). Thus the molecular defect underlying this disease may also
be involved in non-syndromic clefting.
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1.9.4 Cytogenetic alterations
Two individuals have been reported w ith apparently balanced translocations
and C L /P. In both individuals the reciprocal translocation involved a break
point at 10pl3. VIM, a protein which belongs to the class of intermediate
filaments of a cell, has been m apped to 10pl3 (Ferrari et al, 1987), and has
been reported as being present in the medial cell edge during palate fusion
(Ferguson, 1983). The karyotype of one individual was 46,XY,t(2;10)(q53;pl3),
while the other was 46,XY,t(10;14)(pl3;q24) (Cowchock, 1989).

The long arm of chromosome 5 also has been implicated w ith the clefting
phenotype. In a family w ith Stickler syndrome, a translocation involving 5ql5
was found to segregate with all affected members. The karyotype of the
translocation w as t(5;17)(ql5:q23) and cleft palate was amongst the clinical
features reported. H um an proteoglycan link gene (CRTLl) m aps near to the
translocation breakpoint observed in this individual on chromosome 5
(Osborne-Lawrence et al, 1990). CRTLl is involved with linking proteoglycan
aggregates found in cartilage, of which the main collagen com ponent is
COL2A1. The hnk proteins, proteoglycan and hyaluronate are thought to be
involved in shock absorption of joints and resist deformations during growth
(Hascall, 1988).

1.10.0

AIMS OF THIS STUDY

In this study, the candidate genes described above were used in in situ
hybridization experiments, and in linkage and association studies involving
individuals w ith non-syndromic C L/P.

Linkage analyses were carried out using 8 families w ith non-syndromic CL/P.
The candidate genes and markers used, included D1S65 and D1S58 which
possibly flank the VWS locus (M urray et al, 1990) and TGFA which had
previously show n to be associated with C L /P (Ardinger et al, 1989). Other
candidate regions tested were CRTLl which is involved in cartilage stability
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(Hascall, 1988) and m aps near to the translocation breakpoint of an individual
w ith syndromic CP, and F13A1 which had previously show n to be linked with
C L /P (Eiberg et al, 1987). Finally, linkage between KARA and C L /P was
tested due to the identification of an association between the two by ChevenixTrench (unpublished results).

Association studies tested various candidate genes on a population-based level.
These genes included TGFA, VIM which m apped near to the translocation
breakpoint of two individuals w ith non-syndromic C L /P (Cowchock, 1989)
and RARA.

In situ hybridization analysis was used to determ ine the location of two
cosmids identified by VIM in a genomic library screen. The cell line material
was from one of the individuals w ith a 10pl3 translocation breakpoint and
non-syndromic C L /P.

CRTLl was also m apped against the translocation

breakpoint of an individual with syndromic C L/P.

In addition to the w ork with C L/P, another linkage study was carried
involving 6 families w ith Stickler syndrom e and COL2A1. Linkage between
these two was originally reported by Francomano et al, (1987).
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2.0 MATERIALS AND METHODS
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2.1.0

MATERIALS

2.1.1

CLEFT LIP WITH OR W ITHOUT CLEFT PALATE

2.1.2

Pedigree inform ation

Eight families with an apparent autosomal dom inant pattern of inheritance of
C L /P were analyzed for linkage. Two of these families had been previously
reported (Temple et al, 1989). Pedigrees of all the families w ith full clinical
details are in the Appendix, part I. Six of the pedigrees were three generation
families (families BR, CD, HN, PL, SN, TY) with non-penetrance present in
individual II- 6 pedigree HN, and individual II-3 pedigree TY. A person was
considered affected if there was either a bilateral or unilateral cleft of the
upper lip w ith or without a cleft palate. One individual (n.3) in family SN
was judged affected with a 'forme fruste' of cleft lip (a thick white line on the
philtrum and a notch of the upper lip).

All members of the families were examined by Dr Sue Holder and Dr Robin
W inter for additional dysmorphic features to exclude the occurrence of
syndrom es where C L /P was a feature. Particular emphasis was placed on
examination of the lips in both affected and unaffected subjects to exclude Van
der W oude syndrom e (Schinzel et al, 1986).

Blood sam ples were obtained from 60 individuals. Chromosome studies were
carried out on an affected subject from each of the families at the cytogenetics
laboratory. Queen Elizabeth Hospital, Hackney. All karyotypes were normal.

2.1.3

Association study material

60 unrelated white British individuals w ith C L /P participated in the
association study. Blood samples were collected from all of these. Most of the
individuals w ere visited at home by Dr Sue Holder who also carried out a
clinical examination to check for any other dysmorphic features. A detailed
family history and pregnancy history w as also obtained. From the original 60
individuals there were 3 exclusions. This was due to 1 individual's exposure
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to prescribed medication during the pregnancy,

1

person was a twin while the

last individual had lip pits. This left 57 individuals to participate in the study.
60 individuals were used as controls. 23 of these were work colleagues while
37 individuals were parents of children with cystic fibrosis.

No clefting

information w as available on this latter group but they were assum ed to be
normal.

2.1.4

Cell line inform ation

A lymphoblast cell line was obtained from NIGMS H um an Genetic M utant
Cell Repository, USA.

The karyotype of this cell line was 46XY,t(10;14)

(pl3;q24), repository num ber GM 10207. This individual had a bilateral cleft
lip without cleft palate.

2.2.0

STICKLER SYNDROME

2.2.1

Pedigree inform ation

6

families with an autosomal dom inant inheritance of Stickler syndrome

participated in a linkage study. Pedigrees are presented in Appendix, part II.
Full clinical details of the families are also included in this section. A detailed
examination of all the individuals were carried out by Dr Karen Temple and
Dr Michael Barraitser.

The diagnosis of Stickler syndrom e was based on

manifestations of at least 2 of the 4 major clinical groups: 1) eye findings; 2 )
arthropathy; 3) orofacial abnormalities; 4) deafness.
obtained from 41 members of the

6

families.

Blood samples were

Chromosome studies were

perform ed on an affected individual from each family. All karyotypes were
norm al except in family DN where a t5;17(ql5:q23) w as found to segregate
w ith the disease in 4 affected relatives.

2.2.2

Cell line inform ation

A somatic cell hybrid was constructed at the Imperial Cancer Research Fund
w ith individual II-3 from family DN (see Appendix, part II). The hybrid was
constructed from a lymphoblastoid line with a t5:17(ql5:q23) karyotype and
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the Chinese hamster line A23 TK-.

2.3.0

DATA ANALYSIS

2.3.1

Linkage studies

Data was prepared for analysis using LINKSYS and analyzed with two point
linkage using LIPED. Two different modes of inheritance and 3 different
levels of penetrance w ere used in the analysis of the C L /P families.

Firstly, lod scores w ere calculated based on an autosomal dom inant model of
inheritance w ith a gene frequency of 0.001 and 80% penetrance. These values
appeared to best reflect the inheritance pattern observed in the
C L /P (Winter, personal communication).

8

families with

Lod scores however were also

calculated w ith this type of inheritance but w ith a level of penetrance set at
28%. This w as obtained by averaging the separate penetrances which were set
for males and females in an analysis of American clefted families by Hecht et
al, (1991a). The second model tested autosomal recessive inheritance with a
gene frequency of 0.035 and an average penetrance of 35%. This reflected the
model proposed by Chung et al, (1986).

Two point linkage analysis was also carried out on families affected with
Stickler syndrome. For this analysis, a gene frequency of 0.0001 was used with
an autosomal dom inant pattern of inheritance and

100

% penetrance.

M ultipoint linkage analysis was carried out using the LINKMAP section of
LINKAGE version 5.04. This involves the simultaneous analysis of 3 or more
loci to determ ine their order on the chromosome. Loci on chromosome 1 were
analyzed in this m anner. The location of an unknow n locus for C L /P was
placed in relation to markers pYNZ23 and pEKH7.4. The distance between the
two markers was quoted in Buetow et al, (1990) and converted into a
recombination fraction using Haldane's m apping function.
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LINKMAP generates likelihood scores of the location of m axim um likelihood
for the unknow n locus.

This inform ation is expressed in the form of

-2

likelihood score. To convert the likelihood score into a location score, it is
necessary to subtract the

-2

likelihood scores generated at the various points

from the -2 likelihood score at 0.5 recombination. The location score can then
be converted into a lod score by dividing by 4.6.

2.3.2

A ssociation studies

analysis was used to assess allele and where necessary, haplotype frequency
differences betw een cases and controls. For most analyses, a 2 x 2 contingency
table w as used, how ever occasionally this w as increased t o a 3 x 2 o r a 4 x 2
table. Results generated from analyses were com pared w ith values from a
probability table derived by Fisher and Yates (Swinscow, 1985).

ûf/efe
/'
2.4.0

PROBES/TANDEM REPEATS (loci and m ap position)

pYNZ23

(D1S58, lq31-32)

pYNZ23 is contained in the vector pBR322. The insert size is 5kb which can
be excised w ith the enzym e Clal. A two allele polym orphism is recognized by
this probe at a Bgll restriction enzym e site. The band sizes generated are 5.0
and 4.2kb w ith respective frequencies of 0.49 and 0.51 (N akam ura et al, 1987).

pEKH7.4

(D1S65, lq31-32)

pEKH7.4 recognizes a two allele polym orphism at a Taql restriction enzyme
site. The sizes of the bands are i) 5.0kb w ith a frequency of 0.53 and ii) 3.8kb
w ith a frequency of 0.47. The 2.9kb insert is contained in the pUC18 vector
and can be excised w ith a Pstl enzym e (Kumlin-Wolff et al, 1987).
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TGFA

(2pl3)

Two genomic subclones of TGFA were used. phTG Fl-10-925 is a 0.93kb insert
while phTGFl-10-3350 is a 3.5kb insert.

Both inserts are contained in the

pBR327 vector and can be excised with EcoRI. Three polymorphic fragments
are associated w ith these probes after digesting w ith Taql, BamHÎ and Rsal
(Murray et al, 1986; H ayw ard et al, 1987). These fragments are outlined in
Table 1. Each fragm ent is represented in Figures 4, 5 and

Probe

Restriction
enzyme

phTGFl-

Taql

10-3350

BamHl

phTGFl10-925

Rsal

Fragment

Allele*

6

respectively.

Frequency

(kb)

3.0

Cl

0.94

2.7

C2

0.06

9.0

A1

0.19

3.7

A2

0.81

1.5

B1

0.29

1.2

B2

0.71

Table 1. Polymorphisms at the TGFA locus.
* Designations are as found in H um an Genome M apping 9 (1987).
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Cl =3.0kb-"

C2 =2.7kb

Figure 4.

Diallelic Taql RFLP of TGFA-3350.
60

Al =9.0 kb

w

.

A2 =3 . 7 k b - ‘

#

iv<

Figure 5.

Diallelic BamHI RFLP of TGFA-3350.
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B1 =1.5kb

i
B2 =1.2kb"*

■ l;v

Figure 6 .

Dialleüc Rsal RFLP of TGFA-925.
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CRTLl

(5ql3-14.1)

The 5' promoter region of hum an proteoglycan link gene (CRTLl) contains a
polymorphic CA repeat.

The following sequences were used in PCR

amplification of this region yielding a 222-240bp fragment.

The variable

fragments detected and their frequencies are outlined in Table 2 (Hecht et al,
1991b).
5' CCG CGT GTC CCA GCA TCT TC 3'
5' TCC TTG GAT GAG AGA GOT CA 3'

Frequency

Allele

bp

A1

240

1

A2

238

A3

Frequency

Allele

bp

%

A6

228

1

10

%

A7

226

9%

236

10

%

AS

225

24%

A4

234

12

%

A9

224

4%

A5

230

9%

AlO

222

19%

Table 2.

Fragment sizes and frequencies generated from CA repeat at

%

CRTLl locus.

F13A1

(6p24-25)

A polymorphic tetranucleotide repeat (AAAG)„ has been identified within the
F13A1 gene. The predicted length of the amplified sequence was 195bp, the
fragments and observed frequencies are outlined in Table 3 (Polymeropoulos
et al, 1991). The primer sequences used for the amplification were:
5' GAG GTT GCA CTC CAG CCT TT 3'(AAAG strand)
5' ATG CCA TGC AGA TTA GAA A 3 '(n T C strand)
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Allele

bp

Frequency

Allele

bp

Frequency

Ml

230

2

%

M5

192

29%

M2

226

2

%

M6

188

25%

M3

200

6

%

M7

184

11

%

M4

196

23%

M8

180

2

%

Table 3.

Fragments sizes and frequencies generated by a tetranucleotide
repeat at F13A1

h p4Fl

(VIM, 10pl3)

hp4Fl recognizes a two allele polymorphism at a Bell restriction enzyme site.
The polymorphism consists of an 8.1 kb fragment and a 3.6 fragment with
frequencies of 0.7 and 0.3 respectively. The probe is a 1.1 kb insert which can
be excised from pBR322 with BamHl (Marcus et al, 1988).

cH uV im l

(VIM, 10pl3)

This cDNA probe is contained w ithin pUC18. It can be excised from the
vector with the enzyme EcoRI generating a 1.1 Okb fragment.

HuVim2.5

(VIM, 10pl3)

HuVim2.5 is a genomic probe located at the BamHl site in pUC18. The insert
size is 2.50kb.

WV214

(COL2A1, 12ql3)

This probe consists of a 3.5kb insert contained in Bluescript SK. The insert can
be excised with BamHl and HindUl.

The probe recognizes an Hinfl

polym orphism and detects 3 alleles. The bands identified are 2.0, 1.7, and 1
+ 0.7kb w ith allele frequencies of 0.45, 0.15 and 0.40 respectively (Sangiorgi et
al, 1985).
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E9.3

(COL2A1, 12ql3)

Probe E9.3 consists of a 9.3kb insert contained w ithin the pUC13 vector which
can be excised w ith EcoRI. E9.3 detects a polymorphic PvuU site resulting in
i) 3.3kb fragm ent w ith a frequency of 0.54 and ii) 1.6 + l.Zkb fragments with
a frequency of 0.46 (Weaver and Knowlton, 1989).

pSCG7

(COL2A1, 12ql4.3)

Probe pSCG7 is a 4.3kb EcoRI fragment subcloned from cosHcoll, a cosmid
incorporating the 3' region of COL2A1. The 3' untranslated region of COL2A1
contains a variable minisatellite region of tandem repeats. This highly AT rich
region is situated 1350 bp from the stop codon, is approximately 650bp long
and is comprised of repeated identical 34bp and related identical 31 bp
sequences.

pSCG7 contains sequences from this region and was used in

conjunction w ith PCR (Stoker et al, 1985).
5'

CGC TCT CTC CCA TCC CTG CC

3'

5'

ATA CGT CAC CTG CTC TCC TC

3'

These prim ers were selected from the 3' untranslated region. They amplified
a 760bp fragm ent and flanked the repetitive AT rich region.

p63

(RARA, 17q21)

This probe is a 1.6kb insert derived from the cDNA clone p63.

RARA

recognizes a two allele Pstl polymorphism. The fragments identified are i)
3.0kb w ith a frequency of 0.19 and ii) 2.6 + 0.4kb with a frequency of 0.81.
The insert can be excised with Kpnl and EcoRI from the vector pSG5 (Arveiler
et al, 1988):

2.5.0

CHEMICALS

All chemicals with the exception of those listed below were of AnalaR grade
and were obtained from British Drug Houses, U.K.
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Bacto-Agar was supplied by Difco Laboratories, USA.

Agarose was supplied by Palliard Chemical Co, U.K.

Hexadeoxyribonucleotides, 2' Deoxynucleoside 5' Triphosphate dATP, dCTP,
dCTP, dXTP and G50 M edium grade sephadex were obtained from Pharmacia.

HEPES (N-2-hydroxyethylpiperazine-N'“2-ethane sulfonic acid), Ampicillin,
Kanamycin, Proteinase K, and Kodak XAR-5 X-ray film, BSA (bovine serum
albumin), TEMED (N,N,N',N'-tetramethylethylenediamine) and BHI (brain
heart infusion) were supplied by Sigma.

40% Accugel(19:l acrylamiderbis-acrylalmide) was obtained from National
Diagnostics.
32P-CTP (3000Ci/mmol) was supplied by ICN Biomedicals Ltd, U.K.

[a-^^S]dATP (lOOOCi/nunol), Hybond N+ and the Qiagen m ini-preparation kit
were supplied by Amersham International pic.

All enzymes and respective buffers used in restriction enzyme digests were
obtained from Northum bria Biologicals Limited.

Taq polymerase and lOx Taq polymerase buffer was supplied by Promega.

H eat inactivated fetal calf serum, RPMI (roswell park memorial institute) 1640,
DMEM (dulbecco modified eagle's medium), L-Glutamine (200mM), 50x HAT
(hypoxanthine aminopterin thymidine), lOx Trypsin-EDTA (ethylenediamine
tetracetic acid) and fluorescent in situ hybridization Bionick kit was supplied
by Gibco-BRL Ltd, UK.

Biodyne A transfer membrane was obtained from Biosupport Division Pall
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Process Filtration Limited.

Sequenase kit Version 2.0 w as obtained from United States Biochemical.

Avidin fluorescein isothiocyanate (FTTC) and anti-avidin FTTC from Vector
Laboratories Limited.

Chromosome 10 centromeric probe (DlOZl) from Oncor.

2.6.0

SOLUTIONS AND REAGENTS

2.6.1

G eneral Solutions

TE:

lOmM Tris (tris(hydroxymethyl)aminomethane)
Im M EDTA

lOx TAB:

0.39M Tris
0.12M NaAc
0.02M EDTA
pH adjusted to 7.7 w ith glacial acetic acid

20x SSC:

2.9M NaCl
0.30M sodium citrate
pH adjusted to 7.0 w ith hydrochloric acid

5x TBE:

54g Tris base
27.5g boric acid
20ml 0.5M EDTA (pH8.0)

Loading buffer:
bromophenol blue
O.IM EDTA
50% glycerol
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Stop solution:
95% formamide
20mM EDTA
0.05% brom ophenol blue
0.05% xylene cyanol

Neutralising solution:
3M K Ac

Fixative solution (for cells):
3 parts methanol:! part acetic acid

2.6.2

Bacterial M edia

Agar:

500ml BHI
7.5g agar

BHI:

2.6.3

37g in 1 litre of H^O

Southern blotting and hybridization solutions

Denaturing Solution:
1.49M NaCl
0.5M NaOH

Fix solution (for filters):
0.4M N aO H

Oligolabelling solution (LS):
This consisted of 7pl solution 1, 25pl solution 2b and 25pl solution 3.
Solution 1:

22.5 units hexadeoxyribonucleotides in 0.97mM Tris-HCl pH7.5,
and 0.97mM EDTA.

Solution 2a: 250pl IM Tris-HCl pH 8.0, 25pl IM MgCl^, 50pl IM
2

-mercaptoethanol and 675pl HgO.
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Solution 2b: 2|il 25mM dATP, 2pl 25mM dGTP, 2|il 25mM TTP plus 494pl
solution 2 a.
Solution 3:

IM HEPES pH 6 .6 .

Hybridizing solution:
4xSSC
50pg/m l heat denatured salmon sperm
1% SDS (sodium dodecyl sulphate)
lOx Denhardts (where lOOx Denhardts contains 2% BSA, 2% Ficoll
400, 2% polyvinyl-prollidone).

2.6.4

Solutions for cosmid and plasm id DNA extraction

For cosmid extractionSolution 1:

50mM glucose
25mM Tris (pHS.O)
lOmM EDTA (pHS.O)

Solution 2:

0.2N NaOH
1% SDS

Solution 3:

3M KAc
5M acetate

For plasmid DNA extraction (included in the Qiagen minikit)Buffer PI:

50mM Tris/H Cl; lOmM EDTA; lOOpg R N ase/m l (pH 8.0)

Buffer P2:

200mM NaOH, 1% SDS

Buffer P3:

2.55M KAc (pH 4.8)

Buffer QBT: 750mM NaCl, 50mM MOPS, 15% Ethanol, pH 7.0, 0.15%
Triton X-100
Buffer QC:

l.OM NaCl, 50mM MOPS, 15% Ethanol, pH 7.0

Buffer QF:

1.2M NaCl, 50mM MOPS, 15% Ethanol, pH 8.2
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2.7.0

METHODS

Unless stated otherwise, ail m ethods were taken from Sambrook et al, (1989).

2.7.1

EXTRACTION OF HUMAN DNA

Blood was collected in 10ml plastic tubes containing the anticoagulant EDTA;
these were frozen at -70°C until required. Each 10ml sample was placed
inverted in 50ml Falcon tubes and thawed at room tem perature. Ice cold
double-distilled water, added to the 50ml mark, lysed the cells which were
then centrifuged at 4,000rpm for

20

min at 4®C.

The supernatants w ere discarded into 100% chloros and 25ml 0.1% Nonidet
P40 was added to the precipitate. Samples w ere vortexed until the pellet was
completely resuspended, then centrifuged at 4,000rpm, 20min, 4®C. 7ml 6 M
GuCl and 0.5ml 7.5M NH^Ac (pH 7.5) were added to the pellet, followed by
vortexing until the pellet dissolved. After the addition of 0.5ml 20% Sodium
Sarkosyl and 150pl lO m g/m l Proteinase K, samples were placed in a water
bath for 2hr at 65°C.

17ml of ethanol was added to the mix which induced the precipitation of
thread-like strands of DNA. These were spooled onto the end of a hooked
Pasteur pipette and placed in Bijoux bottles containing 1ml TE. The Bijoux
were placed on a rotor for 16hr at 4°C to aid dissolution.

The DNA was reprecipitated by the addition of lOOpl 3M NaOAc (pH 5.2) and
2ml ice cold ethanol. After spooling, the Pasteur pipette was inverted to allow
evaporation of the ethanol. The DNA was then dissolved in 1ml TE in an
Eppendorf tube and after being placed on a rotor for 16hr at 4°C, was stored
at -2 (TC.

The purity of the extracted DNA was determ ined spectrophotometricaUy by
measuring the absorbence at 260nm and 280nm. A high degree of purity was
indicated by a ratio of between 1.8 and 2.0. The concentration of the DNA
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was also estimated (absorbence = 260nm).

