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ABSTRACT

Nonsyndromic cleft lip with or without cleft palate (CL/P) is a genetically complex
disorder. It is the most common craniofacial malformation, with an incidence of
between 1 in 700 and 1 in 1000 in Caucasian populations. Although CL/P appears
to have a significant genetic component (with a A; of at least 30 ), finding
contributing genes by classic linkage analysis has proved difficult, probably due to
the complexity of the disorder.

This thesis considers the evidence of CL/P as a complex disease. Genetic analysis of
CL/P using nonparametric methods, found to be successful with other complex
diseases, was performed on a large cohort of familial cases from throughout the
UK. Initially a number of candidate genes were examined for linkage and
association to CL/P. A genome-wide scan was then commenced, genotyping 356
individuals from 92 affected sib-pair (ASP) families. The thesis includes the results
from the 11 chromosomes analysed to date, using Genehunter and
Mapmaker/Sibs, based on allele sharing methods, and the Transmission
Disequilibrium test.

This study has identified, from the 11 chromosomes analysed, 7 new regions (1p36,
1q24, 1942, 2q37, 6q25, 18p11 and 21q22) which may be implicated in the
pathogenesis of CL/P, and confirms the involvement of a further 2 loci previously
identified by candidate gene analysis (6p23 and TGFA on 2p13), adding evidence to
their consideration as susceptibility loci. These results are awaiting replication to
confirm their contribution.

Linkage analysis of families with the Popliteal Pterygium syndrome, a syndromic
cause of clefting, for markers on 1q32 at the Van der Woude locus, was consistent
with the hypothesis that these disorders are allelic due to different mutations within
the same gene.

By identifying susceptibility genes, light will be shed on the disease pathogenesis,
and progress may be made towards identifying any preventable etiologic factors.
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CHAPTER 1 INTRODUCTION

1.1 GENERAL INTRODUCTION

Nonsyndromic cleft lip with or without cleft palate (CL/P) is a genetically complex
disorder. It is the most common craniofacial malformation, with an incidence of
between 1 in 700 and 1 in 1000 in Caucasian populations. Every 11 minutes a child
is born world-wide with an orofacial cleft. This imposes major medical and psycho-
logical problems on the child and its family, as well as a significant economic bur-
den on the relevant healthcare system.

The nature of the genetic component has remained somewhat elusive. More recent-
ly identification of gene loci involved in non-Mendelian or complex disorders, aided
by the development of model-free methods of linkage analysis, has provided new
challenges in genetic research. Although nonsyndromic cleft lip with or without
cleft palate (CL/P) appears to have a significant genetic component (with a A  of at
least 30), finding contributing genes by classic linkage analysis has proved difficult,
probably due to the complexity of the disorder.

By identifying susceptibility genes, light will be shed on the disease pathogenesis,
and progress may be made towards identifying any preventable etiologic factors.

1.2 HISTORICAL ASPECTS

CL/P has been known to exist for many centuries. Artistic evidence of CL/P dates to
the 4th century BC. A few examples of cleft palate have been identified by paleontol-
ogists. The earliest known cases of cleft lip and palate are dated to the Neolithic age
(Gladykowska-Rzeczycka 1989). Pieces of ceramic art from the Mochica culture,
which predated the Indian Inca empire of the Andes by 1000 years, clearly show
cleft deformities of the face (Fig. 1.2.1). A skeleton found in an Anglo-Saxon ceme-
tery in Cambridgeshire, dating from the 7th century, provides archaeological evi-
dence for an individual having cleft palate, with no other bony abnormalities, who
survived into adulthood. Further archaeological evidence comes from a mediaeval
skeleton dating from the eleventh or twelfth century, found during the excavation of
St. Gregory’s Priory in Canterbury. The male had survived well into adulthood, and
his skeleton showed clear evidence of a unilateral cleft lip and palate (Anderson
1994).
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The first description of cleft surgery known in world literature is from the Chin
annals, dating from the early part of the Tang Dynasty in around 390 AD (Rogers
1964). The Saxon surgeons in Britain described cleft surgery in the “Leech-Book of
Bald”, around AD 950. This was described simply:

“For hairlip, pound mastic very small, add the white
of an egg and mingle as thou dost vermillion, cut
with a knife the false edges of the lip, sew fast with silk,
then smear without and within with the salve, ere
the silk rot. If it draw together, arrange it with the
hand; anoint again soon.”