2.7.2

Extraction of concentrated DNA (lOmg/ml)

Blood collected from a leukaemic patient w ith an increased white blood cell
count was used to obtain concentrated DNA. The technique is based on that
described for the extraction of DNA from norm al blood (see section 2.7.1)
however, only 2 ml of blood was used. After the second centrifugation step,
the volumes of solution added were increased three-fold. Before incubating
at 65®C, ISOpl lOOmg/ml Proteinase K was initially added followed by a
further 50|il 50m g/m l Proteinase K after 1 hour. To enhance dissolution the
DNA w as placed overnight on a rotary mixer, 4"'C, then sonicated in 1 minute
intervals as required. The concentration of DNA was determ ined then re
precipitated in ethanol and NaOAc to give a final concentration of lOm g/m l
in TE.

2.8.0

PLASMID DNA

2.8.1 Transform ation of E. coli com petent cells
100ml autoclaved BHI in a 500ml flask was inoculated with 10ml E. coli strain
HBlOl, from an overnight culture. The flask was placed in a rotary shaker for
2

to 4hr, 37°C, until a density of 5 x 10^ cells/m l (OD550 = 0.5) was present.

The culture w as chilled on ice for lOmin before the cells were collected by
centrifugation at 4,000rpm for 5min at 4°C. The supernatant was discarded
and the cells resuspended in 50ml ice-cold, sterile 50mM CaClz, lOmM Tris
HCl pH 8.0. After chilling for a further 15min, the culture was centrifuged
4,000rpm, 5min, 4°C. The bacteria were resuspended in 15ml cold CaCl2 /Tris
HCl solution. From this solution, 200pl aliquots were dispensed into prechüled Eppendorf tubes. These could be stored at 4®C for up to 24hr.

Plasmid DNA was diluted in TE to a final concentration of 40ng/100pl and
added to a thaw ed aliquot of the cell culture suspension. After chilling on ice
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for 30min, the eppendorf was placed in a water-bath at 3TC for 30min if the
plasmid was tetracycline resistant, or for 60min if ampicillin resistant.

Media plates were prepared by pouring autoclaved agar containing
appropriate antibiotic at a final concentration of 25pg/m l onto Sterilin petridishes (90mm).

Serial dilutions of the cell culture suspension were made in BHI and then
spread onto the agar plates. After the liquid had absorbed onto the media the
plates were inverted and incubated overnight at 37"C.

.

2 8 .2

Storage of transform ed cells in glycerol stock

After transformation of competent cells with plasmid DNA (see section 2.8.1),
single isolated colonies of transformed £. Coli resulted after an overnight
incubation of agar plates.

Using a sterile pasteur pipette, a single colony was removed from the plate
and transferred to a Universal tube containing 10ml BHI and appropriate
antibiotic to a final concentration of 25pg/m l. After an overnight incubation
in a rotary shaker at 37°C, 4.25ml of this culture was transferred into a Bijou
containing 0.75ml autoclaved glycerol. After mixing to ensure the glycerol had
combined, 1.8ml of the glycerol stock was transferred to a 2ml Nalgene
cyrotube.

Stocks were prepared in duplicate and stored at -2 0 ®C until

required.

2.8.3

Extraction of plasm id DNA

The plasmid DNA was extracted from E. Coli w ith the Qiagen mini
preparation. The protocol for this extraction was taken from the kit and used
buffers supplied with the kit.

50ml autoclaved BHI in a Falcon tube was inoculated with 5pl of glycerol
stock containing E. coli HBlOl cells transformed with plasmid DNA. The
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appropriate antibiotic, either ampicillin or tetracycline was also added to a
final concentration of 0.5m g/m l. The culture w as placed on a rotary incubator
for 18hr at 37°C and after chilling on ice was centrifuged at 4,000rpm for
20

m in at 4X .

The pellet was resuspended in 0.3ml Buffer P I then transferred to a 1.5ml
Eppendorf tube. A dded to this was 0.3ml Buffer P2 which was then left at
room tem perature for 5 min.

After the addition of 0.3ml Buffer P3, the

solution was centrifuged at 10,000rpm for 15min.

The supernatant was

carefully removed and added to a Qiagen colunrn which had been pre
equilibrated w ith 1.0ml of Buffer QB. After the addition of 2.0ml Buffer QC,
the DNA was eluted w ith 0.8ml Buffer QF into an Eppendorf tube. To induce
the precipitation of the plasmid DNA, 0.5 volumes of isopropanol was added
to the Eppendorf tube and the solution centrifuged at 10,000rpm for 15min.
The pellet was w ashed in lOpl 70% chilled ethanol, before centrifuging for a
further lOmin, 10,000rpm. The pellet was dissolved in 50pl TE.

2.9.0

COSM ID DN A

2.9.1

Screening a cosm id library

A cosmid library where genomic DNA had been partially digested with
Sau3Ad and cloned into the BamHl site of the cosmid vector Laurist 4 was
provided by Dr C. Mitchell.

This vector is resistant to the antibiotic

kanamycin therefore all BHI solutions and agar plates contained kanamycin
(lOpg/ml).

Ip l of the cosmid library was diluted 1,000X in BHI. A serial dilution of this
diluted stock was carried out beginning w ith 1 x1 0 '^ and ending with 1 x 1 0 '".
A lOOpl aliquot of each dilution was spread onto 90mm agar plates and
incubated overnight at 37oC. The plates were stored at 4®C to prevent further
colony growth. Colonies w ere counted and generally reflected the decreasing
concentration of the library through the different dilutions.
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One million colonies w ere required for the prim ary screen. The volume of
cosmid library required to yield this am ount was calculated by first
establishing the num ber of colonies/m l BHI. This was calculated w ith the
equation:

colony num ber x diluted volume

volum e plated x dilution

The value obtained was then divided by 1x1 (f to yield the volume of BHI
required.

The appropriate volume was aUquoted onto large 23cm^ agar plates, this step
was carried out in duplicate.

The plates were inverted and incubated

overnight at 3TC then stored at 4°C. Biodyne A transfer m em branes (0.22m x
. m,

0 22

1 2

pm) were used for colony lifts.

After careful placement of a num bered membrane on a correspondingly
num bered agar-plate, a needle and some ink was used to key in marks on the
filter which also penetrated the agar. The filter was peeled off quickly and
placed colony side up on 3 layers of 3MM W hatman paper soaked in
denaturing solution. After 5min the filter was then transferred onto W hatman
paper soaked in neutralising solution for a further 5min before a final rinse in
2x SSC.

The filters w ere left to dry at room tem perature for Ih r then baked at 80°C for
2hr. The filters were prehybridized and probed with ^^P-dCTP labelled DNA
in the m anner described in section 2.12.4, then exposed to X-ray film for 3
days at -7(TC. After completing the colony lifts the plates were returned to the
37^C incubator for Ih r to allow some regrow th of the colonies. The plates
w ere then stored at 4°C.

74

From the developed autoradiograph, it was possible to identify positive
colonies.

By careful orientation of the appropriate plate against the film,

colonies were identified and the area scraped by a micro-inoculator. The
colonies were transferred to 1ml of BHI from which a serial dilution (lO"^ 10"*,
10^) was made. A lOOpl sample from each of these dilutions was aliquoted
onto a 90mm agar plate and incubated overnight at 3TQ.

For the secondary screen, 2,000 colonies were required in the titre. This was
calculated using the same equation as described earlier. The appropriate
volum e to yield the required num ber of colonies was aliquoted onto 140mm
agar plates, and after overnight incubation, colony lifts were taken using round
Biodyne A transfer membranes (0.132m diameter).

The membranes were

denatured, neutralised and baked in the same w ay as described earlier before
being probed w ith ^^P-dCTP labelled DNA (see section 2.12.4).

2.9.2

Storage of cosmid DNA as glycerol stock

Glycerol stocks w ere m ade from positive colonies identified by the secondary
screen. A microinoculator was used to transfer the isolated colonies into 5ml
BHI which were then incubated overnight at 37®C. From this culture, a 1ml
aliquot was used in an alkali lysis preparation to extract the cosmid DNA (see
section 2.9.3) while the remaining 4ml was used for glycerol stock as described
in section 2 .8 .2 .

2.9.3

A lkali lysis extraction of cosmid DNA

From a 5ml overnight culture, 1ml was extracted and centrifuged at 10,000rpm
for 30sec at 4^’C. The pellet was resuspended in 200pl solution 1 after which
200pl solution 2 w as added. The contents were mixed thoroughly before the
addition of 200pl ice cold solution 3. A flocculent white precipitate was seen
to form. The mix w as centrifuged at room tem perature for 2min at 10,000rpm.

A phenol/chloroform solution was prepared by combining equal volumes of
phenol and chloroform. This was stored under O.IM Tris pH 8.3 at 4°C away
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from light. To the supernatant, 600pl phenol/chloroform was added and the
layer from above the interface was removed.

1

ml absolute ethanol was then

added and the mix was centrifuged for lOmin at 10,000rpm at room
temperature. The pellet was resuspended in 200pl TE.

To remove any residual RNA, 300pl 5M LiCl was added. After being placed
on ice for 5min, the contents were centrifuged at 10,000rpm, 4°C for 5min.
After this spin the supernatant was removed and washed in 1ml ethanol. The
pellet was collected by centrifuging at 10,000rpm for 5min. The pellet was
w ashed twice in ice cold 70% ethanol and resuspended in 10-50pl TE.

2.9.4

Extraction of cosmid DNA

Cosmid DNA was extracted from E.Coli w ith a Qiagen maxi-preparation kit,
which followed a procedure similar for plasmid DNA described in section
2.8.3. The Qiagen maxi-preparation kit requires 500ml of culture. To achieve
this yield a few mis of BHI inoculated with Ip l of cosmid glycerol stock and
the appropriate antibiotic was left to culture overnight in a rotary incubator,
37®C. This was then transferred to 500ml BHI in a 2L conical flask. The flask
was placed in the incubator overnight. The volumes of buffers PI, P2 and P3
required in this protocol were 33.33x greater than in the Qiagen mini
preparation. The Qiagen columns were equilibrated with 5ml of buffer QB,
washed w ith 2 x 10ml buffer QC and the DNA eluted w ith 5ml buffer QF.

The DNA was precipitated w ith 3ml isopropanol. Aliquots were dispensed
into Eppendorf tubes then centrifuged for lOmin at 10,000rpm. The pellets
were washed in 20pl of ice-cold 70% ethanol and allowed to dry before
dissolving in 250pl TE.

2.10.0 RESTRICTION ENDONUCLEASE DIGEST
Hum an, plasm id or cosmid DNA were digested with restriction enzymes.
Digestions for hum an and cosmid DNA were carried out in a total volume of
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40|il. This comprised 5-20pg DNA, 2-3 units enzym e/pg and 4pl lOX buffer
w hich was supplied w ith the enzyme. Enzyme digests were carried out at
37®C for 4hr, except for Taql digests which were carried out at 65®C for Ihr.
Smaller am ounts of plasmid DNA were digested for which the am ount of
enzyme, buffer and HgO were reduced proportionately.

2.11.0 AGAROSE GEL ELECTROPHORESIS
.

2 1 1 .1

Separation of restriction enzym e hum an, plasm id or cosmid DNA
fragm ents

Samples were electrophoretically separated in 0.8% agarose.

A solution

comprising 2.4g agarose in 300ml of Ix TAE buffer, was brought to the boil in
a microwave oven. During this time the flask was interm ittently swirled to
aid dissolution of the agarose. To the cooled solution, 15pl lO m g/m l Ethidium
Bromide was added. The agarose solution was then poured into a BRL gel tray
(20cm X 25cm x 4cm) w ith a well-former in position across the tray.

After the gel had set (at least 30min), the well-former was rem oved and the gel
placed in a BRL tank. Sufficient Ix TAE Buffer was added to a height of
approxim ately 3mm above the gel. To each 40pl digested DNA sample (see
section 2.10.0), lOpl of Loading buffer was added. These w ere then loaded
into the subm erged wells. Molecular weight markers comprising Ipg lambda
DNA digested w ith either HindOl or BstEU were also loaded.

Gels were

subjected to electrophoresis at 2 V /cm for IShr at room tem perature. The gel
w as then photographed under UV (ultaviolet) light then denatured by placing
in Denaturing solution for 30min.

.

2 1 1 .2

Separation of PGR am plified products

A n 8 cm x 10.5cm Minigel tray (BRL) was prepared by sealing both ends with
tape and placing a well former in position. Into this, a 0.8% agarose solution
comprising 0.4g agarose dissolved in 50ml Ix TAE buffer, plus 5pl lOm g/m l
ethidium bromide, was poured. Ix TAE solution was added to the tank until
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the gel was covered.

The amplified DNA samples (see section 2.13.0)

containing loading buffer w ere loaded and the gel subjected to electrophoresis
at 8 V /cm for 2hr. The gel was photographed under UV light. Band sizes
were determ ined by comparison with a molecular weight marker also loaded
in the gel. To aid visualization of very low molecular weight DNA samples
(<300 bp) under UV light, the 0.8% agarose gel was substituted w ith a

2

%

Nusieve/1% agarose gel.

2.11.3 Separation of probe insert from plasm id
The probe insert was separated from the plasm id by a m ethod proposed by
Herry et al, (1990). A 0.8% agarose Minigel was prepared as described in
section 2.11.1. Using a UV lightbox, the required insert was cut from the gel
w ith a scalpel. The piece of gel was transferred to a punctured 1ml Eppendorf
tube which had been plugged w ith nylon polymer wool. This was placed on
top of a larger 1.5ml Eppendorf tube in a two-tired system and centrifuged for
lOmin at 10,000rpm in a microfuge. The elute containing the DNA fragment
collected in the bottom tube. The concentration of the DNA was determined
spectrophotometrically, and the DNA diluted to a final concentration of
lO ng/pl in TE.

2.12.0 SOUTHERN BLOTTING AND HYBRIDIZATION
2.12.1 Transfer of DNA from agarose gel to Hybond-N+
The digested DNA was resolved by electrophoresis on 25cm x 20cm, 0.8%
agarose gels as described in section 2.11.1.

The blotting apparatus was

prepared by placing a sponge (30cm x 30cm) soaked in 20x SSC in a
photographic tray containing 20x SSC. Two sheets of 3MM W hatman paper
were used as wicks for the transfer of the

20

x SSC by placement across the

length and w idth of the sponge.

The denatured gel was inverted and placed on the covered sponge. A piece
of Hybond-N+, cut to fit the gel exactly, w as first soaked in 2x SSC then
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placed on the gel. This was followed by two sheets of 3MM W hatman paper
also soaked in 2 x SSC. At each step, care w as taken to remove any air bubbles
caught between the layers. Sheets of cling-film were placed from each edge
of the top layer of the W hatman paper to over the side of the tray. Three
paper towels were unfolded and laid over the transfer apparatus. Onto this,
paper towels were stacked to a height of approximately 15cm.

DNA was transferred overnight after which the paper towels, cling-film and
W hatman paper were discarded. The position of the wells were marked on
the filter using a water resistant Pentel marker. The filter was washed in 2x
SSC to remove any adhering agarose. The DNA was fixed to the filter then
washed in 2x SSC until the pH was 7.5. The filter was stored between 3MM
W hatman paper at room temperature.

2.12.2 Radioactive labelling of DNA w ith random oligonucleotides
50ng of insert or plasmid DNA was aliquoted into a 1.5ml Eppendorf tube and
placed in a boiling water-bath for 2min. This was immediately transferred to
ice to prevent reannealing. The denatured DNA was then added to a pre
chilled Eppendorf tube containing 11.4pl LS solution, l.Opl lO m g/m l BSA and
2.6pl HgO. To this mix, 3pl of ^^P-CTP (3000Ci/mmol) w as added and the
synthesis of DNA was initiated by the addition of Ip l Klenow fragment of
DNA polymerase 1 (1 unit). The reaction was left at room tem perature for a
m inim um period of 3hr.

2.12.3 Removal of unincorporated nucleotides
Unincorporated nucleotides were separated from the labelled DNA by a
filtration method. The base of a 1ml syringe was plugged w ith glass wool and
filled with m edium grain Sephadex G50 preswollen in 2x SSC. The column
was initially washed w ith 200pl of 2x SSC by centrifuging at l,750rpm for
3min at room temperature. The oligolabelled insert or plasm id DNA (see
2.12.2) was m ade to a final volum e of 200pl with 2x SSC and added to the
column.

The column was again centrifuged l,750rpm, 3min.
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The total

radioactivity of the eluted DNA was counted in 4pl aliquots in a calibrated
Bioscan QC2000 bench top beta counter. The oligolabelled DNA was frozen
at -20°C until required.

2.12.4 H ybridization of

labelled DNA to filters

Digested genomic DNA was transferred to H ybond N+ as described in section
2.12.1. H ybridization was perform ed in a Hybaid rotary oven. Filters were
soaked in 2x SSC then stacked w ith alternate layers of Hybaid mesh. These
were then tightly rolled and placed in a large Hybaid bottle. A maximum of
four filters could be placed in one bottle. After the addition of hybridizing
solution the filters were prehybridized for at least 3hrs at 65°C.

The volume of oligolabelled DNA required for hybridization was calculated
on a final beta count of 1 x lO^DPM/ml of hybridizing solution (usually
between 5-1 Ong DNA). H eat denatured oligolabelled DNA was added to the
prehybridizing filters which then hybridized overnight in the rotary oven at
65°C. After hybridization, filters were washed thrice in 3x SSC, 0.1% SDS, for
20min at room temperature. Filters were m onitored w ith a beta emission
counter before commencing w ith the first of the heated washes w ith Ix SSC
0.1%SDS at 65°C for

20

min. From thereafter the salt concentration of the wash

solutions increased while the 65°C tem perature was m aintained until the signal
from the filters had dim inished to background level.

Filters were dried on W hatman 3MM, covered in cling-film and exposed to Xray film backed w ith intensifying screens for 1-14 days at -7ŒC.

2.12.5 Removal of repeat sequences by com petitive hybridization
Certain insert or plasmid DNA probes required preannealing to block out
repetitive sequences. In these instances 1.2x SSC, 1.2x TE and 1.4x hum an
DNA (lOm g/m l, see section 2.7.2) were added to the final volume of
oligolabelled DNA. This was heat denatured for 5min, then transferred to a
heating block at bfi^’C for 30min before addition to the prehybridizing filters.
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2.13.0 PCR AMPLIFICATION
Between 100-500ng of genomic DNA was amplified in a reaction mix
containing;
SOpmole each primer
0.2mM d lT P , dCTP, dGTP, dATP
Ix Taq polymerase reaction buffer
2U Taq polymerase.
H 2O
The PCR was carried out in autoclaved 1ml Eppendorf tubes.

A typical

reaction used Ip l of DNA, lOpl of 2mM dNTP solution, between 1 and 5pl of
each prim er (this varied with the concentration) and lOpl of lOx Taq
polymerase reaction buffer. HgO was added to bring the final volum e to 98pl.
A control sample was always included, this contained everything except for
an aliquot of DNA.

Each sample was overlayed with 50pl of mineral oil to minimize evaporation
and then transferred to a Techne PHC-2 amplifier. Samples were initially
denatured at 95°C for lOmin. After the tem perature of the plate had decreased
to

2 units of Taq polymerase enzyme in a 2pl volume was added. The

amplification reaction was then initiated which typically followed a cycle of
dénaturation, annealing and extension for 25 cycles. The exact temperatures
and duration of each step depended on each set of primers.

After the

completion of the required num ber of cycles a final extension step for lOmin
at 72°C was carried out. Amplified samples were frozen until required.

For the tetranucleotide and dinucleotide repeat analysis (see section 2.14.1), it
was necessary to use PCR products which had incorporated ^^P-CTP. In these
cases, the 2mM dNTP solution was substituted with 2mM dATP, dCTP, dTTP
and 0.2mM dCTP. Ip l of ^^P-CTP (3000Ci/mmol) diluted 10-fold (IpCi) was
also added to each sample. The samples w ere then amplified in the manner
described above.
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2.14.0 POLYACRYLAMIDE GEL ELECTROPHORESIS
2.14.1 T etranucleotide and dinucleotide repeat analysis
After amplification of samples by PCR w ith incorporated ^^P-dCTP (section
2.13.0), each sample was diluted 3.5-fold w ith TE. 2pl of this diluted sample
was then added to 2 pl Sequenase stop solution, resulting in a final 7-fold
dilution. These samples were frozen until required.

A pair of BRL sequencing plates designed to fit a Model S2 Sequencing Gel
Electrophoresis tank were prepared by first washing twice in detergent, once
w ith distilled H 2O followed by a final rinse in 70% industrial methylated
spirits.

The smaller top plate was coated with the Silicone treatment

Replecote. Three 0.4mm spacers were placed dow n each side of the larger
back plate and across the bottom edge. After allowing the Replecote to dry
(lOmins), the smaller plate was placed on top of the larger plate, siliconized
surface inwards, and clamped in position w ith num erous spring clips.

A typical

6

% denaturing gel consisted of 13.5ml 40% Accugel (19:1

acrylamide:bis-acrylamide), 7M urea, 630pl 10% ammonium persulphate, 52pl
of TEMED and 85.82ml of Ix TBE. The solution was placed in a 65°C water
bath to aid dissolution of the urea, then on ice to cool before addition of the
TEMED. The gel was quickly poured between the plates using a 50ml syringe.
Two 14cm vinyl sharks tooth combs (0.4mm thick, 24 lanes) were placed beside
each other w ith the flat edge approximately 1.5cm into the gel. Spring clips
were placed across the top of the plates. After the gel had set paper towels
soaked in Ix TBE were lain across the top of the gel to prevent it drying out.
The gel w as left for at least 3 hours for the polymerization process to
complete. All the clamps were then rem oved and the bottom spacer was
extracted from between the plates.

The polyacrylamide gel was transferred to a vertical BRL tank (Model S2) and
clamped into place. The upper and lower tanks were filled with 500ml Ix
TBE. The sharkstooth combs were removed then inverted with the tooth edge
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facing forward. These were placed in between the plates until the teeth just
penetrated the polyacrylamide gel thus forming wells. The gel was pre-run
at 55W for 30min.

All amplified samples diluted with Sequenase stop

solution, were denatured at 95°C for 3min then immediately placed on ice.
Before loading began, the wells were cleaned w ith Ix TBE buffer using a 2ml
syringe.

2

pl of each sample was loaded onto the gel which were then

electrophoresed for IVihr at 20W.

After electrophoresis was complete, the gel assembly was removed from the
tank and the smaller plate levered away. The polyacrylamide gel was blotted
off the larger plate onto 3MM W hatman paper and w rapped in cling-film. The
gel was dried for Ih r on an ATTA Gel Drying Processor AE-3700, then
exposed overnight to X-ray film at -70°C.

2.15.0 SEQUENCING REACTION
2.15.1 M13 vector
The M l3 vector supplied w ith the Sequenase kit Version 2.0 was sequenced.
7pl of the M13 vector (Ipg) was combined w ith Ip l of sequencing prim er and
2pl of reaction buffer. This was heated to 65®C for 2min. After cooling at
room tem perature over a 30 m inute period, Ip l of dithiothreitol (DTT), 2pl of
labelling mix diluted 5-fold in HgO, 0.5pl [a-^^S]dATP (l,OOOCi/mmol) and 2 pl
Sequenase enzyme diluted 8 -fold in Enzyme Dilution buffer was added. This
mix incubated at room tem perature for 3-5min.

2.5pl of the ddGTF, ddATP, ddTTP and ddCTF termination mix was aliquoted
into 4

X

1ml Eppendorf tubes labelled G, A, T and C.

These had been

prew arm ed for at least Im in at 37°C. W hen the incubation of the labelling mix
was complete, 3.5pl was transferred to each of the 4 tubes. After centrifuging
briefly to ensure mixing, the incubation was continued at 37®C for 3-5min
before terminating by the addition of 4pl Stop solution. Samples were stored
at -20°C until analyzed on a denaturing polyacrylamide gel (see section 2.14.1).
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2.16.0 CELL CULTURE WORK
2.16.1 M aintenance of lym phoblastoid cell line
The grow th m edium RPMI 1640, was stored in glass bottles at 4®C until
required.

Grow th m edium containing glutam ine and serum was m ade as

required and warm ed to 37"C before use. L-glutamine, purchased as a 200mM
solution was dispensed into smaller aliquots which were then frozen until
required.

For 100ml of medium, 1ml of this stock was required.

Heat

inactivated fetal calf serum was added to the growth m edium to a final
concentration of 10%. Cultures were grown at 37°C under
tissue culture flasks.

5

%C0 2 in 50ml

The culture was split after three to four days by

removing half the volume of cells and replacing it w ith an equal volume of
grow th m edium prew arm ed to 37“C.

After the cell line had become

established and was seen to be growing well, aliquots were removed for
freezing.

2.16.2 Storage of cell line stocks
A 12ml sample of the growing cell medium was pipetted into a 15ml Falcon
tube and centrifuged at 1200rpm for 5min at room tem perature.

The

supernatant was poured into chloros except for the last 0.5ml into which the
pellet was resuspended by flicking the tube with a finger. The Falcon tube
was then placed on ice. Three 1.8ml Nalgene cryotubes were labelled and
dated and into each, 1ml of chilled culture was aliquoted. An equal volume
of chilled 20% dimethylsulphoxide was then added in droplets. The cryo tubes
were shaken during this procedure to ensure mixing and were immediately
placed back on ice. The cultures were initially chilled to -70°C over a few days
before being transferred to liquid nitrogen for perm anent storage.

To begin growing the cell line from frozen stocks, the cell line was centrifuged
5min, l,200rpm and the pellet resuspended in 10ml of RPMI complete
medium. 5ml of this solution was transferred to two small flasks then placed
in a 37®C incubator under 5 %C0 2 -
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2.16.3 M aintenance of a somatic cell hybrid
A growing somatic cell hybrid culture was obtained from the Imperial Cancer
Research Fund. This cell line comprised of a 5q- hum an chromosome w ith a
Chinese ham ster background. The cell line was incubated at 37°C under 10%
CO 2

The m edium consisted of DMEM prew arm ed to 37®C with a final

concentration of Ix HAT, Ix glutam ine and 10% fetal calf serum. Once the
monolayer culture was confluent across a 50ml tissue culture flask the cells
were split.

To achieve this, all the m edium was removed from the flask.

10ml Ix

phosphate buffered saline (PBS) w as added to the flask to w ash the monolayer
before the addition of 2ml of Ix trypsin EDTA in PBS. The flask was swirled
to ensure the monolayer was completely covered. The flask was returned to
the incubator for 5min. After this time, the monolayer was seen to lift off the
base of the flask. By tapping the flask the rem ainder of the cells became loose.
The trypsin was neutralised by the addition of an equal volume of pre
w arm ed medium. The entire contents of the flask were removed and placed
in a 15ml Falcon tube and centrifuged at l,200rpm for 5min. The supernatant
w as rem oved and the cells resuspended in a small volume of media. The
culture was transferred to a

200

ml tissue culture flask in a final volume of

15ml of m edium and returned to the incubator.

W hen sufficient fibroblasts were present, the monolayer was again split and
transferred to a 500ml tissue culture flask using 5ml trypsin. After sufficient
fibroblasts were present, the monolayer was harvested for DNA.

2.16.4 Extraction of DNA from a somatic cell hybrid
The m ethod is based on the extraction of DNA from norm al blood as
described in section 2.7.1. A somatic cell hybrid was m aintained as described
in section 2.16.3. Once sufficient fibroblasts were present the monolayer was
trypsinized. After centrifuging to collect the cells (l, 2 0 0 rpm, 5min), the pellet
was resuspended in 10ml Ix PBS.
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This was followed by a second

centrifugation. After resuspending in Ix PBS the cells were stored at -2ŒC
until required.

The suspension of hybrid cells in Ix PBS was centrifuged for 5min at 1,200
rpm. To the pellet, 1.4ml 6 M GuCl and 0.1ml 7.5M NH^Ac (pH 7.5) were
added. The m ethod then continued as described in section 2.7.1, however,
only 1 /5 of the volume of the reagents was used. The am ount of proteinase
K added was reduced to 150pl of lO m g/m l solution. The extracted DNA was
precipitated twice, its concentration determ ined and dissolved in 500pl TE.

2.16.5 Chrom osom e m etaphase spreads
The preparation of chromosomes were based on a m ethod by Verma and
Babu, (1989).

To each culture flask containing 10ml of medium , 0.03ml of colcemid solution
was added.

After ensuring mixing by swirling the flask, the culture was

incubated for a further 45 to 60min at 37°C. The media from the flask was
then transferred to a 15ml Falcon tube and centrifuged at SOOrpm for Smin.
Leaving as little m edium over the cell pellet as possible, the pellet was
resuspended in 5ml pre-w arm ed 0.075M KCl solution and incubated for lOmin
at 37°C. 5 drops of freshly m ade fixative solution were added and after
mixing by inverting, the cells were centrifuged at SOOrpm for Smin. The pellet
was then resuspended in 5ml of fixative, left to stand at room tem perature for
lOmin, then centrifuged. This step was repeated 3 times.

After the final

centrifugation the pellet w as resuspended in a small volume of fixative to give
a slightly opaque suspension (approximately l - 2 ml).

Slides used for chromosome preparations had previously been cleaned in
Decon and stored in ethanol at -20°C. Prior to their use, the slides were rinsed
thoroughly in distilled water.
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H olding the slide at a 45° angle, 3-4 drops of cell suspension mix were
dropped onto the slide. To disperse the cells, it was necessary to blow onto
the slide, then removing any liquid from the underside of the slide with a
tissue, the slide was placed on a heating block for a few minutes. Once dry,
the slides were stored for u p to

1

m onth in a protective box.

2.16.6 Fluorescent in situ hybridization
The labelling w ith biotin was carried out using a Bionick kit. To an eppendorf
containing Ip g cosmid DNA, 5pl dNTP mix containing Bio-14-dATP, H 2O and
5pl enzym e mix was added in a final volume of 50pl. This was incubated at
16°C for Ih r w hen the nick-translation process was stopped by the addition of
5pl stop buffer. For every microgram of probe, 50pg E.Coli transfer RNA and
50pg sonicated salmon sperm DNA was added.

The probe was then

precipitated at -20°C for 2hr in 0.1 volumes of 3M NaAc pH 5.6 and 2 volumes
of ice-cold ethanol.

After pelleting and drying, the probe was resuspended in 20pl TE. For every
lOOng of labelled DNA, 2.5pg Cot 1 DNA and 2 volumes ice-cold ethanol was
added.

After precipitating and drying, the probe was resuspended in

hybridization mix consisting of 50% formamide, 10% dextran sulphate and 1%
Tween 20:2x SSC. 10-15pl of hybridization mix is required for every slide.
The probe mix was denatured at 7ŒC for 5m in then pre-annealed at 37°C for
1 -3 hr.

Shortly before they were needed, the slides with chromosome spreads (see
section 2.16.5), were denatured by placing in 70% formamide, 2x SSC at 70°C
for 2min. To reduce strand annealing before the probe was added, the slides
w ere dehydrated in 70%, 85% and 100% absolute ethanol for 3min each. A
d rop of pre-annealed probe was placed on each slide then covered with # 1 ! 6
22 X 22mm coverslip, avoiding air bubbles. The slides were then sealed with
cow-gum and incubated for 48hr at 37°C.
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The slides were washed to remove any mismatched or unhybridized probe
molecules. The washing procedure followed:
3

X

5min 50% formamide, 2x SSC

}
} at 42"C
}

3 X 5min 2x SSC

The remaining steps were carried out at room temperature.
1

X

3min 4x SSC:0.05% Tween 20 (ST)

1

X

lOmin 4x SSC:0.05% Tween 20:8% BSA (STB)

1

X

3min ST

For signal detection, the slides were washed in fluorochrome conjugated
avidin (1 x 20min avidin-FiiC , 5 p g /m l STB). This step was carried out in the
dark as fluorescein is readily photobleached. The remaining steps were then:
3

X

3min ST

Ix 20min biotinylated anti-avidin (5pg/m l in STB)
3

X

3min ST

1 X 20min avidin-FlTC
1

X

3min ST

The slides were then m ounted in Citifluor which contained the counterstain,
DAPI (2pg/m l) and propidium iodide (0.5pg/ml) and covered with a #0
coverslip. After draw ing as m uch excess fluid from under the coverslip as
possible, the slides were sealed with cow-gum and stored at 4°C.

The slides were visualized on a Reichert Jung microscope equipped with epifluorescence. This allowed for the simultaneous viewing of the propidium
iodide stained chromosomes and the fluorescein signal.
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3.0 RESULTS
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3.1.0

CHROM OSOM E
M arker loci:

1

D1S65 and D1S58
M ap positions lq31-32

3.1.1

Linkage analysis

M ultipoint analysis was carried out using loci D1S65 and D1S58 which flank
the renin locus, and the

8

families w ith C L/P. The lod scores generated from

this analysis are presented in Figures 7,

8

and 9. Three different levels of

penetrance and two different m odes of inheritance were used in the separate
analyses. The different alleles identified for these loci are presented in the
Appendix, part I.

The distance between D1S65 and D1S65 was estimated to be 15cM (Buetow et
al, 1990). Using the Haldane function, this was converted to a recombination
fraction of 0=0.13, and it was this value which was used in the LINKMAP
program . Crossovers between these loci were observed in families HN, SH,
SN and TY whilst between the putative disease locus and affected individuals,
crossovers were observed in families BR, and SH.

Figure 7 shows the results of multipoint analysis, testing an autosomal
dom inant pattern of inheritance w ith a penetrance of 80%. There was no
evidence of linkage between C L /P and the two chromosome 1 loci, with a
m axim um lod score of z=-4.0. A lod score of z=-2.0 which is indicative of no
linkage was found 17cM away from D1S65 and 12cM away from D1S58.

In Figure

8

, the same type of inheritance was tested but w ith a reduced

penetrance of 28%. Linkage was also excluded between C L /P and the loci
w ith a m axim um lod score of z=-2.6. Exclusion continued up to lOcM away
from D1S65 and 7cM away from D1S58. In an autosomal recessive model with
35% penetrance, (see Figure 9), the maximum lod score of z=-3.4 excluded a
location for C L /P between D1S65 and D1S58. Linkage between C L /P and the
loci w as also excluded up to 8 cM away from D1S65 and 12cM away from
D1S58.
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Figure 7.

Multipoint analysis of CL/P and D1S65 and D1S58. Autosomal dominant pattern of inheritance, penetrance = 80%.
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Figure 8.

Multipoint analysis of CL/P and D1S65 and D1S58. Autosomal dominant pattern of inheritance, penetrance = 28%.
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Figure 9.

Multipoint analysis of CL/P and D1S65 and D1S58. Autosomal recessive pattern of inheritance, penetrance = 35%.

3.2.0

CHROM OSOM E
C andidate gene:

2

Transform ing grow th factor alpha (TGFA)
Map position 2pl3

3.2.1

Linkage analysis

Three different polymorphism s at the TGFA locus (see Table 1) were used to
construct haplotypes for individuals from the eight families. The pedigrees
w ith the haplotypes draw n alongside are outlined in Figure 10. The lod score
for genetic linkage w as calculated using the LBPED program. As no more than
four different haplotypes occurred in each pedigree, these were called A, B, C
and D and assigned a frequency of 0.25. Each individual's haplotype under
the four letter code are outlined in the Appendix, part I. Crossovers between
affected individuals and the C L /P phenotype were observed in families BR,
SN and TY. Family PL was uninformative.

Lod scores resulting from an autosomal dom inant pattern of inheritance with
a penetrances of 80% are outlined in Table 4. Under these criteria, there was
no evidence of linkage between TGFA and C L /P, z=-3.152 at 0=0.05. Also
included in this table are the lod scores generated from affected individuals
in the 3-generation families BR, CD, HN, PL and SN.

Linkage was also

excluded from these families with a lod score of z=-2.499 at 0=0.05.

In Table 5, the lod scores generated from a reduced penetrance of 28% are
given. The lod score increased to z=-0.085 at 0=0.00 w ith a m axim um lod of
z=0.448 at 0=0.2.

The resultant lod scores from the analysis of the pedigrees by an autosomal
recessive model, with a gene frequency of 0.035 and a penetrance of 35% are
given in Table

6

.

A maximum lod of z=0.292 at 0=0.00 w as observed,

however the pedigrees were relatively uninformative for this model.

Figure 10 (see next two pages).

Pedigrees of families w ith C L /P, TGFA

haplotypes draw n alongside (see Table 1 for explanation of polymorphisms).
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Table 4.

0.3

0.4

-0.060

-0 . 0 1 1

-0 . 0 0 1

0.725

0.542

0.357

0.175

-0.521

-0.398

-0.209

-0.088

-0 . 0 2 1

0.268

0.267

0.251

0.189

0.106

0.031

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

SH

-0.397

-0.388

-0.132

-0.014

0.066

0.055

0.018

0 .0 0 0

SN

-3.729

-2.818

-1.139

-0.815

-0.486

-0.292

-0.142

0 .0 0 0

TY

-3.259

-3.257

-1.979

-1.393

-0.795

-0.443

-0.194

0 .0 0 0

Tot

-10.119

-8.014

-3.152

-1.873

-0.753

-0.316

-0.134

0 .0 0 0

Tot*

-9.069

-6.975

-2.499

-1.461

-0.610

-0.283

-0.131

0 .0 0 0

Ped

0 .0 0 0

0 .0 0 1

0.05

BR

-3.252

-2.069

-0.463

-0.229

CD

0.903

0.901

0.815

FR

-0.653

-0.651

HN

0.268

PL

0 .1

0 .2

0.5
0 .0 0 0

0 .0 0 0

0 .0 0 0

Lod scores for two point linkage of CL/P and TGFA, autosomal dominant pattern of inheritance,
penetrance = 80%. * Total lod score calculated on families with dominant pattern of inheritance
(families BR, CD, HN, PL, SN, TY) using affected individuals only.

0

VO

0.3

0.4

0.5

Fed

0 .0 0 0

0 .0 0 1

0.05

BR

-0.477

-0.471

-0.282

-0.174

-0.066

-0 . 0 2 1

-0.004

0 .0 0 0

CD

0.705

0.704

0.624

0.543

0.384

0.235

0.106

0 .0 0 0

FR

0.772

0.771

0.690

0.604

0.422

0.234

0.070

0 .0 0 0

HN

-0.366

-0.366

-0.324

-0.261

-0.141

-0.059

-0.014

0 .0 0 0

PL

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

SH

-0.373

-0.368

-0.206

-0 . 1 0 2

0 .0 1 0

0.047

0.038

0 .0 0 0

SN

-0.180

-0.178

-0.094

-0.045

-0.003

0.005

0 .0 0 2

0 .0 0 0

TY

-0.166

-0.166

-0.174

-0.175

-0.158

-0.119

-0.065

0 .0 0 0

Tot.

-0.085

-0.074

0.234

0.39

0.448

0.322

0.133

0 .0 0 0

0 .1

0 .2

00

Table 5.

Lod scores for two point linkage of CL/P and TGFA, autosomal dominant pattern of inheritance,
penetrance = 28%.
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Table 6 .

0.3

0.4

-0.031

-0.008

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0.209

0.119

0.053

0.013

0 .0 0 0

0.037

0.027

0.013

0.005

0 .0 0 1

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

-0.036

-0.036

-0.029

-0 . 0 2 2

-0 . 0 1 2

-0.005

-0 . 0 0 1

0 .0 0 0

SN

0.085

0.085

0.070

0.056

0.033

0.015

0.004

0 .0 0 0

TY

0.084

0.084

0.069

0.055

0.032

0.014

0.003

0 .0 0 0

Tot.

0.292

0.291

0.243

0.196

0.115

0.051

0 .0 1 2

0 .0 0 0

Ped

0 .0 0 0

0 .0 0 1

0.05

BR

-0 . 2 1 2

-0 . 2 1 1

-0.167

-0.129

CD

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

FR

0.321

0.320

0.263

HN

0.050

0.049

PL

0 .0 0 0

SH

0 .1

0 .2

-0.07

0.5

Lod scores for two point linkage of CL/P and TGFA autosomal recessive pattern of inheritance,
penetrance = 35%.

3.2.2 Association analysis
The distribution of cleft types for 57 of the individuals who participated in the
association study is outlined in Table 7. The increased incidence of left sided
cleft reported by Gorlin et al, (1990) was also apparent in this population.

Bilateral cleft lip and palate

Num ber

%

15

26

Bilateral cleft lip

2

4

Right sided cleft lip and palate

8

14

Right sided cleft lip

7

12

Left sided cleft lip and palate

13

23

Left sided cleft lip

12

21

Table 7.

Distribution of types of cleft in 57 unrelated individuals.

The allele and genotype frequencies for the three polymorphisms studied at
the TGFA locus (see Table 1), in the clefted and control populations are
presented in Table 8 . An increased occurrence of the TGFA/Taql 1.7kb allele
(C2) in the C L /P group was seen. In a few cases no results were obtained for
particular individuals, which accounts for discrepancies from the 57
individuals who partook in the study. Homozygosity for the C2 allele was
significantly more common in cases than controls (X^=12.05, p=<0.01).
The RFLP distribution and results of the
controls are presented in Table 9.

analysis between cases and

A highly significant association was

observed between the C2 allele and the occurrence of clefting (X^=15.04,
p=<0.001). No significant association was observed with the other RFLPs.

100

type (No)

Table 8 .

Genotype

Allele*

Subject

No(%)

frequency

Cl

C2

C lC l

C1 C2

C2C2

C L /P (55)

0.79

0 .2 1

36 (6 6 )

14 (26)

5 (9)

Control (60)

0.96

0.04

55 (92)

5(8)

0

Al

A2

A lA l

A1A2

A2A2

C L /P (57)

0 .1 2

0 .8 8

2(3)

10

(18)

45 (79)

Control (60)

0.13

0.87

0

16 (27)

44(73)

Bl

B2

B lB l

B1B2

B2B2

C L /P (57)

0.39

0.61

9 (16)

27 (47)

21 (37)

Control (59)

0.36

0.64

10 (17)

22 (37)

27 (46)

TGFA allele and genotype frequencies.

C2 = 3.0 and 2.7kb fragments, Taql digest;

A l, A2 = 9.0 and 3.7kb fragments, BamHL digest; Bl, B2 = 1.5 and 1.2kb fragments, Rsal digest.

Enzyme

Tfl^I

BamYQ.

Allele

No of C L /P

No of control

chromosomes

chromosomes

Cl

87

115

C2

23

5

Al

14

16

A2

o

100

X2

P

15.04

<0 . 0 0 1

0.06

NS

0.37

NS

104

N)

Rsal

Table 9.

Bl

45

42

B2

69

76

TGFA RFLP distribution and

analysis.

The genotypes associated with the Taql RFLP were then analyzed according
to the type of cleft and are show n in Table 10. There was no significant
difference found between genotype and the type of cleft involved (X^=4.43,
p=>0.05).

Type of cleft
Genotype

Bilateral C L /P

Unilateral C L /P

Total

C2C2

3

1

4

C1C2

3

11

14

C lC l

10

26

36

Total

16

38

54

Table 10.

Genotype data of TGFA by cleft type.

The genotypes were also analyzed for the presence of a family history of C L /P
and are outlined in Table 11. O ut of the 57 individuals who participated in
this study, 18 subjects had a positive family history of clefting. Of these, 7
subjects (38%) carried at least one copy of the rare C2 allele, compared with
11 (31%) of the 36 sporadic cases. This difference was not significant. There
was also no significant difference between genotype and a family history of
clefting (X^=2.71, p=>0.1). Furthermore, there was no significant difference in
the parental origin of the C2 allele in 6 out of the 14 heterozygous clefted
individuals.

No of C L /P cases by family history
Genotype

Positive

Negative

Total

C2C2

3

1

4

C1C2

4

10

14

C lC l

10

25

35

Total

18

36

54

Table 11.

Genotype data of TGFA by family history.
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H aplotypes were derived from the RFLP data however it was not possible to
construct haplotypes for those individuals w ho w ere doubly or trebly
heterozygous.

This m ay have introduced a bias w hen com paring the

frequency of the different haplotypes in the two populations. In Table 12, the
distribution of the haplotypes is presented show ing that the total num ber of
haplotypes that could be derived from the two groups was similar.

It is

apparent that one particular haplotype C2A2B2, is over-represented in the
cases com pared w ith controls. This haplotype represents 41% of the total
0

MIQ.3 4 . i?%>

Haplotype*

p /"

rc7,.-.ec^

C L /P
chrom osomes

Control
chrom osomes

C2A2B2

12

4

C1A2B2

46

60

C1A2B1

25

25

C IA IB I

3

4

C2A2B1

2

1

C2A1B1

3

0

C2A1B2

1

0

92

94

Total

Table 12.