Various surgeons further contributed to cleft surgery from the middle ages through
to the present day, including Franco and Pare in the sixteenth century, Carl
Ferdinand van Graefe in 1816 (Garrison 1929), Veau and Kilner.

1.3 EMBRYOLOGY

The human face is formed from a number of embryonic prominences, or thicken-
ings of tissue, which differentiate into the recognisable face. These five facial pri-
mordia — the frontonasal prominence, two maxillary prominences, and two
mandibular prominences - appear around the primitive mouth early in the fourth
week, and are separated from each other by a series of grooves (Fig. 1.3.1). Much of
the facial tissue is derived from neural crest cells. Morphogenesis occurs as a result
of complex cell-matrix and cell-cell interactions, controlled by positional, structural
and regulatory genes (Thorogood 1997). The precise nature of these interactions
and the genes involved remains unclear.

By the end of the fourth week thickenings of the surface ectoderm on either side of
the frontonasal prominence, known as nasal placodes, invaginate, and mesenchy-
mal proliferation occurs at the margins, resulting in horseshoe-shaped elevations,
known as the medial and lateral nasal prominences. The maxillary prominences
enlarge and grow towards each other and the medial nasal prominences. The maxil-
lary prominences are initially separated from the lateral nasal prominences by the
nasolacrimal grooves, until these prominences merge along these grooves by the
end of the fifth week (Jones 1993).
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Events which may be critical to normal palatal shelf fusion include cessation of
medial epithelial cell proliferation, mesenchymal extracellular matrix protein pro-
duction, programmed cell death of medial epithelial cells, and transformation of the
basal epithelial medial cells to mesenchymal cells.

Clefts of the lip and palate can be classified according to the incisive fossa. Clefts
involving the lip, premaxilla and primary palate are anterior to the incisive fossa,
and result from defective development of the primary palate resulting from a defi-
ciency of mesenchyme in the maxillary prominences. Clefts of the secondary palate
are posterior, and result from disturbed growth and fusion of the palatal shelves.
Although a cleft may extend both anterior and posterior to the fossa, anterior and
posterior cleft malformations are embryologically distinct.

A cleft of the lip may involve the lip only, or may extend more deeply into the maxil-
la and primary palate. If both the medial nasal and the maxillary prominences are
involved in lip formation, then failure of these processes on one or both sides at six
weeks would be expected to result in a cleft of the upper lip. Insufficient mesenchy-
mal growth of one maxillary process with consequent failure of merging of the
prominences causes stretching of epithelial tissue in the groove with breakdown of
the underlying tissues, resulting in unilateral cleft lip. If this occurs on both sides a
bilateral defect will result. A great variety of growth inhibiting factors might account
for mesenchymal deficiency. The mesenchyme is derived from paraxial and lateral
plate mesoderm which gives rise to the muscles of facial expression and mastica-
tion, and neural crest cells which migrate from the neuroectoderm of the brain to
give rise to the skeletal and connective tissue structures of the face, as well as the
dental tissues except the enamel.

Complete or incomplete fusion of the palatal shelves will result in a complete or
partial cleft of the palate. This complex process of palatal shelf growth, movement
and fusion may be disrupted at any stage, and the timing of the sequence of events
is likely to be critical.
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1.4.4 Management

Successful management of children born with cleft lip and/or palate malformations
requires multidisciplinary and highly specialised treatment from birth to late teens.
Initial care begins with neonatal nursing to establish feeding. Primary surgery on
the lip is usually carried out around the age of 3 months, with palatal repair follow-
ing at around 6 months. Primary surgery is of crucial importance to the long-term
success of the restoration of facial appearance and function. Further therapy often
involves speech and language therapy, preventative and restorative dental care,
orthodontics, surgery in the form of alveolar bone grafting, otolaryngology for hear-
ing problems, and psychological counselling.