TGFA haplotype data.
*Derived for both chrom osomes from each person using alleles
from Taql, BamHl and Rsal digests.
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3.3.0

CHROM OSOM E 5
C andidate gene: H um an proteoglycan lin k gene (CRTLl)
Map position 5ql3-14.1

3.3.1

Linkage analysis

A CA dinucleotide repeat was identified in the sequence available from the 5'
region of the CRTLl gene (Rhodes et al, 1991). The repeat was a compound
sequence (Weber, 1990a) consisting of 17 CA repeat units interrupted in two
places with a CT dinucleotide repeat, see Figure 11.

5' CACACACACTCACACACACACACACACACACACTCTCACACT 3'
I

I

-57

16

Figure 11.

CA dinucleotide repeat identified in CRTLl.

N um bering is

relative to the start of transcription (Rhodes et al, 1991).

Primers were chosen to amplify a 127bp fragment which included the repeat
and would enable its suitability as a polymorphic locus for linkage analysis to
be tested. The sequence of the primers generated were:

5' ATC AGG ACC TCT GCC ATC CAG 3'
5' GAA CGT AGC GCT CTT TCT CCT 3'

The fragment was amplified in 10 unrelated individuals by PCR and the
different alleles were separated on a 6% denaturing polyacrylamide gel. From
Figure 12 it can be seen that this fragment w as not polymorphic in any of the
individuals.

105

127 bp

-

/z .-

Figure 12. CA repeat in CRTLl in 10 unrelated individuals.

Subsequent to this w ork, a polym orphism caused by a variation in a second
CA repeat w ithin the 5' region of CRTLl was published by Hecht et al, 1991b.
This com pound sequence was further upstream and consisted of 18 CA repeats
w ith one interruption of a CA repeat. It was located at position -862 relative
to transcription.

This CA repeat was very polym orphic w ith an observed

heterozygosity of 85% and was therefore suitable for use in a linkage analysis.

CRTLl was used in a two point linkage analysis w ith 8 families w ith C L /P.
The different alleles derived from each individual were scored according to the
published nom enclature (see Table 2). In each family there w ere never any
more than 4 different com binations of alleles. These different combinations
w ere called A, B, C or D and are show n in the A ppendix part I. They were
assigned an equal frequency.
106

Crossovers between affected individuals and the C L /P phenotype were
identified in families BR, CD, FR, PL, and SH. Figure 13 shows one of these
crossovers. In family PL, affected individual II-l did not pass the allele he
inherited from his affected father (I-l) onto his affected son (Ell-l).

The lod scores derived from the two point analysis using the different models
and levels of penetrance are outlined in Tables 13, 14 and 15.

W ith an autosomal dom inant pattern of inheritance and a penetrance of 80%
linkage between C L /P and CRTLl was excluded at 0=0.05 z=-3.466 (see Table
13).

Table 14 shows the lod scores derived from the same pattern of

inheritance but w ith a reduced penetrance of 28%. Linkage was also excluded
here w ith a lod score of z=-2.523 at 0=0.05. In an autosomal recessive model
w ith a penetrance of 35% (see Table 15), a maximum lod score of z=0.017 at
0=0.2 was shown. The families however were generally uninformative under
this type of analysis.
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PL

o

I
I
m

238bp228bp224bp-

1
Figure 13.

Crossover at CRTLl locus in family PL.
Lane 1, 2, 3, 4, = G, C, A, T sequence of M13 vector,
lane 5 (I-l) = alleles BC, lane 6 (II-l) = alleles AB,
lane 7 (HI-l) = AC.
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0.2

0.3

0.4

0.5
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0.000

0.001

0.05

BR

-2.568

-2.054

-0.561

-0.314

-0.117

-0.040

-0.008

0.000

CD

-2.496

-2.038

-0.563

-0.310

-0.105

-0.029

-0.003

0.000

FR

-3.176

-2.123

-0.517

-0.273

-0.086

-0.021

-0.002

0.000

HN

0.394

0.394

0.409

0.405

0.347

0.243

0.120

0.000

PL

-2.921

-2.495

-0.995

-0.697

-0.397

-0.222

-0.097

0.000

SH

-4.245

-2.853

-1.089

-0.726

-0.352

-0.152

-0.042

0.000

SN

0.823

0.822

0.740

0.655

0.483

0.313

0.150

0.000

TY

-3.272

-2.558

-0.890

-0.555

-0.237

-0.088

-0.019

0.000

Tot

-17.461

-12.905

-3.466

-1.815

-0.464

0.004

0.099

0.000

VO

Table 13.

Lod scores for two point linkage of CL/P and CRTLl, autosomal dominant pattern of inheritance,
penetrance = 80%.

0

Table 14.

0.1

0.2

0.3

0.4

Fed

0.000

0.001

0.05

0.5

BR

-0.249

-0.247

-0.163

-0.108

-0.045

-0.016

-0.003

0.000

CD

-0.532

-0.526

-0.314

-0.195

-0.072

-0.020

-0.002

0.000

FR

-1.380

-1.312

-0.460

-0.241

-0.072

-0.017

-0.002

0.000

HN

-0.913

-0.909

-0.698

-0.521

-0.267

-0.115

-0.034

0.000

PL

-0.474

-0.473

-0.396

-0.329

-0.221

-0.134

-0.062

0.000

SH

-0.266

-0.263

-0.152

-0.068

0.020

0.040

0.028

0.000

SN

-0.150

-0.148

-0.071

-0.027

0,008

0.011

0.004

0.000

TY

-0.309

-0.309

-0.269

-0.214

-0.113

-0.044

-0.010

0.000

Tot

-4.273

-4.187

-2.523

-1.703

-0.762

-0.295

-0.081

0.000

Lod scores for two point linkage of CL/P and CRTLl, autosomal dominant pattern of inheritance,
penetrance = 28%.

0

Table 15.
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0.5

Fed
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-0.044
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0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

FR

-0.055

-0.055

-0.036

-0.022

-0.007

-0.001

0.000

0.000

HN

0.015

0.015

0.017

0.016

0.012

0.006

0.002

0.000

PL

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

SH

0.020

0.020

0.022

0.021

0.016

0.008

0.002

0.000

SN

0.085

0.085

0.070

0.056

0.033

0.015

0.004

0.000

TY

-0.058

-0.057

-0.046

-0.036

-0.020

-0.009

-0.002

0.000

Tot

-0.051

-0.050

-0.017

0.002

0.017

0.012

0.004

0.000

Lod scores for two point linkage of CL/P and CRTLl, autosomal recessive pattern of inheritance,
penetrance = 35%.

3.3.2

M apping of C R T Ll

CRTLl was m apped using a somatic cell hybrid containing a h um an 5qchrom osome on a Chinese ham ster background. The hum an chrom osom e was
derived from a t(5;17)(ql5:q23) translocation identified in individual 11-3 from
the Stickler family DN.

Amplification of the CRTLl CA repeat locus identified by Hecht et al, 1991b,
w as carried out on DNA extracted from the somatic cell hybrid and from pure
Chinese ham ster DNA.

Figure 14 shows the results of this amplification along w ith a genomic control
and a no-DNA control. The presence of the CA repeat in the som atic cell
hybrid and its absence in pure Chinese ham ster DNA suggests amplification
of the hum an proteoglycan link gene. Therefore the translocation breakpoint
in the hybrid m ust lie distal to the CRTLl locus.

281 bp

Figure 14.

Am plification of CRTLl locus in a 5q- som atic cell hybrid.
Lane 1 = lam bda 0X digested with H ae EH, lane 2 = 5q- somatic
cell hybrid, lane 3 = Chinese ham ster DNA, lane 4 = genomic
control, lane 5 = blank.

1 1 2

3.4.0

CHROM OSOM E 6
M arker gene: Factor XIII A gene (F13A1)
M ap position 6p24-25

3.4.1

Linkage analysis

A tetranucleotide repeat located with the F13A1 gene was used in a linkage
analysis w ith C L/P. The alleles were scored according to Table 3. As there
were no more than four different combinations of alleles, these were assigned
the letters A,B,C or D (see Appendix part I). They were assigned an equal
frequency.

Two point linkage analysis was carried out using the different modes of
inheritance and levels of penetrances. These results are outlined in Tables 16,
17 and 18.

Crossovers were observed between affected individuals and F13A1 in families
CD and HN. Family PL was uninformative. An example of one of these is
shown in Figure 15. In family CD, affected individual U-3 did not pass the
allele which he inherited from his affected father (1-2) onto his affected son III2. Alleles were m easured against an M l3 vector (sequence not shown).

The results of the linkage analyses are outlined in Tables 16, 17 and 18. With
an autosomal dom inant pattern of inheritance and a penetrance of 80%,
linkage was excluded between C L /P and F13A1 with a lod score of z=-2.052,
0=0.05.

W ith a reduced penetrance of 28% (see Table 17), linkage was

excluded w ith a lod score of z=-2.401 at 0=0.001.

W hen the data was

analyzed for autosomal recessive inheritance a maximum lod of z=0.224 at
0 = 0 .001.
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CD

a

I

o

: a

A=196
B=192
C=188
0=184

4

bp—
bpbp
bp

8

Figure 15.

C rossover at F13A1 locus in family CD. Lane 1 (II-l) = AA,
lane 2 (IH-l) = AA, lane 3 (U-2) = AD, lane 4 (I-l) = BD,
lane 5 (1-2)

= AC, lane 6 (Ü-3) = AD, lane 7 (HI-2) = AD,

lane 8 (H-4) = AA.
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-0.149

-0.065
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0.000
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-0.473

-0.337

-0.241

-0.119

-0.049

-0.012

0.000

Tot

-6.193

-5.302

-2.052

-1.301

-0.587

-0.276

-0.12

0.000

Ol

Table 16.

Two point lod scores of CL/P and F13A1, autosomal dominant pattern of inheritance,
penetrance = 80%.
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Table 17.
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0.000
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0.000
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-0.030

0.000

Two point linkage with CL/P and F13A1, autosomal dominant pattern of inheritance,
penetrance = 28%.
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Table 18.
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Two point linkage with CL/P and F13A1, autosomal recessive pattern of inheritance,
penetrance 35%.

In the original publication of linkage between C L /P and F13A1 (Eiberg et al, 1986), lod
scores were calculated separately for the sexes.

The data generated for an autosomal

dom inant m odel of inheritance w ith 80% penetrance was also analyzed in this way. To
achieve this, two analyses were carried out. Firstly, w ithin LIFED the female recombination
w as set at 0=0.5 while the male recombination varied between 0=0.000 and 0=0.500. For
the second analysis the male recombination was fixed while the female recombination was
allowed to vary. The results are presented in Tables 19 and 20 respectively.

W hen only males w ere analyzed (see Table 19) there was no evidence of linkage between
F I3A and C L /P, z=-2.220 at 0=0.001. Families BR and PL were uninformative in this
analysis. The females also show ed no linkage w hen analyzed separately (see Table 20) with
a lod score of z=-2.761 at 0=0.001. Families CD, FR, PL, SN and TY were uninformative.

In the paper by Eiberg et al, linkage analysis was carried out on families using an autosomal
dom inant m ode of inheritance for C L /P and CP.

In cases of non-penetrance between

generations, the unaffected individual was scored as affected.

Our 8 families were

reanalysed to check if they could be tested under similar conditions. Families FR, HN and
SH were excluded as both parents in the first generation were unaffected and a status of
being affected could not be assigned accurately to either one. The remaining families BR,
CD, PL, SN and TY were analyzed w ith two point linkage in the m anner described by
Eiberg.

The results are outlined in Table 21. Family PL was uninformative. Using Eiberg's criteria,
linkage betw een F13A1 and 5 families w ith C L /P was excluded with a lod score of z=-4.293
at 0=0.001.
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Table 19.

Two point linkage analysis with male individuals only and F13A1, autosomal dominant pattern
of inheritance, penetrance = 80%.
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Two point linkage analysis with female individuals only and F13A1, autosomal dominant pattern
of inheritance, penetrance = 80%.
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0.001

0.05

0.5

BR

-0.097

-0.096

-0.077

-0.059

-0.032

-0.014

-0.003

0.000

CD

-o o

-2.099

-0.464

-0.229

-0.061

-0.011

-0.001

0.000

PL

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

SN

0.301

0.300

0.257

0.215

0.133

0.064

0.017

0.000

TY

-O O

-2.398

-0.721

-0.444

-0.194

-0.076

-0.018

0.000

Tot

-o o

-4.293

-1.005

-0.517

-0.154

-0.037

-0.005

0.000

Two point linkage with F13A1 and families where non-penetrants are scored as affected, autosomal
dom inant pattern of inheritance.

3.5.1 CHROM OSOM E 10
C andidate gene:

V im entin (VIM)
Map position 10pl3

3.5.2 Association analysis
An association analysis was carried out between vimentin, a group of
individuals w ith C L /P and a control population. The types of clefts of the
case group are outlined in Table 7.

The allele and genotype frequencies for the Bcli RFLP at the vimentin locus, in
the clefted and control populations are presented in Table 22. This RFLP is a diallelic
polymorphism where the upper S.lkb allele is referred to as Al while the lower 3.6kb
allele is referred to as A2 (Marcus et al, 1988).

The RFLP distribution between cases and controls and results of the

analysis are

presented in Table 23. There was no significant association with either allele at the
vimentin locus and the incidence of clefting (X^=0.110, p=>0.5).

1 2 2

Allele

Subject

frequency

type (No)

N)
00

Genotype
No(%)

Al

A2

A lA l

A1A2

C L /P (54)

0.76

0.24

32 (60)

18 (33)

4(7)

Control (54)

0.73

0.27

29 (54)

21 (39)

4(7)

Table 22.

VIM allele and genotype frequencies.

A2A2

Enzyme

Allele

No of C L /P
chromosomes

Bell
to

Table 23.

No of control

41

39.5

A2

13

14.5

analysis.

P

chromosomes

A1

VIM RFLP distribution and

X2

0.110

>0.5

3.5.2 Cosmid library screen
A cosmid library was screened to generate cosmids for use in FISH analysis.
The library was a gift from Dr Chris Mitchell. It consisted of genomic DNA
cloned into the BamHl site of the cosmid Laurist 4. The titre was estim ated
by counting the colonies on plates containing a 1 x ICT^, 10'^ and 10'® serial
dilution of the original stock. It was calculated that lOOpl of the original 1 x
10^ cosmid library stock would generate 1 x 10* colonies for the prim ary
screen. The prim ary screen was carried out in duplicate using the probes
cHuViml and HuVim2.5. As HuVim2.5 w as a genomic probe, it was first
preannealed before hybridization to the filters. 12 positives were identified
from the duplicate filters probed with cHuVim l and num erous positives were
identified from the filters probed with HuVim2.5. This latter group were
discarded as there were too many to identify correctly.

The colonies corresponding to the 12 positives were selected off the plates and
placed into BHI.

To establish the volume of the titre required for the

secondary screen, serial dilutions (up to 1 x 10^) were carried out. After an
overnight incubation however, the colonies were too dense to be counted and
the dilution range had to be increased to 1 x Id^^.

After probing with

cHuVim l, the num ber of positives was reduced to 8 after the secondary
screen.

After extraction of the DNA from the cosmid, the DNA was digested w ith a
variety of restriction endonucleases and separated on a Southern blot. The
filter was probed w ith cHuViml.

Exclusions were m ade if the molecular

weight of a cosmid w as less than 40kb or if there was no hybridization with
the vimentin probe. Five cosmids generated bands after hybridization. Three
of these detected a l.Okb fragment while two others detected a larger 4.0kb
fragment.

The cosmids generating the most intense signal for each of the

fragments identified were selected for FISH, (see Figure 16).
nam ed cosmid 7 and cosmid 12.
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These were

4.0 kb

l.O k b

Figure 16.

■*

Cosmids 7 and 12 probed w ith cHuViml. Lane 1 = cosmid 7,
lane 2 = cosmid 12.
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3.5.3 FISH analysis
The two cosmids generated from the library screen were used in in situ
hybridization analysis. The cosmids were mapped against the breakpoint of
an individual with a t(10;14)(pl3;q24) translocation. As these cosmids had
been screened with a VIM probe from the 10pl3 region it was hoped that they
would demonstrate if VIM was involved in the translocation breakpoint.
The karyotype of the individual with the translocation is shown in Figure 17
after G-banding.
Chromosome metaphase spreads were made from an individual with a normal
karyotype in addition to those with the translocation breakpoint. The presence
or absence of cosmids 7 and 12 on chromosome 10 was determined by an
alpha satellite DNA probe which was specific for the centromeric region of
chromosome 10 (DlOZl locus).
The results of the FISH analysis are presented in Figures 18 and 19. In Figure
18, cosmid 7 has been hybridized to a metaphase spread with a normal
karyotype. It has not hybridized to chromosome 10 which can be identified
by its lighted centromere. The hybridization of cosmid 12 to a metaphase
spread w ith the t(10;14)(pl3;q24) translocation is shown in Figure 19. This also
has not hybridized to chromosome 10, but appears to have hybridized to
chromosome 1.
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10p13
-14q24

10

Figure 17.

der(lO)

der(14)

14

Karyotype of t(10;14)(pl3;q24) translocation after G-banding
(kindly provided by Dr Brian Reeves).
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B

A

B

-i>

Figure 18.

Cosmid 7 and centromeric m arker for 10. M etaphase spread
from a cell line with a normal karyotype. A = cosmid 7,
B = centromeric m arker for 10.
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Figure 19.

Cosmid 12 and centromeric maker for 10. Metaphase spread
from a cell line with a t(10;14)(pl3;q24) translocation.
A = cosmid 12, B = centromeric marker for 10.
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3.6.0 Chromosome 12
Candidate gene:

Collagen type 2 alpha 1 (COL2A1)
Map position 12ql4.3

Disease:
3.6.1

Stickler syndrome

Linkage analysis

Three separate polymorphic systems were used to extract the maximum
possible information from the 6 pedigrees within which Stickler syndrome was
segregating. AUele information resulting from the WV214 probe was used in
linkage analysis for all the families affected with Stickler syndrome except for
DN and HS. The lod scores in family ON were calculated with the pSCG7
probe while for family HS, haplotypes were constructed using results from
probes WV214 and E9.3. In this latter case, haplotypes were called A, B, C or
D and were assigned a frequency of 0.25. The haplotypes and alleles are
outlined in the Appendix, part U.
Crossovers between the disease and the COL2A1 locus were identified in two
families (HH, PE). In Figure 20, a crossover between two affected individuals
in family PE is shown. Affected individuals ni-2 and ni-3 inherited different
alleles from their affected mother (individual II-l).
The results generated after analyzing the data with LIPED are shown in Table
24. A maximum lod score of z=0.96 at 0=0.1 was found.
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PE

I

0 -T 0 .

:
I

a

I

6èè

A= 2.0 kb B» 1.7 kb -*
C= 1.0 kb -

C= 0.7 kb —

1
Figure 20.

2

3

4

5

6

7

8

Crossover at COLZA 1 locus (WV214 probe) infamily PE.
Lane 1 (II-l) = alleles BC, lane 2 (II-2) = BC, lane 3 (II-3) = AC,
lane 4 (EI-l) = AC, lane 5 (IV-1) = CC, lane 6 (IV-2) = AC,
lane 7 (IV-3) = CC, lane 8 (HI-2) = CC.
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0

H
W
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Table 24.

Fed

0.000

0.001

0.05

0.1

0.2

0.3

0.4

0.5

DN

0.602

0.601

0.536

0.470

0.338

0.211

0.096

0.000

DX

0.301

0.300

0.258

0.215

0.134

0.064

0.017

0.000

HH

-o o

-2.398

-0.721

-0.444

-0.194

-0.076

-0.018

0.000

HS

0.903

0.901

0.814

0.721

0.522

0.316

0.128

0.000

NN

0.602

0.601

0.535

0.465

0.318

0.170

0.049

0.000

PE

-oo

-2.425

-0.745

-0.465

-0.209

-0.086

-0.023

0.000

Tot

-oo

-2.420

0.677

0.962

0.909

0.599

0.249

0.000

Two point linkage analysis of COL2A1 and Stickler syndrome, autosomal dominant pattern of
inheritance, penetrance = 100%.

3.7.0

Chrom osom e 17
C andidate gene: Retinoic acid receptor alpha (RARA)
M ap position, 17q21

3.7.1

Association analysis

An association analysis was carried out between RARA, a group of individuals with C L /P
and a control population. Four more unrelated affected individuals were included in the
case group for this analysis. This increased the size of the case group from 57 to 61. The
types of clefts of the increased case group are outlined in Table 25.

N um ber

%

18

29

Bilateral cleft lip

2

3

Right sided cleft lip and palate

7

11.5

Right sided cleft lip

7

11.5

Bilateral cleft lip and palate

Left sided cleft lip and palate

14

23

Left sided cleft lip

13

21

Table 25.

Distribution of types of cleft in 61 unrelated individuals.

The allele and genotype frequencies for the Pstl RFLP at the RARA locus, in the clefted and
control populations are presented in Table 26. This RFLP is a diallelic polym orphism where
the upper 3.0kb allele is referred to as PI while the lower 2.6 + 0.4kb alleles are referred to
as P2 (Arveiler et al, 1988).

The RFLP distribution between cases and controls and results of the

analysis are

presented in Table 27. There was no significant association with either allele at the RARA
locus and the incidence of clefting (X^=0.954, p=>0.1).
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Subject

Allele

type (No)

Genotype

frequency

No(%)

PI

P2

C L /P (61)

0.21

0.79

2(3)

22 (36)

37 (61)

Control (60)

0.27

0.73

5 (9)

22 (36)

33 (55)

W

P lP l

P1P2

P2P2

(Jl

Table 26.

RARA allele and genotype frequencies.

Enzyme

Allele

No of C L /P
chromosomes

Pstl
w

chromosomes

PI

26

32

P2

96

88

<T\

Table 27.

No of control

RARA RFLP distribution and

analysis.

0.954

0.5>P>0.1

3.7.2

Linkage analysis

Two point linkage analysis between RARA and the 8 families w ith C L /P was carried out.
All the families were informative with this analysis. The alleles derived from the families
at this locus are presented in the Appendix, part I.

There was no evidence of linkage between RARA and C L /P using an autosomal dominant
pattern of inheritance w ith a penetrance of 80%. The lod scores generated from this analysis
are show n in Table 28. Linkage is excluded with a lod score of z=-3.211 at 0=0.001.

W ith the same type of inheritance but testing a reduced penetrance of 28%, the lod scores
increased to z=-0.367 at 0=0.000. These lod scores are outlined in Table 29.

The lod scores generated from an autosomal recessive pattern of inheritance with a
penetrance of 35% are presented in Table 30. With this analysis a maximum lod score of
z=0.048 at 0=0.05 was found.
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0
Fed

0.000

0.001

0.05

0.1

0.2

0.3

0.4

0.5

BR

0.314

0.313

0.269

0.225

0.143

0.072

0.020

0.000

CD

-2.796

-2.792

-1.683

-1.132

-0.589

-0.297

-0.114

0.000

FR

0.023

0.024

0.033

0.036

0.030

0.017

0.005

0.000

HN

-0.487

-0.484

-0.354

-0.297

-0.202

-0.124

-0.057

0.000

PL

-0.419

-0.418

-0.354

-0.297

-0.202

-0.124

-0.057

0.000

SH

-0.155

-0.154

-0.106

-0.071

-0.029

-0.010

-0.003

0.000

SN

0.300

0.300

0.257

0.214

0.133

0.064

0.017

0.000

TY

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

Tot

-3.220

-3.211

-1.938

-1.322

-0.716

-0.402

-0.189

0.000

W
00

Table 28.

Two point linkage analysis of CL/P and RARA, autosomal dominant pattern of inheritance,
penetrance = 80%

0
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Fed

0.000

0.001

0.05

0.1

0.2

0.3

0.4

0.5

BR

0.231

0.230

0.194

0.159

0.098

0.048

0.013

0.000

CD

-0.433

-0.433

-0.410

-0.367

-0.258

-0.150

-0.062

0.000

FR

-0.145

-0.144

-0.087

-0.050

-0.013

-0.001

0.000

0.000

HN

-0.117

-0.117

-0.131

-0.138

-0.133

-0.105

-0.059

0.000

PL

-0.231

-0.230

-0.201

-0.174

-0.123

-0.078

-0.037

0.000

SH

0.112

0.114

0.168

0.185

0.161

0.106

0.047

0.000

SN

0.237

0.237

0.200

0.165

0.100

0.047

0.012

0.000

TY

-0.021

-0.021

-0.022

-0.021

-0.015

-0.008

-0.002

0.000

Tot

-0.367

-0.364

-0.289

-0.241

-0.183

-0.141

-0.088

0.000

VO

Table 29.

Two point linkage analysis of CL/P and RARA, autosomal dominant pattern of inheritance,
penetrance = 28%
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Table 30.

Fed

0.000

0.001

0.05

0.1

0.2

0.3

0.4

0.5

BR

0.112

0.112

0.092

0.074

0.043

0.019

0.005

0.000

CD

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

FR

-0.025

-0.025

-0.016

-0.010

-0.003

0.000

0.000

0.000

HN

0.006

0.006

0.005

0.004

0.002

0.001

0.000

0.000

PL

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

SH

-0.028

-0.027

-0.020

-0.015

-0.007

-0.003

-0.001

0.000

SN

0.083

0.083

0.068

0.055

0.032

0.014

0.004

0.000

TY

-0.102

-0.102

-0.081

-0.063

-0.034

-0.015

-0.004

0.000

Tot

0.046

0.047

0.048

0.045

0.033

0.016

0.004

0.000

Two point linkage analysis of CL/P and RARA, autosomal recessive pattern of inheritance,
penetrance = 35%.

4.0 DISCUSSION
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4.1.0

MAPPING GENES INVOLVED IN CL/P - A REVIEW OF THE
APPROACH

In the search for the major gene causing C L /P, it is im portant to consider
w hether the correct approaches have been chosen.

M any of the different

population analyses have concluded that C L /P is most likely to be the result
of a major gene w ith variable penetrance, possibly due to environmental
factors or the action of other minor genes.

If C L /P is a monogenic disorder, then a linkage approach should identify a
C L /P gene segregating through families.

It is not clear from the various

segregation analyses however, if there is only one major gene acting or if
C L /P is the action of different major genes. If there are several major genes,
then a population based study such as an association analysis may reveal
associations amongst the different genes. Finally, if C L /P is the result of a
major gene whose effect is m odulated by other m inor genes, then a
combination of approaches m ay be useful. A linkage approach would identify
the major gene whilst a population approach would identify the minor genes
(Hitman and McCarthy, 1991).

Candidates for the role of a major gene in non-syndromic C L /P were selected
using several criteria and were tested through a combination of linkage
analyses, association studies and in situ hybridization work. Those genes used
in a linkage approach included the m arkers D1S65 and D1S58 which appear
to flank the VWS locus, TGFA, CRTLl, F13A1 which is a m arker for 6p and
RARA. It was hoped that a significant lod score generated by any of these loci
would either indicate direct involvement in familial clefting or m ark a
chromosome region. Using an association approach, the loci TGFA, VIM and
RARA were tested for their involvement in a group of unrelated clefted
individuals. The final section to this work involved the testing of genes which
appeared to be good candidates based on their close proximity to a
chromosome alteration with an associated C L /P or CP phenotype.

These

genes also encoded for a protein product which could contribute to the clefting
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process. CRTLl and VIM were two candidate genes selected on this basis.

In addition to this work, a linkage analysis was carried out between COL2A1
and 8 families with Stickler syndrome.

Within some of the pedigrees used in the non-syndromic C L /P linkage
analysis, there were obvious cases of non-penetrance. For example, individual

n-6 in family H N and individual II-2 in family TY. It was felt that the mode
of inheritance which appeared to best reflect all the pedigrees was one of
autosomal dom inant inheritance with a reduced penetrance of 80% (Winter,
personal communication). The pedigrees were also analyzed however, using
the same type of inheritance w ith a reduced penetrance as described by Hecht
et al, (1991a) and w ith an autosomal recessive pattern of inheritance also with
reduced penetrance which was first described by Chung et al, (1986). This
latter model may have been better suited to families FR and SH which were
less convincingly dominant.

These could have been interpreted as being

recessive if a gene carrier entered the family through marriage (individual II-5
in family FR and individual II-6 in family SH).

The occurrence of non-penetrance in families with C L /P can confuse apparent
crossovers. If a crossover occurs between an unaffected sib and an affected sib
then there exists the chance that the unaffected sib is a gene carrier for C L /P
but is non-penetrant for the phenotype. The apparent crossover is therefore
incorrect. To avoid such a situation, only crossovers which occurred between
affected individuals were reported.

In many of the linkage analyses, both in the C L /P families and that with
Stickler syndrome, haplotypes were constructed from a num ber of different
alleles and were then assigned an equal frequency.

This frequency was

obviously quite different from the pubHshed allele population frequencies. It
has been suggested that this difference will not have a significant effect, as in
larger pedigrees the lod score tends to be independent of gene frequencies
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(Keats et al, 1991).

4.1.1

Chrom osom e region Iq and CL/P

The markers D1S65 and D1S58 m ap to lq31-32 and appear to flank the VWS
locus (Murray et al, 1990). These markers were used in a multi-point analysis
w ith 8 pedigrees w ith non-syndromic clefting. The presence of crossovers
between the two loci in 4 of the families reflects the estim ated 15cM which
separates these m arkers (Buetow et al, 1990).

In all three linkage models tested, there was no evidence of linkage between
D1S65 and D1S58 and the C L /P phenotype, suggesting that the molecular
defect underlying VWS is not the same as in non-syndromic clefting. The lod
score was seen to increase from a lod of z=-4.0 with an autosomal dom inant
pattern of inheritance and 80% penetrance to a lod score of z=-2.6 in the same
model with 28% penetrance. This was due to the increased chance that non
penetrant individuals were affected. Testing an autosomal recessive pattern
of inheritance w ith reduced penetrance generated a lod score of z=-3.4 which
excluded a location for C L /P between the markers.

Hecht et al, (1992) has also reported a lack of linkage between families with
C L /P and renin. This further supports the suggestion that the genetic defect
involved in VWS is not the same as in CL/P. The families used in the analysis
carried out by H echt et al, were the same as those tested for linkage with
TGFA (Hecht et al, 1991a). In addition, a large family w ithin which CP was
segregating was also tested for linkage with the interval thought to contain the
VWS gene. There was also no evidence of linkage between the two.

Two other candidate genes for VWS had been considered by M urray et al,
(1990).

The first was laminin B2 (LAMB2) which is a component of the

laminin molecule found in basement membranes, while the other was decay
accelerating factor (DAF) which is involved in program m ed cell death. Both
of these were excluded as candidates for VWS due to the occurrence of
144

crossovers between affected individuals.

LAMB2 has been m apped 8cM

proximal to D1S65 while DAF is located 3cM distal to D1S58 (Buetow et al,
1990). From Figures 7, 8 and 9 there is also no evidence of linkage between
these two other candidate loci and CL/P.

4.1.2

TGFA and CL/P

The finding of a highly significant association of the Taql C2 allele of the TGFA
gene in unrelated British clefted individuals supports the suggestion that this
gene, or another near to it, is involved in the development of an orofacial cleft.
The BamHi RFLP was not found to be associated w ith the C L /P phenotype as
reported in the original study of American clefted individuals by Ardinger et
al, (1989). Further analysis revealed an excess of the C2A2B2 haplotype and
of homozygosity for the C2 allele in clefted subjects compared w ith controls.
This haplotype was also reported to be over-represented in American clefted
individuals, in particular those with a family background of clefting.

W ithin the British population there was no significant difference in the
genotypes at the Taql RFLP and the presence or absence of a family history of
clefting or in the type of cleft involved. However of the 4 individuals who
were homozygous for the C2 allele, 3 had a bilateral cleft and a family history
of clefting. These num bers were too small to be statistically significant.

Since the original report of an association between RFLPs at the TGFA locus
and C L /P by A rdinger et al (1990), the study has been repeated in several
different populations. In an Australian Caucasian population of mainly AngloCeltic descent, an association analysis was carried out using the Taql
polymorphism. This RFLP was also found to be significantly associated with
the clefting phenotype in Australians (Chenevix-Trench et al, 1991) and
suggests that a m utation within TGFA underlies a proportion of clefting in
British, Australian and American Caucasian populations. Within the Australian
population there was no significant difference in the genotypes at the Taql
RFLP and the presence of a family history of clefting.
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An association study with TGFA has also been carried out in an Alsacian
Caucasian population (Stoll et al, 1992).

In contrast to the other three

association studies, 36% of the affected individuals had CP and no familial
cases w ere included. The case individuals were divided into groups of CP,
unilateral C L /P and bilateral C L/P. There was no significant difference in the
frequency of alleles at the Taql RFLP w ith any of these groups and a control
population, however the BartiHl polym orphism was found to be significantly
associated w ith a bilateral CL/P.

The finding of significant associations of polymorphisms within the TGFA
gene and unrelated clefted individuals suggests that this gene contributes to
the developm ent of clefting in some individuals.

With the considerable

difference in the incidence of C L /P between different nationalities however,
it is im portant that groups of clefted individuals from different countries are
of similar origin before comparisons between them can be made. In fact the
British, American, Australian and Alsacian populations are predom inantly of
N orthern European extraction. This suggests that the increased incidence of
alleles at polym orphism s within TGFA and their association with clefting may
have occurred in a common ancestral gene.

Recently, a search for other polymorphism s within TGFA using a single
stranded conformational polymorphism (SSCP) technique has been undertaken
in American clefted individuals (Shiang et al, 1991). A polymorphism within
the 3' untranslated region of TGFA which demonstrates a more significant
association with clefting than that reported by Ardinger et al, (1989), has been
identified. This new polymorphism was also significantly associated with
individuals with a cleft palate.

With confirmation of the association between TGFA and clefting in a British
population, the next step was to determ ine if TGFA was the major gene
segregating in families with an inherited pattern of CL/P. A linkage analysis
was undertaken using the 3 models already outlined.
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With an autosomal

dom inant pattern of inheritance and a penetrance of 80%, a final lod score of
z=-3.152 at 0=0.05 w as found indicating that TGFA was not closely linked to
the clefting phenotype in these families.

It should be noted though, that Family CD alone generated a maximum lod
of z=0.903 at 0=0.000 under this analysis. In Figure 10, it would appear that
the C1A2B2 haplotype is segregating with C L /P in family CD which may
suggest that TGFA could be a gene of major effect in this family but not in the
others.

As families FR and SH had a less convincing dom inant pattern of inheritance
compared with the other families, the analysis was repeated with these two
families excluded and w ith only affected individuals included in the remaining
6. This type of analysis should have revealed any linkage between TGFA and
the three generation families with an autosomal dom inant pattern of
inheritance of C L /P which was otherwise being obscured. Penetrance was still
set at 80% to allow inclusion of non-penetrant individuals U-6 in family HN
and II-2 in family TY. A final lod of z=-2.499 at 0=0.05 was also indicative of
no linkage between TGFA and CL/P.

W ith a reduced penetrance of 28% and an autosomal dom inant pattern of
inheritance, the lod score increased to z=0.448 at 0=0.2. This also indicates
that TGFA is not the major gene in these families. The greatest increase in the
lod score under this m odel was seen in family FR. Analysis of this family in
Figure 10, suggests that this is due to unaffected subjects II-l and II-2. These
individuals have the same haplotypes as their affected sibs U-3 and II-4 and
therefore have a greater chance of being non-penetrant.

U nder the final model for analysis based on an autosomal recessive pattern of
inheritance with 35% penetrance a maximum lod score of z=0.292 at 0=0.00
was generated. Families FR and SH which had been considered as possibly
showing autosomal recessive inheritance generated insignificant lod scores.
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As the families were more typical of an autosomal dom inant inheritance of
C L /P, little information was generated w ith this type of analysis.

The same haplotype C2A2B2 was found to be over-represented in both of the
association studies carried out with British and American clefted individuals.
This m ay indicate the existence of a haplotype w ith an associated high risk of
clefting. There was a highly significant association w ith this haplotype in the
American population with those individuals w ith a family history of clefting,
although this was not found in the British group.

W ithin the 8 British families that participated in the linkage analysis, only 2 of
these contained the C2A2B2 haplotype (see Figure 10). In family SH affected
individual II-5 who was heterozygous for the haplotype C2A2B2, passed the
other haplotype onto her affected son, individual III-4. In family SN, it was
unaffected individual U-2 who m arried into the family who was heterozygous
for the C2A2B2 haplotype.

A similar linkage analysis between TGFA and 8 American families with an
autosomal dom inant pattern of inheritance of C L /P was carried out by Hecht
et al, (1991a). This analysis used a reduced penetrance of 28% and resulted in
a final lod of z=-2.145 at 0=0.05, indicating that TGFA was not tightly linked
to C L /P in those families. There was also no haplotype associated w ith C L /P
in the families.

The presence of such a significant association between TGFA in 4 different
populations yet the lack of linkage in families from 2 of these, is difficult to
explain. The m ost likely explanation is that TGFA underlies a substantial
portion of clefting in sporadic cases but is not the major gene segregating in
families. If this was the case however, it could be expected that there would
be a significant association of the C2 allele with those individuals without a
family history of clefting compared to those with a family history. In fact,
there was no significant difference in the frequency of the C2 allele between
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affected individuals w ith a family history of clefting and those w ithout in both
the British and Australian populations studied. It is only possible to conclude
that TGFA does appear to be involved in a proportion of sporadic and familial
clefted individuals, however it is not the major gene causing C L /P in the
families that have been studied.

A collaboration between the British, Australian and American groups who
have worked with C L /P and TGFA has been established. The aim is to pool
all the results and look for other associations that may arise w ith the increased
num ber of cases. It was noted in the association study presented as part of
this work, that 3 out of the 4 individuals who were homozygous for the C2
Taql had a bilateral cleft. Although a trend m ay exist here, the observation
was not statistically significant. W ith a far larger group of affected individuals
however, a relationship between homozygosity for the rare allele and severity
of the cleft m ay become evident.

TGFA has been shown to stimulate mouse palatal mesenchymal cell
proliferation and the synthesis of various collagen molecules from these cells
in vitro (Ferguson 1983). It has also been identified in several embryonic
tissues of the rat and in the hum an adult brain.

Thus it m ight be expected

that a m utation within TGFA or an alteration which m ay effect its expression
w ould have far greater consequences than the occurrence of CL/P. In fact,
over-expression of TGFA has been linked to the induction of tum ours in mice
(Derynck, 1988). This may suggest that either another gene is tightly linked
to TGFA or is able to exert its influence through TGFA. Given the negative
results from the linkage analyses, the latter may be more likely than the
former.

4.1.3

CRTLl: Non-syndromic CL/P and syndrom ic CP

The finding that the first CA repeat identified within the 5' region of the
CRTLl locus was non-polymorphic was initially surprising. This CA repeat
could be classified as a com pound sequence due to the presence of a block of
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short tandem repeats adjacent to a longer stretch of CA repeats (Weber, 1990a).
Although few com pound repeat sequences have been characterized as markers
com pared with perfect repeat sequences, the longest run of uninterrupted
repeats seems to be the best predictor found for informativeness. The CA
repeat identified within the CRTLl locus consisted of 11 repeat units and this
is just below the recom mended minim um num ber of 12 repeats which is
predicted to only yield a PIC value of 0.2 (Weber, 1990a). Alternatively, the
lack of variation of this repeat may be due to the fact that this CA repeat lies
very close to the start of transcription. It may be that this area is rigidly
conserved within individuals to ensure correct transcription of the gene.

The second CA repeat which was found to be polymorphic by Hecht et al,
(1991b), was further upstream and consisted of 18 CA repeats with one
interruption of a GA repeat. This polymorphic repeat proved useful in a
linkage analysis w ith the 8 families with non-syndromic C L/P. The finding
of crossovers between affected individuals in 5 out of the 8 families suggests
that this locus is not involved in the C L /P phenotype observed in these
families. However, although a strongly negative lod score was generated with
an autosomal dom inant pattern of inheritance and 80% penetrance (z=-3.466
at 0=0.05), family SN alone generated a maximum lod score of z=0.823, at
0=0.000. This m ight suggest that CRLP is a gene of major effect in this family
but not in the others.

As a result of reducing the penetrance to 28%, the lod score increased to
z=-2.523 at 0=0.05 w ith an autosomal dom inant pattern of inheritance. With
an autosomal recessive m ode of inheritance with 35% penetrance, the
maxim um lod score generated was z=0.017 at 0=0.2. All the families were
relatively uninformative in this latter type of analysis.

In Figure 13, the alleles which make up the CA repeat at CRTLl are seen to
be represented by two bands. Various reasons have been proposed for this
common occurrence. Firstly, it has been suggested that the two strands of
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each am plified fragment may migrate w ith different mobilities (Weber and
May, 1989). Secondly, it is believed that the polymerase enzyme used in PCR
may add a single non-complimentary base to the 3' ends of some of the
replicated molecules, thereby creating bands that differ by a single base (Clark,
1988). The final explanation offered is that the polymerase either skips or adds
repeat units during the amplification cycle. After 25-30 cycles, a significant
num ber of fragm ents may have different repeat units which m ay appear on
a polyacrylamide gel as a num ber of different bands (Smeets et al, 1989). As
yet, no m eans has been found for completely removing the artifact.

The role of CRTLl which m apped near to a t5;17(ql5;q23) translocation in an
individual w ith Stickler syndrome was investigated through the use of a
hybrid constructed from the 5q- hum an chromosome. The amplification of
this locus w ith the hybrid DNA suggests that this gene is not involved in the
translocation and therefore unlikely to be responsible for the Stickler
phenotype. The absence of any amplification of the Chinese hamster DNA
acted as a negative control whilst amplification of the hum an genomic DNA
acted as a positive control.

It is possible that a gene near to the breakpoint on the long arm of
chromosome 17 m ay be responsible for the presence of the Stickler phenotype
in this translocated individual. One possible candidate was C O LlA l which
maps to 17q21.3-22. Although this locus has not been m apped against the
breakpoint, a linkage analysis between this gene and the family w ithin which
Stickler syndrom e was segregating along w ith the translocation has been
investigated.

Unfortunately, the family w as uninformative for that locus

(Middleton-Price, unpublished results).

4.1.4

Chrom osom e region 6p and CL/P

Several reports have suggested the short arm of chromosome 6 as being a
possible candidate region for CL/P. Eiberg et al (1987), carried out a linkage
analysis which suggested linkage between FI3A and the C L /P and CP
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phenotype. In Eiberg's analysis, males and females were analyzed separately
as w ere the C L /P and CP phenotypes. The highest lod score for males alone
was z=3.66 at 0=0.00 and for females alone, z=0.30 at 0=0.21. These were
combined to generate a final lod score of z=3.66 at 0=0.00 for males and
0=0.26 for females. Both C L /P and the CP pedigrees contributed to the score
although the form er's contribution was about twice as large as that of the
latter. Eiberg et al, (1987), suggested the existence of a major locus distally on
chrom osome 6 which underlaid a substantial portion of non-syndromic C L /P
and CP and further, that C L /P and CP might reside on the same locus.

In keeping with a proposed candidate region for clefting on chromosome 6,
two different individuals w ith C L /P have been reported w ith alterations
involving 6p. One of these was a female with a terminal deletion with a 6p23
breakpoint (Kormann-Bortolotto et al, 1990). In another family, a balanced
translocation t(6;9)(p23;q22.3) was found to segregate w ith the clefting
phenotype in an autosomal dom inant pattern of inheritance (Donnai et al,
1992). In both cases other clinical abnormalities were present.

W hen F13A1 was tested against the 8 British families with non-syndromic
C L /P in a linkage analysis however, there was no evidence for the presence
of a gene responsible for clefting at 6p24-25. There was no indication of
linkage between C L /P and F13A1 w ith an autosomal dom inant pattern of
inheritance of C L /P and 80% penetrance (z=-2.052 at 0=0.05). Linkage was
also excluded when the penetrance was reduced to 28% (z=-2.401 at 0=0.001).
In an autosomal recessive model of inheritance with 35% penetrance, the
m axim um lod score of z=0.224 at 0=0.001 was also indicative of no linkage
between F13A1 and C L/P.

In Eiberg's analysis (1987), males and females were analyzed separately and
as a result of this, linkage was established in the males and to a lesser extent
in females. Eiberg proposed that this was either due to females having a
lower penetrance of C L /P as the apparent recombinant individuals were all
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unaffected or, that the difference was due to a reported recombinational sex
difference in the F13A1 / hum an leucocyte antigen (HLA) region on
chromosome 6 (Olaisen et al, 1985).