1.4.5 Genetic counselling

Genetic counselling forms part of the overall management of a child with an
orofacial cleft. Parents may find it difficult to come to terms with their child having
a facial defect, and many harbour unnecessary guilt. Although corrective surgery
combined with multidisciplinary specialised management will often give an
excellent overall result, parents may consider the genetic risks of having further
children with the same problem. Recurrence risks are currently based on empiric
figures from family studies. The risk for siblings born of unaffected parents
increases from approximately 4% after one affected child, to 9% after two affected
children (Curtis et al. 1961). If one parent is affected the risk to further children
after one affected child may increase up to around 17%. Jorde et al. calculated the
risks to first-, second-, and third-degree relatives as 4%, 0.7%, 0.3% respectively
(Jorde et al. 1995). Once the genetic probabilities of a recurrence have been
outlined, any ways of modifying this risk in terms of avoidable or supplementary
nutritional factors need to be discussed (see 1.6.3).
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1.5 INVESTIGATION OF COMPLEX TRAITS

1.5.1 What is a complex disease?

The term “complex trait” refers to any phenotype that does not exhibit classic
Mendelian recessive or dominant inheritance attributable to a single locus. Most
traits of medical relevance, such as susceptibilities to hypertension and diabetes, do
not follow patterns of simple Mendelian inheritance. A complex (or multifactorial)
trait may be a continuous (quantitative) or a discontinuous (dichotomous) charac-
ter. The complex nature of the trait may be due to multiple gene interaction (poly-
genic), or a combination of genetic and environmental effects, creating a gradient of
susceptibility to disease.

1.5.1.1 Familial clustering

When investigating a complex trait, it is necessary to confirm the genetic compo-
nent. Familial clustering provides one method, although shared environment in
addition to shared genetic background will contribute to this. Familial clustering,
expressed in terms of the ratio of the risk for relatives of patients to the population
prevalence, A g, can be calculated for different degrees of relationship. The value of
A will increase with increased familial clustering, and tend towards 1 for distant
relationships. Although a shared environment may play a greater role in behavioral
traits, this fact cannot be ignored for birth defects, as shared dietary habits, for
example, may contribute to the pathogenesis of the defect.

1.5.1.2 Twin studies

Comparing concordance rates between MZ and DZ twins provides a guide towards
the underlying genetic component of the disorder. Monozygotic twins (MZ) are
genetically identical (other than somatic mutations, antibodies, mitochondrial DNA
and the pattern of X-inactivation). A genetically determined character will be shared
by both twins. DZ twins on average only share half their genes, as with siblings,
and will therefore have a lower concordance rate for a genetic disorder.
Environmental sharing with twins commences with a shared in-utero environment,
a fact which must not be ignored.

14
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1.5.1.3 Heritability

The heritability (h?) of a trait is the proportion of the total variance which is genetic.

h?= Vg

Vp

1.5.1.4 Segregation analysis

Segregation analysis is a statistical technique for investigating the mode of inheri-
tance of a character. In complex segregation analysis, a whole range of possible
mechanisms, gene frequencies, penetrances, etc., are fed into a computer program
which performs a maximum likelihood analysis to determine the combination of
parameter values which gives the greatest overall likelihood for the observed data.

1.5.1.5 Study population

Ideally, an exact, reproducible and reliable diagnosis, to narrow the disease defini-
tion, as well as a limited study population, is available to increase the chances of
success of genetic studies. Factors to be taken into account include:

. Clinical phenotype
. Age at onset, by focusing on early onset cases in diseases e.g. Alzheimer’s.
. Family history, by looking at cases e.g. in breast cancer where more than

one family member has been affected.

. Severity, where the extremes of the condition may result in an increased
ability to map genes.

. Ethnic groups, which provide a greater genetic and allelic homogeneity

than in a large mixed population.