The 8 families with non-syndromic C L /P were analyzed for separate male and
female inheritance.

There was no evidence of linkage with this type of

analysis, w ith a final lod score of z=-2.22 at 0=0.001 in males and z=-2.761 at
0=0.001 in females. Contrary to Eiberg's results, crossovers were apparent in
fully penetrant individuals in families CD and HN. Five additional crossovers
were observed in apparent unaffected individuals (families FR, HN, and SH).
This brought the total num ber of crossovers apparent in females to 3,
compared w ith 4 in males. It appears from

these results that there is no

obvious recombina tional sex difference in the FI 3A region in these families.

The final analysis w ith this locus involved scoring individuals with missing
manifestations as being affected. Eiberg et al, (1987), scored unaffected parents
who had an affected child and grandparent in this way. Families FR, HN, and
SH were not included in this analysis as it was not possible to assign an
affected status to any of the individuals in the first generation. Individual U-2
in family TY however could be scored as affected within the criteria. Families
BR, CD, PL and SN were also included in this analysis. It was not necessary
to change the phenotype in any of the latter families as they all demonstrated
autosomal dom inant inheritance of CL/P. Crossovers were observed between
affected individuals in family CD. In family TY, the inheritance of C L /P
through the altered phenotype of individual II-2 was uninformative. A lod
score of z=-<» was observed in this family however, this was due to the
unaffected sib of II-2 having the same genotype as her affected sister II-2.

The results from this work suggests that there is no evidence of linkage
between F I3A and C L /P in the 8 families studied. However, it is not possible
to dismiss a locus for C L /P proximal to FI3A and nearer the 6p23
translocation breakpoint observed in those individuals with cytogenetic
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altérations and C L/P. There is some evidence against a gene for C L /P within
the 6p21.3 region. The segregation of HLA (map position 6p21.3), was traced
in sibs from 8 families w ith C L /P (Van Dyke et al, 1980). The rationale of this
analysis was that affected sibs should show a non-random distribution of the
HLA haplotypes present in the parents, if there was close linkage between
HLA and C L/P.

In fact, segregation of HLA haplotypes did not differ

significantly from random Mendelian expectation ruling out linkage between
HLA and C L /P in those families.

Until a suitable candidate in the 6p23 region of the chromosome is identified
it is not possible to rule out a gene for non-syndromic C L /P distal to 6p21.3.
However, the two individuals with chromosome 6 translocations reported by
Kormann-Bortolotto (1990) and Donnai (1992) had m any other clinical
manifestations apart from C L /P and it would appear that these two cases of
syndromic clefting are the result of a gene which affects m any other tissues in
addition to the lip and palate. Such a gene m ay prove unsuitable as a major
locus for non-syndromic CL/P.

4.1.5

VIM and CL/P

Two other association studies were carried out using the group of British
clefted individuals. The first tested frequencies of alleles of the vimentin gene
in cases compared with controls. VIM is a protein belonging to the class of
interm ediate filaments of a cell and its synthesis occurs in tissue of
mesenchymal origin (Perrau et al, 1988). It has been identified in the medial
cell edge at the time of fusion (Ferguson, 1983). VIM was chosen as it m apped
near to a translocation breakpoint in two unrelated individuals both of whom
had C L /P. One individual had a cleft lip while the other had a bilateral cleft
lip w ithout cleft palate. There was no significant difference however between
the allele frequencies at VIM, identified by the probe hp4Fl, in clefted
individuals compared with a control population (X^=0.110, p>0.5). This result
implies that a defect within the vimentin gene is not responsible for the C L /P
phenotype in this group of affected subjects.
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The other breakpoint in the translocation of this individual was 14q24.
A nother possible candidate gene for C L /P might be TGFB which maps near
to this region. TGFB has been shown to inhibit synthesis of fibronectin and
collagen in vitro (Ferguson, 1983).

FISH analysis was carried out using cosmids 7 and 12 which had been
identified in a cosmid library screened w ith probes from the VIM locus.
In the original screen, 5 cosmids were identified by cHuVim l after Southern
blot hybridization and these generated either a l.Okb fragment or a 4.0kb
fragment.

Cosmids 7 and 12 were selected from these as they each

represented the two fragments and yielded the most intense hybridization
signal.

Two m etaphase spreads were prepared for the FISH analysis. The first was
from a cell line of an individual with a t(10;14)(pl3;q24) translocation, while
the other was from an individual with a normal karyotype. It was hoped that
either cosmid 7 or 12 w ould provide further information on the role of VIM
in the translocated breakpoint. Specifically, if VIM spanned the breakpoint
and therefore was potentially responsible for the C L /P phenotype. None of
the 3 DNA probes which m apped to the VIM locus (cHuViml, H u Vim 2.5 and
hp4Fl) were themselves suitable for use in FISH as this technique requires the
hybridization of a large DNA fragment which will generate an easily visible
signal.

The finding that neither cosmid 7 or 12 hybridized to chromosome 10 was
surprising. The subsequent lack of hybridization to the 10pl3 region during
FISH m ight be explained by the relatively small piece of DNA within cosmids
7 and 12 that was identified by cHuViml. From restriction enzyme digests of
these cosmids, it was found they contained approximately 40kb of DNA.
How ever between them, they appeared to share only 5kb of DNA in common
w ith VTM. It w ould seem that the majority of the DNA within these cosmids
was hom ologous to other chromosomal regions but a small proportion was
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similar enough to the VIM locus to be identified by cHuVim l. The vimentin
gene was found by Ferrari et al, (1987), to be a single copy gene. Sequence
similarities and homologies w ith other intermediate filament genes however,
were identified. There is a 34% sequence similarity between vimentin and
hum an epidermal keratin and keratin type U, 25% sequence similarity with
tubulin and 16% of the sequence of vim entin is shared w ith hum an lamin C
and A (Ferrari et al, 1987). It is possible that it is one of these genes which
was identified by cHuVim l and is generating the signal seen in the FISH
analysis which is not on chromosome 10.

The results of this experiment do not shed any light as to whether VIM may
be involved in the translocation breakpoint. Several attem pts were m ade with
the FISH technique during this work before a result was found. Apart from
the centromeric probe which yielded a very intense signal, the cosmids often
generated no signal or a very weak signal which was indistinguishable from
its background. With their capacity to carry far larger sizes of DNA, YACs
appear to be better suited to this technique. A screen of a YAC library could
generate positive clones for the VIM region which may in turn reveal whether
VIM is involved in the translocation breakpoint identified in this individual
with a CL/P.

4.1.6

RARA and CL/P

A final association analysis was carried out between the retinoic acid receptor
gene and 61 affected unrelated individuals. An association between this locus
and the Australian populations used in the TGFA analysis was found by
Chevenix-Trench (personal communication). As the British population had
also confirmed the TGFA association they w ere an obvious choice for testing
the RARA association.

However, in contrast to the findings of Chenevix-Trench, there was no
association between British clefted individuals and RARA X^=0.954, P>0.1.
Analysis of the results generated from the Australian experiments suggest that
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the reported association is actually due to a difference in the frequency of the
alleles in the control population compared with the published frequencies at
this locus.

A linkage analysis between RARA and the 8 families w ith C L /P was carried
out concomitantly w ith the association analysis. With an autosomal dom inant
mode of inheritance w ith 80% penetrance there was no evidence of linkage
between the two with a final lod score of z=-3.211 at 0=0.001. In reducing the
penetrance to 28%, the lod score increased to z=-0.367 at 0=0.000. It can be
seen from the lod scores generated in Table 29, that the families were all
relatively uninformative under this type of model. The lod scores generated
in an autosomal recessive model with 35% penetrance also yielded little
information (see Table 30).

Two families (CD and PL) were completely

uninformative, whilst the highest lod score generated was in family SN
(z=0.083) and the least in family SH (z=-0.028) The overall m aximum lod score
was z=0.048 at 0=0.05.

4.2.0

COL2A1 AND STICKLER SYNDROME

The initial finding of linkage between COL2A1 and Stickler syndrom e in a
single large family, and its proposal as a candidate gene, has been questioned
by further studies including those presented in this work. The finding of
crossovers in 2 of 6 families in this study suggests that the COL2A1 gene is
not the candidate gene in at least some families with Stickler syndrome. The
final lod score of z = 0.96 at 0 = 0.100, is suggestive of either genetic
heterogeneity or of another gene closely linked to COL2A1. This result is in
keeping w ith one family studied by Knowlton et al, (1989) which also
dem onstrated a crossover.

As COL2A1 is only 30kb long an intragenic

crossover is highly unlikely.

The lack of linkage m ay be due to an incorrect diagnosis of Stickler syndrome
or the incorrect assignment of affected individuals w ithin families.
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The

variability of this syndrom e makes this difficult. There is debate as to whether
the syndrom e described by Stickler with myopia and arthropathy, is the same
as that described by Marshall with flat face, myopia and deafness.

Both

syndrom es have been expanded to include almost identical manifestations
(Baraitser, 1982). COL2A1 has also been implicated as a candidate gene in a
num ber of disorders which share some of the manifestations of Stickler
syndrom e. These include SED and familial osteoarthritis.

The clinical phenotype of the individuals with Stickler syndrome who
participated in this study are outlined in the Appendix, part II.

There

appeared to be no obvious clinical difference between the 2 families that
dem onstrated crossovers (families H H and PE) and those w here no crossovers
were found.

All the families had clinical manifestations consistent with

Stickler syndrom e. Therefore, it is not possible to suggest that those families
w ith crossovers did not have Stickler syndrome.

N on-penetrance m ust be a consideration w ith linkage studies in Stickler
syndrom e. It is possible that clinical signs are so minimal that gene carriers
can be assigned unaffected.

The crossover observed in family HH was

between unaffected and affected sibs and therefore not as conclusive as the
crossover observed in family PE which was between two affected sibs. In
family NN, individual III-5 was initially considered unaffected. When linkage
results show ed her to have inherited the same allele, using probe WV214, as
her affected brother and sister ni-3 and U-6, she was re-examined and was
found to have mild myopia, a bifid uvula and typical but mild X-ray changes.

From these results, it is not possible to clinically distinguish between families
in which crossovers have occurred and those without. Furthermore, it is not
possible to assign a mechanism of either genetic heterogeneity or the
involvem ent of a closely linked gene. A m utation within COL2A1 in affected
m em bers of a family with Stickler syndrome has been identified by Ahmad et
al, (1991).

The m utation described introduced a prem ature stop codon.
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resulting in a truncated polypeptide which lacked a carboxyl terminal
propeptide.

Such a molecule is unlikely to be able to participate in the

assembly of type II procollagen.

The identification of m utations in other

families will prove the best evidence of involvement of this gene in Stickler
syndrome.

4.3.0

CL/P AND CP: THE SAME MECHANISM?

In 1941, Fogh-Anderson analyzed a large Danish population with C L /P and
isolated cleft palate and proposed that the two phenotypes were genetically
different. This was based largely on the fact that siblings of patients with
C L /P have an increased frequency of C L /P but not of isolated CP, whereas
siblings of patients w ith CP have an increased frequency of CP rather than
C L /P. In families it has been noted however, that the distinction becomes
progressively less clear as the degree of relationship to the proband decreases
(Fraser, 1970).

The evidence from some of the association and linkage studies is that C L /P
and CP m ay be the result of a common gene. A highly significant association
between a new polymorphism identified within TGFA by SSCP analysis and
both C L /P and CP individuals has been reported (Shiang et al, 1991). This
m ay indicate that the influence of TGFA could result in either an isolated cleft
lip or cleft palate. Contrary to these results was the finding that none of the
three enzymic polymorphisms of TGFA were associated with an Alsacian CP
population (Stoll et al, 1992). The proof that the two types of cleft can result
from the same genetic defect is seen w ith VWS where both isolated cleft lip
and cleft palate are features of the same syndrome (Gorlin et al, 1990). It is
likely that only after the identification of the genetic defect behind nonsyndrom ic clefting is identified, will it be known if the two phenotypes are
related or not.
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4.4.0

FUTURE DIRECTIONS

The ability to test candidate genes or regions of chrom osom es in a linkage
analysis w ith C L /P is ham pered by the infrequency of large m ultigeneration
families affected with this defect. The 8 families w ith a similar inheritance
pattern of C L /P that participated in the work presented here provided a
unique opportunity to test various genes and markers. As a result of this-it
is now possible to exclude chrom osom e region lq32, TGFA, CRTLl,
chrom osom e region 6p24 and RARA from a role in the clefting process in
these families.

From the population based association approach, it w ould

appear that VIM and RARA are not associated with British clefted individuals,
although TGFA does appear to be involved in the developm ent of CL/P.

It is likely that m any more candidate genes will have to be analyzed before the
major gene locus is identified. In addition to selecting candidate genes on the
basis of their function, cytogenetic alterations which result in a C L /P
phenotype will be useful pointers to chromosome regions on which a C L /P
gene may reside.

Both the families with C L /P and the unrelated clefted

individuals used in the work presented here will be extremely valuable for
testing other possible candidates. A sib-pair approach m ay also be useful for
testing candidate genes for C L /P. This m ethod investigates the co-inheritance
of alleles w ith a particular disease between sibs. Its advantage over a linkage
approach is that it is not necessary to define the inheritance pattern of the
disease.

Once a candidate gene has been identified which seems likely to be
responsible for a C L /P then the next step would be to look for m utations
w ithin individuals and the inheritance of that m utation w ithin affected
families. The eventual understanding of C L /P will not only give a better
insight into

craniofacial developm ent but

may also

have

im plications for the understanding of other complex diseases.
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im portant

5.0 APPENDIX
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Part I.

Pedigrees with C L /P
Genotypes of individuals w ith C L /P
Phenotypes of individuals w ith C L /P
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GENOTYPES OF INDIVIDUALS WITH CL/P
Probes
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AA

CC

AC
AB

CD

AA

+/+
+ /+
+ /+
+ /+
-/+
-/+
+ /+
-/+
-/+
-/+

-/+

Ped.
II-3
m -1
m -2

pYNZ23

pEKH7.4

TGFA

CRTLl

F13A

+ /-/+
- /-

-/+
-/+
-/+

BC
BB
CD

CD
CC
CD

AA
AA
AA

+ /+
-/+
-/+

- /-/+
-/+
- /- /-/+
-/+
- /- /-/+

-/+
-/+
-/+
- /- /-/+
-/+
+ /+
-/+
-/+

AB
BC
AC
AB
AC
BB
AA
AC
AB
AB

BD
BC
CD
BC
AB
BC
CD
CC
BB
BB

BC
AC
BC
BC
CC
CC
AB
AC
CC
CC

-/+
-/+
-/+
+ /+
-/+
-/+
-/+
-/+
-/+
- /-

CD
AC
BD
CC
CC
BC
CD
BC

-/+
+ /+
-/+
-/+
+ /+
-/+
-/+
-/+

p63

SH

W

1-2
n-1
n-3
n-4
n-5
n-6
m -1
m -2
m-3
m-4
TY
I-l

1-2
n-1
n-2
n-3
m -1
m -2
m-3
Key;

BB
AC
+ /AA
AC
+ /+
AB
BC
-/+
AB
AC
-/+
AB
CC
+ /+
BB
AB
- /AB
AC
-f-/+
BB
CC
- /- /+ = presence of restriction site; - = absence of restriction site; A,B/QD
= letters assigned to different combination of alleles or haplotypes
-/+
-/+
-/+
-/+
- /-/+

PHENOTYPES OF INDIVIDUALS WITH CL/P.

Type of cleft
Fed

L/CL

R/CL

L/CL+P

BR
n -2
n-3
m -4
m-5
CD
1-2
n -2
n-3
m -i
m -2

Bilat CL

Bilat CL+P

+
+
+

+
+
+
+
+

FR
n-3
n-4
m -i
HN
n -2
n-4
m -3

R/CL+P

+
+
+

+
+

Other

Ped

L/C L

R /CL

PL
1-2
n -1
m -i

Key;

Bilat CL

Bilat CL+P

+

+

+
+

SH
n-3
n-5
m -4
TY
1-2
m -1
m-3

R/CL+P

+
+

SN
1-2
n -2
n-3
m -2

H

L/CL+P

+
+

+

+

+
+

+= presence of, L/=left, R /= right, CL= cleft lip, CL+P= cleft lip + palate,
Bilat= bilateral, Other:#= white line on philtrum of lip and a notch on upper lip
*= cleft gum on X-ray.

Other

Part n

Pedigrees with Stickler syndrom e
Genotypes of individuals w ith Stickler syndrom e
Clinical features of individuals affected w ith Stickler syndrome

176

DX
I

1

177

lO

CM

CO

CM

178

HH
I
1

1

179

O

o“
CM

CO

CO

o'

CM

O

CO
X

180

O

CD

S”

CD

lO

-O"
N
co

CM

181

PE
I
1

1

Ô1

182

GENOTYPES OF INDIVIDUALS WITH STICKLER SYNDROME
Fed
WV214
pSCG7
WV214 + E
haplotype
DN
I-l
AD
U-2
BC
BD
II-3
11-5
AC
m -1
AB
DX
I-l
n -1
n -2

AC
AA
AA

HH
I-l
1-2
n -1
n -2
n-3

AC
AB
AA
AB
AB

HS
I-l
1-2
n -1
n-3
n-4

CC
AB
AC
BC
AC
AC
BB

n-5

m-3
NN
n -1
n -2
n-4
n-6
m-3
m-6

CC
AB
AC
AB
BC
BC
BC

PE
1-2
n -1
n -2
m -1
m -2
m-3

AC
AC
CC
CC
AC
CC

m -5

Key: A,B,C,D = letters as
combinations of alleles o
183

Clinical Features of Family Members Affected with Stickler Syndrome.
PEDIGREE
Myopia

EYE FINDINGS
Cat.
Retinal
Det.

ARTHROPATHY
X-Ray
Painful
Evidence
Joints

OROFACIAL FEATURES
Flat
Cleft
Midface
Palate

DEAF

DEV,.DELAY

KARYOTYPE

DX I2
III
II 2

+
+
+

—
+
+

+
+
+

—
—

N/A
N/A
+

+
+
+

—
+

N/A
+
—

—
+

—
46XY

HS I2
II 2
III 3

+
+
+

+
—

+
—

+
+
+

N/A
N/A
+

+
+
+

+
+
+

+
+
+

—
—

—
46XY

NN II 2
III 3
III 5
Ills

+
+
+
+

N/A
—

—
—

—
4+
+

N/A
+
+
N/A

+
+

+
+
+
—

+
—
—

—
—

—
46XX

DN I2
II 3 ,
II 4
nil

—
+
—

—
—

—
—

+
+
—

N/A
N/A
+
+

—
+
+

+
+
+
+

—
—

—
—

t
t
t
t

HH II
II 2
II 3

+
+
+

—

—
—

+
+
—

+
+
N/A

—
+
+

—
+
+

+
+
—

—
—

—
46XY
—

PE II
III
III 2
III 3

—

—
—

+
+
—

+
—

+
N/A
N/A
N/A

+
+
+
+

—
—

+
+
+
+

—
+
+

—
46XX
4 6 XY

00

+
+
+

—

(5:17)
(5:17)
(5:17)
(5:17)

Abbreviations : Retinal Det. = Retinal Detachment, Cat. = Cataracts, Cleft Palate includes Bifid Uvula,
Dev. Delay = Developmental Delay, + = features present. - = features absent. N/A = not
available.
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Genetic and Clinical Heterogeneity
of Stickler Syndrome
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We have studied 6 multigeneration Stickler
syndrom e families. M anifestations of the syn
drome in the families included myopia, deaf
ness, arthritis, characteristic facial changes
with “flat” midface and cleft palate, although
not all these were present in all families.
COL2A1 has been implicated as a gene which
can give rise to Stickler syndrome based on
evidence from 2 large families which each
showed signiflcant linkage between the dis
ease locus and restriction fragm ent length
polymorphism s for the gene (Francomano
CA, Lieberfarb RM, Hirose T, M aumenee IH,
Streeten EA, Meyers DA, Pyeritz RE (1987):
Genomics 1:293-296; Knowlton RG, Weaver
EJ, Struyk AF, Knobloch WH, King RA,
Norris K, Shamban A, Uitoo J, Jim enez SA,
Prockop DJ (1989): Am J Hum Genet
45:681-688). We have found crossovers be
tw een the disease locus and COL2A1 in 2 fami
lies with Stickler syndrome. This could be ex
plained by either genetic heterogeneity or the
actual mutation being in a closely linked, cur
rently unrecognized gene. We found a weakly
positive overall lod score (z = 0.96 at 0 = 0.10)
suggesting that genetic heterogeneity is a
more likely explanation. In one family, with
typical flndings, a translocation t5;17
(ql5:q23) w as found to segregate with the dis
ease in 4 affected relatives. In view of the pos
sible heterogeneity, although no crossovers
w ith COL2A1 were seen in this family, either
of these breakpoints could be the position of a
further disease causing gene.
KEY

WORDS: COL2A1, genetic hetero
geneity, lod score. Stickler
syndrome
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INTRODUCTION
Although the individual manifestations of Stickler
syndrome can be highly variable, the major ones are
high myopia, chorioretinal degeneration with the dan
ger of retinal detachment and blindness, arthropathy,
deafness, cleft palate, micrognathia, and a characteris
tic flat midface with prominent eyes [Stickler, 1965;
Baraitser, 1982; Temple, 1989]. Based on this pattern of
expression the components of cartilage were considered
likely candidate genes. The gene for the major collagen
component of cartilage, C0L2A1, has been isolated and
characterized [Cheah et al., 1985] and several poly
morphic DNA variants reported. It is localised on chro
mosome 12 at 12ql4.3 [Law et al., 1986]. A linkage
study in a single large family [Francomano et al., 1987]
found evidence for close linkage of the structural gene to
the Stickler locus, 0 - 0.00 at z = 3.29. The absence of
any recombinants means that type 2 collagen can be
considered a candidate gene for the disease in that fam
ily. This linkage was confirmed in a further large family
[Knowlton et al., 1989]; no recombinations were found
with a lod score of 3.52. However, the finding of recom
bination in another small family suggests the possi
bility of either genetic heterogeneity or linkage to an
other presently unrecognised gene a few centimorgans
proximal to C0L2A1 [Knowlton et al., 1989].
MATERIALS AND METHODS
Family Material
We reviewed all patients attending the genetic clinic
at The Hospitals for Sick Children, Great Ormond
Street, diagnosed as having Stickler syndrome. The di
agnosis was based on manifestations from at least 2 of
the 4 major clinical groups: 1) eye findings; 2) arthropa
thy; 3) orofacial abnormalities; and 4) deafness. In 6 we
found a positive family history. The families were exam
ined by 2 of the authors.
Blood samples were obtained from 41 members of 6
families. DNA was extracted by standard methods.
Chromosome studies were performed on each of the pro
bands. The pedigrees are shown in Figure 1.
DNA Probes Used
Probe E9.3 maps to 12ql4.3. It consists of a 9.3 kb
insert contained within the pUC 13 vector which can be
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nylon transfer membranes (Hybond-N + , Amersham) in
20 X SSC.
Filters were hybridised with probes oligo-labelled
with ^^P. After washing in 0.5 x SSC, 0.1% sodium
Q " 1 21 13 i-r-n
4
dodecyl sulfate (SDS) at 65°C, filters were exposed to
X-Ray film at -70°C for 7 days.
III
P robe pSCG7. The primers chosen for PCR ampli
fication were selected from the 3' untranslated region,
lay 760 bp apart, and flanked the repetitive AT rich
sequences.
NN
DX
Forward primer: 5'CCC TCT CTC CCA TCC CTG CC
0 -o
3'.
Reverse primer: 5'ATA CGT CAC CTG CTC TCC TC
3'.
Twenty cycles of amplification were carried out using
/
the following conditions: the samples were denatured for
30 seconds at 95°C, annealed for 1 minute at 68°C, and
extension took place at 72°C for 1.5 minutes.
The samples were subjected to electrophoresis in 3%
agarose gels and were transferred by blotting onto nylon
HH
I
filters. These filters were then probed with pSCG7.
<)
Using this method it was possible to resolve alleles 30 bp
la r
apart.
It was not possible to amplify the sequences to the
stage where they could be visualised directly as ampli
fication beyond 20 cycles resulted in replication slippage
and the appearance of a smear on the gel and on auto
radiographs following probing of Southern blots. This
Fig. 1. Pedigrees of Stickler syndrome families. Restriction frag
effect was first reported by Jeffreys et al. [1988].
ment length polymorphism alleles with probe WV214 for families PE
and HH where recombination occurred are given. Prohands are ar
Calculation of Linkage
rowed. Key: a, 2.00 kb; b, 1.7 kb; c, 1.0 plus 0.7 kb alleles.
The log odds (LOD) score for genetic linkage was cal
culated using the LIPED program (J. Ott, 1974). Full
penetrance was assumed. Allele information resulting
from the WV214 probe was used in linkage analysis for
excised with Eco Rl. E9.3 detects a polymorphic Pvu II all families except DN and HS. To determine the LOD
site resulting in 3.3 or 1.6 plus 1.7 kb bands with allele score in family DN, results from the pSCG7 probe were
frequencies of 0.54 and 0.46, respectively.
used and for family HS, haplotypes were constructed
Ptobe WV214, which also maps to 12ql4.3, is con using results from probes WV214 and E9.3. In these
tained in Bluescript SK. The 3.5 kb insert can be excised latter 2 cases there were no missing meioses and, there
with BamHI and Hind III. This probe recognises an Hinf fore, a haplotype frequency of 0.25 could be assigned to
I polymorphism and detects three alleles. The bands each allele.
identified are 2.0, 1.7, and 1.0 plus 0.7 kb with allele
RESULTS
frequencies of 0.45,0.15, and 0.40, respectively. There is
Clinical Changes
also a constant band of 0.6 kb.
The 3' untranslated region of C0L2A1 contains a
The major manifestations of each family are summa
variable minisatellite region of tandem repeats [Stoker rised in Table I. Considerable variation was found even
et al., 1985]. This highly AT rich repon is situated 1,350 within the families. Family RS has been described previ
bp from the stop codon, is approximately 650 bp long, ously [Baraitser, 1982].
and is comprised of repeated identical 34 bp and related
Family DN showed a balanced translocation t5:17
identical 31 bp sequences. The number of these elements (ql5q23) in all 4 surviving affected individuals. A nor
varies sufficiently to make most individuals hetero mal karyotype was found in all other probands.
zygous. Probe pSCG7 contains sequences from this re
DNA Polymorphism s
gion and is a 4.3 kb Eco HI fragment subcloned from
Three separate polymorphic systems were used to ex
CosHcoll, a cosmid incorporating the 3' region of
C0L2A1. pSCG7 was used in conjunction with ampli tract the maximum possible information from the ped
igrees. At least 2 crossover events were observed in 2
fication by the polymerase chain reaction (PCR).
families.
Detection of Polymorphisms
In family PE the 2 affected offspring of II-l inherited
P robes E9.3 an d WV214. Restriction endonuclease different alleles of WV214 from their affected mother.
digestion of DNA was carried out under recommended Both children had high myopia, deafness, and charac
conditions (Northumbria Biologicals Ltd.). The DNA teristic facial changes (Table I); there is, therefore, no
was electrophoresed in 0.8% agarose and transferred to doubt that they were both affected. One unusual addi
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TABLE I. Manifestations of Family Members Affected with Stickler Syndrome

M yopia

R etin a l
det.

C at.

DX
1-2
III
II-2

-t-h
-H

•
4-

HS
1-2
II-2
III-3

-h
-h
-H

NN
II-2
III-3
m -5
III-6

-h
444-

DN
1-2
II-3
II-4
III-l
HH
I-l
II-2
II-3

P ed igree

PE
I-l
III
III-2

III-3

O rofacial
changes

A rth rop ath y

E ye fin d in g s

P a in fu l
jo in ts

X -ray
evid en ce

F la t
m idface

C left
p a la te

444-

-

444-

-

-

N /A
N /A
4-

4-

4-

-

-

-

444-

N /A
N /A
4-

N /A
-

-

444-

4-

-

-

444-

—
—
-

444-

D e a fn e ss

D ev. d ela y
—

4-

N /A
4-

444-

444-

444-

-

4 6 ,X Y

N /A
44N /A

4—
4-

444-

4-

—
-

4 6 ,X X

44-

N /A
N /A
44-

44-

4444-

-

-

t(5:17)
t(5;17)
t(5;17)
t(5:17)

-

44-

44N /A

44-

44-

44-

—
-

46,XY

-

44-

4-

4-

-

—

—

—

-

-

4444-

-

-

4444-

-

N/A
N/A
N/A

-

-

-

4—
-

44-

K a r y o ty p e
—
-

4 6 ,X Y
—

-

46,XX
46,XY

Abbreviations: Retinal det., retinal detachment; cat., cataracts; cleft palate includes bifid uvula; dev. delay, developmental delay; + , features
present; - , features absent; N/A, not available.

tional finding in both these children is that they had
moderate learning difficulties.
In family HH both affected children and the un
affected child of I-l inherited the 2.0 kb band of the 3
allele polymorphism of WV214.
Linkage A nalysis
Different polymorphisms of the same gene were par
tially informative in family HS and, therefore, the data
were combined into a haplotype.
Linkage analysis between Stickler syndrome and
C0L2A1 was carried out using the LIPED program.
LOD scores between families were added resulting in a
maximum LOD score of z = 0.96 at 0 = 0.1. LOD scores

for individual families and for the total are given in
Table II.
DISCUSSION
The initial finding of linkage of C0L2A1 to Stickler
syndrome in a single large family, and its proposal as a
candidate gene, has been brought into question by fur
ther studies including that presented here. The finding
of crossovers in 2 of 6 families in this study suggests that
the C0L2A1 gene is not the candidate gene in at least
some families with Stickler syndrome and this is in
keeping with one family studied by Knowlton et al.
[1989] which also demonstrated a crossover. As C0L2A1
is only 30 kb long an intragenic crossover is highly

TABLE II. LOD Scores for Two Point Linkage of Stickler Syndrome and C0L2A1
Pedigree
DX
HS
NN
DN
HH
PE
Total

0.0
0.301
0.903
0.602
0.602

0.001

0.05

0.30
0.901
0.601
0.601
-2.398
-2.425
-2.420

0.258
0.814
0.535
0.536
-0.721
-0.745
0.677

Recombination fraction
0.1
0.2
0.215
0.721
0.465
0.470
-0.444
-0.465
0.962

0.134
0.522
0.318
0.338
-0.194
-0.209
0.909

0.3
0.064
0.316
0.170
0.211
-0.076
-0.086
0.599

0.4
0.017
0.128
0.049
0.096
-0.018
-0.023
0.302

0.5
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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unlikely. On combining the Knowlton data from 3 fami
lies their results were consistent with genetic hetero
geneity. However, they were also consistent with link
age to a gene close but proximal to C0L2A1 as one
family gave a maximum LOD score of 0.14 at 0 = 0.18;
0.18 is just on the edge of the 95% confidence limit for all
their 3 families combined. Our result of a maximum lod
score of z = 0.96 at 0 = 0.1 although suggestive of
heterogeneity, also does not rule out the involvement of
a gene closely linked to C0L2A1.
However, all data are dependent on firstly the correct
diagnosis of Stickler syndrome and secondly the correct
assignment of individual members of a family as af
fected or unaffected. The variability of this condition can
make this difficult.
The criteria for inclusion of families into the study
have been stated but the heterogeneity at the probe level
may show these criteria are too crude. An inspection of
Table I shows how diverse this condition is both between
and within families.
There is debate as to whether the syndrome described
by Stickler [1965] (myopia and arthropathy) is the same
as that described by Marshall [1958] (myopia, flat face,
and deafness). Both syndromes have been expanded to
include almost identical manifestations and it is the
view of many geneticists that they represent the same
condition. It was hoped that linkage to C0L2A1 would
end the dispute but this appears not to be the case.
Minimal clinical data were included in the original
paper of Francomano et al. [1987]. Families had been
ascertained because of severe eye disease but there was
no mention of other organ involvement. Knowlton et al.
[1989] also established proposition through eye disease,
but included information on joint involvement and cleft
palate. From Table I there appeared to be no obvious
clinical differences between the 2 families that demon
strated no crossovers with C0L2A1 and the family
where a crossover was found. Arthropathy was found in
all families, as was cleft palate. T.he facial changes of the
patients were not described.
Our patients were ascertained from the genetic clinic.
They presented to the medical profession in a variety of
different ways and eye involvement was not a major
component in all individuals. We looked to see if any
clinical signs could be used to distinguish between fami
lies PE and HH where crossovers with C0L2A1 were
demonstrated and the other families. Ayme and Preus
[1984] reviewed 18 affected patients from the literature
with Stickler and Marshall syndromes and demon
strated 20 discriminating signs, the most obvious being
flat face and fiat nasal root. We examined the facial
changes of all patients carefully but could not find a
consistent pattern. Children had a similar appearance
in all families and affected adults all demonstrated a
degree of maxillary hypoplasia, although all but one
had a normal nasal bridge.
C0L2A1 has been implicated as a candidate gene in a
number of disorders which share some of the manifesta
tions of Stickler syndrome. In 2 cases of spondyloepi
physeal dysplasia congenita (SEDC), a mutation of
C0L2A1 has been demonstrated [Lee et al., 1989; Tiller
et al., 1990]. In an additional family with SEDC, genetic
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linkage to C0L2A1 was demonstrated (z = 3.01 at 0 =
0.00) [Anderson et al., 1990]. Individuals affected with
SEDC have myopia, flat midface, and epiphyseal dys
plasia that can be confused with the changes seen in
Stickler syndrome although in SEDC they are more
severe. Extreme short stature was reported in all 3 cases
in which C0L2A1 involvement was shown. C0L2A1 has
also been implicated as the candidate gene in 2 Finnish
families with familial osteoarthrosis [Palotie et al.,
1989] and in a family reported by Knowlton et al. [1990]
who had primary osteoarthritis associated with mild
chondrodysplasia.
Arthropathy is not a consistent finding in all patients
with Stickler syndrome but was a prominent symptom
in the original linked family and in families described
by Knowlton [1989] (although it was also present in the
unlinked family). We considered the manifestations of
affected members within each of our families but could
not differentiate the families where crossovers were
found from those with no crossovers on the basis of
presence or absence of arthritis or X-ray evidence of
epiphyseal dysplasia.
Family PE, in which one crossover was demonstrated,
differed in that both affected sibs were moderately men
tally retarded, a finding not common in Stickler syn
drome except when brain damaged through hypoxia/
Pierre Robin complications. In addition early onset cata
racts developed in 2 affected adults in the family, which
is unusual in our experience. However high myopia, fiat
face, and deafness were present in affected members of
the family in 3 generations as shown in Table I. The
diagnosis in family HH, who also showed a crossover,
could not be in doubt (Table I). The propositus and his
sister had severe myopia, cleft palate, and micro
gnathia. The propositus also had X-ray evidence of epi
physeal dysplasia and had moderate hearing loss.
Father was myopic, deaf, had early arthritis, and as a
child had micrognathia.
No crossovers with C0L2A1 were demonstrated in
family DN but it was far too small to establish linkage.
The presence of a chromosome 5:17 translocation in all
affected members may be significant and is an obvious
clue for further linkage studies. This family differed
clinically in that although affected members had cleft
palate, micrognathia, and arthropathy there was no eye
involvement apart from mild ( - 2 dioptres) myopia in
II-3 which developed when she was 32 years old.
Nonpenetrance must be a consideration with linkage
studies in Stickler syndrome. Signs can be so minimal
that gene carriers can be assigned unaffected. The cross
over in family HH is based on an unaffected son inherit
ing the same allele as his affected sibs. He was carefully
examined and had no evidence of the condition. In fam
ily NN, III-5 was initially considered unaffected. When
linkage results showed her to have inherited the same
allele, using probe WV214, as her affected brother and
sister III-3 and III-6 (Fig. 1) she was re-examined and
was found to have mild myopia, a bifid uvula, and typi
cal but mild X-ray changes.
C0L2A1 was excluded as a candidate gene in a family
with Wagner-Stickier syndrome by Fryer et al. [1990].
There is speculation as to whether this condition can be
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differentiated from Stickler syndrome on the basis that
individuals have the ocular aspects of Stickler syndrome
and no other changes. However, this exclusion may be
indicative of further heterogeneity of the Stickler phe
notype. None of our families had eye involvement alone.
fVom our results there is no clear distinction between
families in which crossovers have occurred and those
without. It is also not possible to assign a mechanism of
either genetic heterogeneity or the involvement of a
closely linked gene. Further linkage studies are neces
sary. It is vital that full clinical details are included to
discern possible discriminating manifestations. Direct
demonstration of mutations of the C0L2A1 gene would
prove the best evidence of involvement of this gene in
Stickler syndrome.
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Confirmation of an association between RFLPs
at the transforming growth factor-alpha locus
and non-syndromic cleft lip and palate
S E H older, G M V intiner, B F arr en, S M alcolm , R M W inter

A bstract
Three RFLPs at the TGFA locus w ere
studied in 60 unrelated B ritish C aucasian
subjects w ith non-syndrom ic cleft lip /
palate and 60 controls. A highly signific
ant association betw een the Taql RFLP
and the occurrence o f clefting was found
( y - 15 04, p = <0*001). No significant as
sociation was found w ith the two other
RFLPs studied (B am H I and B sal). H ap
lotypes derived from the three RFLPs at
the TGFA locus also show ed an over
representation o f the C2A2B2 haplotype
in cases com pared to controls. A nalyses
o f genotypes according to type o f cleft
and the presence or absence o f a fam ily
history o f clefting w ere also carried out.
These results provide further support for
the role o f TGFA as a gene o f m ajor effect
in the developm ent o f orofacial clefts in
hum ans.
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Table 1

In 1989 Ardinger e t al} reported an association
between two out of three restriction fragment
length polymorphisms (RFLPs) around the
transforming growth factor-alpha (TGFA)
gene and non-syndromic cleft lip with or with
out cleft palate (CL/P) in white Americans. A
similar study in an Australian population of
Anglo-Celtic descent showed a significant as
sociation with one of the RFLPs at the T G FA
locus.^
Cleft lip, with or without cleft palate, is one
of the commonest serious craniofacial
malformations, with an incidence of between 1
in 700 and 1 in 1000 live births. In the past,
almost every possible mode of inheritance has
been postulated to attem pt to explain the
observed increased risk of recurrence of CL/P
within families.^ T he most widely accepted
model is that of multifactorial inheritance,
whereby the trait is determined by the interac
tion of genetic and environmental factors.^
However, recent studies using complex segre
gation analysis have suggested that the
observed pedigree data can best be explained
by the effect of a major gene, modified by
various genetic or environmental factors or

T G F A R F L P s.

Probe
phT G F l-10-3350
phT G F l-10-925

Polymorphism

Frequency

Location

Enzyme

Allele 1/allele 2

Allele 1/allele 2

Ref

2pl3

Taql
Bam H I
Rsal

3 0 kb/2-7 kb
9 0 kb/3-7 kb
l-5 k b /l-2 k b

0-94/0-06
0-19/0-81
0-29/0-71

9
10
10

both.^ This observation has led to a number of
groups attempting to identify the major
gene(s) involved in facial clefting, using a
variety of genetic techniques, such as associ
ation and linkage studies. The report, in 1989,
of an association between CL/P and RFLPs at
the T G FA locus in a white American popula
tion led us to investigate a group of white
British cleft subjects for the same association.
A separate linkage study on families with CL/
P was also carried out using TGFA.*

M aterials and m ethods
Blood samples were collected from 60 unre
lated white British people with non-syndromic
CL/P. T he subjects were ascertained through
various sources, including CLAPA (the sup
port organisation), the North West Thames
Regional Genetic Service, based at Northwick
Park Hospital, and the CLAPA clinic at The
Hospital for Sick Children, Great Ormond
Street, London. Most subjects were visited at
home and a detailed family history and preg
nancy history (when available) was obtained. A
clinical examination to look for dysmorphic
features (such as lip pits) was undertaken.
Cases were excluded from the study if there
was evidence of prenatal exposure to any pre
scribed medication (such as phenytoin), if
other dysmorphic features were present (such
as lip pits, congenital heart lesion, etc), or if the
subject was one of twins. This left 57 cases
available for study. A control group consisted
of 37 DNA samples from unrelated parents of
children with cystic fibrosis (with no informa
tion available with regard to the presence of
clefting but assumed to be normal) and 23
DNA samples from colleagues in the two
centres involved in the study.

DNA ANALYSIS

DNA was extracted from whole blood using a
modification of the technique described by
Jeanpierre^; 5 |ig of D N A were digested with
each of the three restriction enzymes under
study (table 1), using appropriate conditions.
DNA fragments were separated on 0 8% agar
ose gels, denatured in 15 mol/1 NaCl/0-5 mol/1
NaOH solution and transferred onto Hybond
N 4- membrane using the Southern blotting
technique.* T he T G FA probe insert was
labelled with *^P C TP and then preannealed
with boiled sonicated human DNA at a con
centration of 10 mg/ml for 30 minutes at 65°C,
in order to remove repetitive sequences.
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Table 2

Distribution o f types o f cleft.

Bilateral cleft lip and palate
Bilateral cleft lip
Right sided cleft lip and palate
Right sided cleft lip
Left sided cleft lip and palate
Left sided cleft lip

Table 3

No

%

15
1
9
7
13
11

27
2
16
12
23
20

Genotype data by cleft type.

Genotype

Bilateral CL/P

Unilateral C L/P

Total

C2C2
C1C2
C lC l

3
3
10

1
11
26

4
14
36

Total

16

38

54

Hybridisation at 65*C was followed by wash
ing filters in O lx S S C /0 1 % SDS at 65"C.
Subsequent autoradiography was carried out
using Kodak Diagnostic X-ray film exposed
for seven days at - 70*C, The resulting auto
radiographs were scored for the presence of
the various polymorphic alleles (table 1).

STATISTICAL ANALYSIS

analysis was used to assess allele and haplo
type frequency differences between cases and
controls. Haplotypes and genotypes were de
rived from the R FLP data where possible. It
was not possible to construct haplotypes for
those subjects who were doubly (or trebly)
heterozygous for the various RFLPs, and this
potentially could have introduced a dispropor
tionate bias when comparing the frequency of
the various haplotypes in the two different
populations.
Results
Table 2 shows the distribution of cleft types for
the 56 subjects for whom information on cleft
type was known, and shows the excess of left
sided cleft lip, as has been observed in previous
surveys.“ These data were subsequently
analysed according to genotype (table 3).
Table 4 shows the allele and genotype fre
quencies for TG FA and the three enzymes
under study. The increased occurrence of the
TG FA /Tugl 17 kb allele (C2) in the presence
of clefting can be seen. Table 5 gives the
R FLP distribution in cases and controls. In a

Table 4

T G F A allele and genotype frequencies.

Subject type (No)

Allele* frequency

Genotype N o (%)

C L /P (55)
Control (60)

Cl
0 79
0 96

C2
0 21
004

C lC l
36 (66)
55 (92)

C1C2
14 (26)
5(8 )

C2C2
5(9)
0

C L /P (57)
Control (60)

A1
0 12
0 13

A2
0 88
0 87

A lA l
2(3)
0

A1A2
10(18)
16 (27)

A2A2
45 (79)
44(73)

C L/P (57)
Control (59)

B1
0 39
0 36

B2
0 61
064

B lB l
9(16)
10(17)

B1B2
27 (47)
22 (37)

B2B2
21 (37)
27(46)

* T G ¥ \I T a q h C l = 3 0 kb, C2 = 2-7 kb; TG FA /Bam H I: A l= 9 0 k b , A2 = 3 7 kb; T G F A /itial:
Bl = l-5 k b , B2 = l 2kb.
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few cases, no results were obtained for particu
lar digests, and this accounts for discrepancies
in chromosome numbers (for example, only
55 Taql results were obtained for the CL/P
cases). This table shows a highly significant
association between the T G FA /T ogl C2
R FL P and the occurrence of clefting
(%^= 15 04, p = < 0 001). No significant associ
ation was found for the other two enzymes
studied.
Haplotypes at the TG FA locus were derived
from the three RFLPs where possible, and
compared between cases and controls (table 6).
The total number of haplotypes that could be
derived in the two populations were almost
equal. The distribution of haplotypes showed
that a significant part of the difference between
cases and controls was because of the over
representation of the C2A2B2 haplotype in
cases (41% of the total Pearson x^ of 10-34),
with the A2 and B2 alleles occurring together
owing to linkage disequilibrium (see control
chromosomes in table 6).
Genotypes for the Taql RFLPs were com
pared in cases and controls. Homozygosity for
the C2 allele was significantly more common
in cases than controls (x^= 12-05, p = <0-01).
Genotypes were then analysed according to
the presence or absence of a family history of
clefting (table 7) and also by type of cleft
(whether unilateral or bilateral) (table 3).
Twenty-one CL/P subjects, out of a total of
57, gave a positive family history of another
relative widi CL/P. Of these, eight (38%)
carried at least one copy of the rare C2 allele,
compared with 11 (31%) of the 36 sporadic
cases (difference not significant).
No significant difference was found between
genotype and the presence of a family history
of clefting (x^ = 2-71, p = >0-1). Although the
numbers are small, three out of four cases with
a C2C2 genotype had a family history of cleft
ing, and this represents 59% of the total x^Analysing the data by cleft type also showed
no significant difference between genotype and
type of cleft (x^ = 4-43, p = > 0-05). However, it
was noted that the three familial cases with the
C2C2 genotype were also those cases with the
severe bilateral type of CL/P.

D iscussion
The finding of a highly significant association
between the Taql C2 allele of the TG FA gene
and CL/P supports the suggestion that this
gene (or another very closely linked to it) plays
some part in the development of orofacial
clefting. Further analysis of the results shows
an excess of the C2A2B2 haplotype in cases
over controls, even allowing for the possibility
that bias had been introduced (see Materials
and methods), and also that the presence of
homozygosity for the C2 allele is particularly
significant. These results, combined with the
findings of the two other groups,* ^ suggest that
a mutation in the same gene (TGFA) underlies
a proportion of clefting in all three populations
studied (American, Australian, and British),
which are predominantly of northern Euro
pean origin. The fact that both our study and
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R F L P distribution and

analysis.

Probe

Enzyme

Allele*

No of C L/P
chromosomes

N o o f control
chromosomes

TGFA

Taql

Cl
C2

87
23

115
5

1504

< 0 001

BamHI

A1
A2

14
100

16
104

006

NS

Rsal

B1
B2

45
69

42
76

0 37

NS

P

•A lleles as in Human Gene M apping 10 (1989).

that of Ardinger et aP found the C2A2B2
haplotype to be overrepresented in cases,
compared to the control population, suggests
that a mutation has occurred in a common
ancestral gene of northern European origin.
Sequence analysis should permit the identi
fication of mutations which presumably could
alter the timing, or the spatial characteristics,
of the tissue specific expression of T G FA
during lip and palate formation.
Although the numbers for the analysis of
genotype by both family history and cleft type
are too small to reach statistical significance,
the figures do suggest that the C2C2 genotype
may be more common in both the familial
cases and in the more severe types of CL/P
(three out of four cases with C2C2 were famil
ial, and the same three cases also had bilateral
CL/P). Cases with bilateral CL/P are usually
given a higher empirical recurrence risk than
unilateral cases. It would certainly be worth
combining the world data for these parameters
in order to clarify this issue by providing
sufficient numbers for further statistical analy
sis.
T G FA would appear to be a logical choice as
a candidate gene in linkage studies using famil
ial cases of CL/P, but our findings,^ and a brief

Table 6

T G F A haplotype data.

Haplotype •

C L /P chromosomes

Control chromosomes

C2A2B2
C1A2B2
C1A2B1
C IA IB I
C2A2B1
C2A1B1
C2A1B2

12
46
25
3
2
3
1

4
60
25
4
1
0
0

Total

92

94

• Derived for both chromosomes from each person, using
alleles from Taql, BamHI, and Rsal digests.

Table 7

Genotype data by fa m ily history.
No o f C L /P cases by family
history
Positive

Negative

Total

N o of
controls

C2C2
C1C2
C lC l

3
4
10

1
10
25

4
14
35

0
5
54

Total

18

36

54

59

Genotype

report published in 1990,'^ have failed to show
linkage in families with dominantly inherited
CL/P. This discrepancy needs to be explained.
It is possible that T G F A plays a part in many
sporadic cases of CL/P, but not in familial
cases, in which presumably some other major
gene or genes are the cause. However, our data
do not support this suggestion, as the associ
ation with the C2 allele is similar in both
familial and sporadic cases.
An alternative explanation is that the Taql
C l allele is actually protective against other
genetic or environmental factors causing CL/
P. T G FA was initially selected as a potential
candidate gene because of its known role in
palatal development, regulating the differen
tiation and proliferation of palatal epithelial
cells. It is possible that the C l allele modifies
the expression of T G FA during lip and palate
formation, and, for example, causes early clos
ure. This might counteract other putative
‘clefting’ genes that predispose to late closure
of the maxillary processes or palatal shelves or
both. In this respect, the presence of one
or more copies of the C l allele may be one
possible explanation for the occurrence of
non-penetrant family members in otherwise
dominant CL/P families. This possibility
should be considered in future work with
TG FA.
This work was generously supported by the
Medical Research Council and the Child
Health Research Appeal T rust. Thanks also go
to all the patients who helped with the study,
and especially to CLAPA for support and
encouragement.
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No evidence of linkage between the transforming
growth factor-alpha gene in families with
apparently autosomal dominant inheritance of
cleft lip and palate
G M V intiner, S E H older, R M W inter, S M alcolm

A bstract
Eight fam ilies have been identified with
cleft lip, w ith or w ithout cleft palate (CL/
P), inherited in an apparently autosom al
dom inant m anner. T ransform ing growth
factor-alpha (TGFA) has been tested as
a candidate gene for clefting in these
fam ilies. N egative lod scores w ere gener
ated in an autosom al dom inant m odel
with 80% penetrance (Z = - 3 152 at 8 = 0 05
and Z = —2 49 at 8 = 0 05 with only affected
subjects scored). A fter testing with a
reduced penetrance o f 28%, less negative
lod scores were generated (Z = —0*157 at
8 = 0*00), but there was still no evidence of
linkage. An autosom al recessive m odel
with a penetrance o f 35% was also tested.
Regardless o f the m odel used there was
little evidence o f linkage between TGFA
and the CL/P phenotype, which is in con
trast to the previously published findings
o f an association between TGFA and CL/P
in unrelated subjects.
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The incidence of C L/P in the general popula
tion is between 1 in 700 and 1 in 1000 live
births. However, after the birth of a child with
isolated CL/P, the empirical recurrence risk is
about 1 in 25, although the risk varies depend
ing on the severity of the cleft. The appreciable
increase in risk suggests that genetic factors
contribute to the development of this
malformation.*
In 1986, Chung et aF reanalysed published
Danish pedigree data and proposed a gene of
major effect for CL/P. In this study, the model
of best fit was the action of a major gene, with
autosomal recessive inheritance modified by
additional genetic or environmental factors or
both. In an attempt to identify this major gene,
Ardinger et aP carried out an association study
using various growth factors and growth factor
receptors as candidate genes. A significant
association was found between CL/P and res
triction fragment length polymorphisms at the
TG FA locus. The confirmation of this associ
ation in two other studies'*’ suggests that an
abnormality within or near the T G FA gene
may underlie a predisposition to clefting in
some subjects.
Hecht ei aP have carried out a segregation
analysis with clefted families from a US Cau
casian population and have suggested an auto
somal dominant mode of inheritance with
reduced penetrance as the model most appro

priate for these families. Indeed, some families
exist where isolated CL/P appears to be inher
ited as an autosomal dominant trait albeit with
some non-penetrance and incomplete expres
sion. It would appear in these families that the
transmission of a major gene from parent to
child is causing the occurrence of CL/P.
We have used the polymorphisms detected
by T G FA for linkage analysis in eight families
with apparently dominant inheritance of CL/
P. The data were analysed with three models.
Two models tested for autosomal dominant
inheritance and in one of these the reduced
penetrance as suggested by Hecht et aP was
used. T he third model, proposed by Chung et
alp was an autosomal recessive model with
reduced penetrance. One affected subject from
each family was included in an association
study.'*

M aterials and m ethods
CLIN ICA L DETAILS AND PEDIGREE INFO RM A TIO N

Clinical details of two families (families 5 and
7) have been reported previously.’ A further
six families were included in this analysis.
Pedigrees of all eight families are presented in
the figure. A person was considered to be
affected if there was either a bilateral or uni
lateral cleft of the upper lip with or without a
cleft palate. One subject (II.3 in family 1) was
judged affected with a ‘forme fruste’ of cleft lip
(a thick white line on the philtrum and a notch
of the upper lip). Affected subjects were ex
amined for additional dysmorphic features to
exclude the occurrence of syndromes where
CL/P was a feature. Particular emphasis was
placed on examination of the lips in both
affected and unaffected subjects to exclude
Van der Woude syndrome.
Blood samples were obtained from 60
subjects. DNA was extracted by standard
methods. Chromosome studies were carried
out on an affected subject from each of the
families. All karyotypes were normal.

DNA PROBES USED

Three different polymorphisms at the TG FA
locus were used to construct a haplotype.
T G FA has been mapped to chromosome 2pl3.
Two genomic subclones were used. p h T G F l10-925 is a 0 93 kb insert contained in the
vector pBR327. phTG Fl-10-3350 is a 3 5 kb
insert in pBR327. Both inserts are excised with

V in tin e r, H o lder, W in te r, M a lco lm
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Family 1

Family 2

Family 3

Family 4

IV

Family 5

Family 6

Family 7

Family 8

2

Pedigrees o f fam ilies with C L P. The haplotypes are drawn alongside. C l, C2 = 3 0 kb and 2 7 kb fragm ents, T a q l digest. A I , A 2 = 9 0 k b and
3-7 kb fragm ents, B a m H I digest. B I , B 2 = 1-5 kb and 1-2 kb fragm ents, R s a l digest.

EcoRl.^^ Details of the polymorphic fragments
associated with these probes are given in table 1.

D ETEC TION OF PO L Y M O R PH ISM S

Restriction endonuclease digestion was carried
out under recommended conditions (N orth
umbria Biologicals Ltd). T he D N A was
separated by electrophoresis in 0-8% agarose,

denatured in 1 49 mol/1 NaCl/0-5 mol/1 NaOH
solution then transferred directly to nylon
transfer membranes (Hybond-N + , Amer
sham) in 20 X SSC.
Inserts were excised from the vectors and
oligolabelled with
then preannealed with
boiled sonicated human DNA at a concentra
tion of 10 mg/ml for 30 minutes at 65° to
compete out repetitive sequences. Probes were

Linkage between th e transform ing g ro w th fa c to r -a lp h a gene in fa m ilie s w ith a p p a ren tly autosom al dom in a n t inheritance o f cleft lip and pala te

Table 1

Polymorphisms at the T G F A locus.

Probe
phT G Fl-10-3350

phT G F l-10-925

Restriction enzyme

Fragment (kb)

Allele*

Frequency

Taql

30
27

Cl
C2

094
006

BamHI

90
37

Al
A2

0 19
0 81

Rsal

15
12

Bl
B2

0 29
071

’ Designations are as found in Human Gene M apping 9 (1987).

hybridised to filters overnight at 65°C, then
washed in 01 x SSC, 01% SDS at 65°C. Fil
ters were exposed to x ray film at —70°C for
seven days.

GENETIC LINKAGE ANALYSIS

Haplotypes of the three polymorphisms were
constructed for all subjects at the T G F A locus
and are included with the pedigree informa
tion in the figure. T he lod score for genetic
linkage was calculated using the L IPE D pro
gram and a haplotype frequency of 0 25 was
assigned. This did not bias the lod score as all
four marker haplotypes for the earliest genera
tion of each pedigree, and for persons marry
ing into the pedigree, could always be inferred.
For analysis of our families by the autosomal
dominant model, penetrance was first set at
80% with a gene frequency of 0 001. T he
second model was also an autosomal dominant
model with the same gene frequency; however,
the penetrance was reduced to 28%. This
value was obtained by averaging the separate
penetrances which were set for males and
females in the original analysis.'® T he final
model tested autosomal recessive inheritance
with a gene frequency of 0 035 and an average
penetrance of 35%.^
R esults
Six of the pedigrees were three generation
families (families 1, 2, 4, 5, 7, 8) with non
Table 2
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penetrance in families 4 and 8. All families had
palate involvement in at least one member of
the family although the type of cleft and the
extent of palate involvement varied between
subjects within the family.
Lod scores resulting from an autosomal
dominant model with a gene frequency of
0 001 and penetrances of 80% and 28% are
presented in tables 2 and 3, respectively. The
lod score for families 1,2, 4, 5, 7, and 8,
including only affected subjects,
has also been
calculated and is included in table 2. Only
family 5 was completely uninformative. With
80% penetrance a lod score of Z = —3-152
at 0 = 0-05 and Z = —2-49 at 0 = 0-05 was
observed. However, by reducing the pene
trance to 28% the lod score increased to
Z = —0-085 at 0 = 0 with a maximum lod score
of Z = 0-448 at 0 = 0-2.
T he lod scores resulting from the analysis of
the pedigrees by an autosomal recessive model
with a gene frequency of 0-035 and a pene
trance of 35% are given in table 4. Families 2
and 5 were uninformative. A maximum lod of
Z = 0-292 at 0 = 0-00 was found but overall the
pedigrees were relatively uninformative with
this model.

D iscussion
There have been various models proposed for
the inheritance of CL/P. One of these models
postulates a major gene locus with autosomal
recessive inheritance^ while another favours
autosomal dominant inheritance.® However,
the ability to test these models using genetic
markers is made difficult by the infrequency of
large, multigeneration families affected with
non-syndromic CL/P.
DNA was available from eight families with
a pattern of clefting most consistent with an
autosomal dominant mode of inheritance.
Four families (1, 2, 5, and 7) had affected

Lod scores fo r two point linkage o f C L jP and T G F A , autosomal dominant model, penetrance = 80% .
Recombination fraction (6)

Pedigree
1
2
3
4
5
6
7
8
Total
Total*

0000

0-001

0-05

0-1

0-2

03

0-4

0-5

-3-252
0-903
-0-653
0-268
0-000
- 0-397
-3-729
- 3-259

-2-069
0-901
-0-651
0-268
0-000
-0-388
-2-818
-3-257

-0-463
0-815
-0-521
0-267
0-000
-0-132
- 1 139
- 1-979

-0-229
0-725
-0-398
0-251
0-000
-0-014
-0-815
-1-393

-0-060
0-542
-0-209
0-189
0-000
0-066
-0-486
-0-795

-0-011
0-357
-0-088
0106
0-000
0-055
-0-292
-0-443

-0-001
0-175
-0-021
0-031
0-000
0-018
-0-142
-0-194

0-000
0-000
0000
0-000
0-000
0 000
0-000
0-000

-10-119
- 9 069

-8 -0 1 4
-6-975

-3-152
- 2-499

-1-873
-1-461

-0-753
-0-610

-0-316
-0-283

-0-134
-0-131

0-000
0-000

* Total lod score calculated on families with dom inant pattern of inheritance (families 1, 2, 4, 5, 7, and 8) using affected subjects
only.

T abled

Lod scores fo r two point linkage o f C L jP and T G F A , autosomal dominant model, penetrance = 28% .
Recombination fraction (6)
0-000

0-001

0-05

0-1

0-2

0-3

0-4

0-5

1
2
3
4
5
6
7
8

-0-477
0-705
0-772
-0-366
0-000
-0-373
-0-180
-0-166

-0-471
0-704
0-771
—0 366
0-000
-0-368
-0-178
-0 -1 6 6

-0-282
0-624
0-690
-0-324
0-000
-0-206
-0-094
-0-174

-0-174
0-543
0-604
-0-261
0-000
-0-102
- 0-045
-0-175

—0-066
0-384
0-422
-0-141
0-000
0-010
-0-003
-0-158

-0-021
0-235
0-234
-0-059
0-000
0-047
0-005
-0-119

-0-004
0-106
0-070
-0-014
0-000
0-038
0-002
-0-065

0-000
0-000
0-000
0-000
0-000
0-000
0-000
0-000

Total

-0-085

-0-074

0-234

0-448

0-322

0-133

0-000

Pedigree

0-39

V intiner, H older, W in ter, M alcolm
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Table 4

Lod scores fo r two point linkage o f C L jP and T G F A , autosomal recessive model, penetrance = 35% .
Recombination fraction (0)

Pedigree
1
2
3
4
5
6
7
8
Total

0000

0 001

0-05

0-1

0-2

0-3

0-4

0-5

-0-212
0-000
0-321
0-050
0-000
-0-036
0-085
0-084

- 0 211
0-000
0-320
0-049
0-000
-0-036
0-085
0-084

-0-167
0-000
0-263
0-037
0-000
- 0 029
0 070
0 069

-0-07
0-000
0-119
0-013
0-000
-0-012
0-033
0-032

-0-031
0-000
0-053
0-005
0-000
-0-005
0-015
0-014

-0-008
0-000
0-013
0-001
0-000
-0-001
0-004
0-003

0-000
0-000
0-000
0-000
0-000
0-000
0-000
0-000

0-292

0-291

0-243

-0-129
0-000
0-209
0-027
0-000
-0-022
0-056
0-055
0 196

0-115

0-051

0-012

0-000

subjects in three generations. Family 4 also
had affected subjects in three generations with
non-penetrance in II.6, and family 8 had affec
ted subjects in two generations with non
penetrance in II.2. Families 3 and 6 were less
convincingly dominant and could be inter
preted as showing recessive inheritance. This
type of pedigree could result from a gene
carrier entering the family through marriage
(II.5 in pedigree 3 and II.6 in pedigree 6).
For the linkage analysis based on an autoso
mal dominant model, the penetrance was set at
80% as this best reflected the level of non
penetrance observed in our families. Cross
overs in five out of seven informative families
were found and the final lod score of
Z = —3-152 at 0 = 0 00 indicates that T G FA is
not closely linked to the clefting phenotype in
these families.
In family 1 the haplotype C2A2B1 has been
passed on by the affected father II.2 to both his
affected daughters, II I .l and III.2. It is not
possible to define unequivocally the full haplo
type in the father’s affected brother II.3 who
had a ‘forme fruste’ of CL/P, but looking only
at the Taql polymorphism it can be seen that
they do not share a common allele.
Family 2 is fully informative for analysis of
the haplotype and contains only affected sub
jects. No crossovers were observed but the
family is only sufficiently large to generate a
maximum lod score of 0-903 at 0 = 0-00.
Family 7 is also fully informative for TG FA
segregation. The affected grandfather, 1.2,
passed the haplotype C1A2B2 onto both affec
ted children, II.2 and II.3. His affected son
II.2 passed the other chromosome containing
haplotype C l A IB 1 on to his affected daughter
I I I .2, representing a crossover in an affected
subject, and additionally passed the high risk
haplotype C1A2B2 on to his unaffected
daughter, II I .l.
In family 8, the two affected grandchildren,
I I I .l and I I I .3, have both inherited the haplo
type C1A2B2 from their mother, I I.2, which
she had inherited from her unaffected mother
rather than her affected father. The affected
persons in generations I and III therefore do
not share a common gene.
In family 3, all four children in generation II
inherited the same chromosome from both
parents although only two are affected,
whereas in family 6 affected subject II.5 passed
the same allele on to her affected and unaffec
ted child.
The pedigrees were also analysed using the
same gene frequency and reduced penetrance

as described by Hecht et a/.'° The final max
imum lod score of Z = 0-448 at 0 = 0-2 lends no
support for T G FA as the major gene in these
families. The lod score in family 3 was consid
erably higher with the reduced penetrance.
This presumably is owing to unaffected sub
jects II. 1 and II.2, who have the same haplo
type as their affected sibs II.3 and II.4, having
a greater chance of being non-penetrant.
Hecht et al^° also reported no linkage between
T G FA and CL/P in 12 families tested with
this model.
Our final model for linkage analysis was
based on an autosomal recessive model first
described by Chung et al.^ However, as our
families were chosen for their apparently dom
inant mode of inheritance, they provide relat
ively little information with this model. Affec
ted parents would be scored as homozygous
and therefore uninformative for the CL/P
locus. A lod score of Z = 0-292 at 0 = 0-00 was
generated with a penetrance of 35% and a gene
frequency of 0-035. A crossover was evident in
family 1 as subject II. 1 passed on different
alleles to two affected children. In family 3, the
positive lod score is again thought to arise from
the reduced penetrance and inheritance of the
same haplotypes in generation II.
The results from the three linkage analyses
performed on our families all indicate a lack of
linkage between TG FA and the CL/P pheno
type. Although the autosomal recessive model
generated a slightly positive lod score at
0 = 0-00, and the autosomal dominant model
with reduced penetrance a weakly positive lod
score at 0 = 0-2, these results are not indicative
of TG FA being the gene of major effect caus
ing CL/P in these families. It is possible that
CL/P is genetically heterogeneous making it
difficult to prove linkage by pooling families.
Two families had positive lod scores; family 2
with Z = 0-903 at 0 = 0-00 in the autosomal
dominant model with 80% penetrance, and
family 3 with Z = 0-772 at 0 = 0-00 in the auto
somal dominant model with 28%. However, in
the other five informative families there was
definite recombination.
TG FA was selected as a candidate gene for
cleft lip and palate because of its role in normal
and abnormal palatogenesis in rodents. The
finding of an association between a TGFA
polymorphism and cleft lip provides evidence
for the role of T G FA in the development of
the facial processes in humans." However, in
the majority of apparently autosomal domin
ant pedigrees studied here, there is no evidence
that T G FA is the gene of major effect causing

Linkage between the transform ing grow th fa c to r-a lp h a gene in fa m ilie s w ith a pparently autosom al dom inant inheritance o f cleft lip and p a late

CL/P. It is possible that the families are either
segregating for another major gene or that CL/
P is genetically heterogeneous with specific
alleles at the T G FA locus only contributing to
a proportion of cases. Alternatively, as it was
predicted by Chung et aP that only one-third
of CL/P cases would be accounted for by a
major gene, our families may not be suitable
for this type of analysis. A better approach to
resolve the involvement of T G FA and familial
CL/P may be to carry out a sib-pair analysis,
which has the advantage of not requiring a
model, and which may indicate if T G FA is a
major gene involved in clefting.
In conclusion, although several studies have
reported a significant association between
T G FA and unrelated clefted subjects,^^ we
have found no evidence of linkage between
TG FA and families with an apparently autoso
mal dominant inheritance of CL/P.
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