15
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1.5.2 Principles Of Linkage

1.5.2.1 Recombination

Meiosis is the process of reductive cell division which occurs exclusively in the
testis and ovary, resulting in the production of haploid cells, including sperm cells
and egg cells. During meiosis, the two homologous copies of each chromosome
pair up, and one member of each pair then goes into one or other daughter cell.
This is a random selection process, whereby the gamete will contain both paternally
derived and maternally derived chromosomes. This process of independent assort-
ment is complicated by “crossing over” of portions of the paternal and maternal
homologues, resulting in recombination of portions of paternal and maternal chro-
mosomes to form a hybrid chromosome. Crossover of genetic material occurs dur-
ing prophase of meiosis I. Each pair of homologues come together, forming a
complex consisting of the two homologues in close apposition, separated by a long
linear protein core (Strachan and Read 1996). Recombination involves breaking the
double helix in each of the two apposing chromatids, and exchanging the fragments
in a reciprocal fashion, and occurs frequently. Each pair of homologues is thought
to undergo at least one crossover, and often several crossovers, during meiosis. The
larger chromosomes appear to undergo more frequent recombination events. Huge
genetic variation in the gametes of one individual is achieved by the combination of
independent assortment and crossover.

1.5.2.2 Linkage

Linkage can be defined as the tendency of genes or other DNA sequences at specific
loci to be inherited together as a consequence of their physical proximity on a single
chromosome. The theory of linkage analysis is based on the fact that recombination
takes place between two loci at a frequency which is proportional to the distance
between them on the same chromosome. At any given locus, an individual may
carry different variations of the DNA sequence on each chromosome, known as
alleles. As a pair of homologous chromosomes will segregate independently from a
different pair of homologous chromosomes, an allele on one chromosome of the
first pair will have a 50% chance of segregating with a particular allele of the second
pair. When the two alleles are located on the same chromosome, they are more like-
ly to be inherited together. This cosegregation will depend on whether any
crossovers have taken place between the two alleles, and the rate of this happening

16
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is the probability of a recombination event occurring between the two loci, or
recombination fraction, 6. The value of 8 ranges from 0, which means that there is
no chance of a recombination happening between two loci as they are in such close
proximity, to 0.5 (or 50% recombination), which is equivalent to an independent
segregation between the loci. Recombination fractions define genetic distance.
Physical distance, measured in centimorgans (cM), is related to genetic distance. At
small distances of less than 5cM, these measurements equate. Two loci which show
1% recombination are defined as being 1cM apart on a genetic map. This relation-
ship is not a linear one above distances of 5cM, and the mathematical relationship
is described by the mapping function.

1.5.2.3 Linkage analysis

When 6 is < 0.5, two loci are said to be linked. In linkage analysis, the value of 6 is
estimated, and any significant deviation from this estimated 6 from the value of 6
obtained with independent assortment (0 = 0.5) is determined. The estimated 6 can
be simply calculated from the proportion of recombinants to total recombinants

and non-recombinants (n), and linkage could be tested by performing a chi-squared
test to compare the estimated value, with the expected value under the hypothesis of
no linkage (n/2 or 50% recombinants) (Terwilleger and Ott 1994).

Often in human pedigrees it is not possible to count simple recombinants and non-
recombinants. Likelihood based approaches are adopted to overcome this, where
the likelihood of a given pedigree under different assumptions about the recombi-
nation fraction between two loci is calculated. The likelihood ratio in linkage analy-

Sis is:
L(6) / L(6 =0.5)
where L is the likelihood, and 6 the recombination fraction.

In linkage analysis this ratio is formulated as the (base 10) logarithm of the odds
that the loci are linked, or LOD score (Morton 1995) and is denoted by Z.

Z(8) =logyo L(6)
L(0.5)

17
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The most common application of linkage analysis is to locate the position of a gene,
in the genome, responsible for causing a Mendelian disorder. Is there evidence of
linkage between the disease and the marker locus?

1.5.2.4 Markers

Mapping a disease gene requires markers spaced throughout the genome, at inter-
vals no greater than about 20 cM. Any character which is either Mendelian or poly-
morphic can be used as a marker. DNA polymorphisms in the form of
microsatellite repeats, which can be di-, tri-, or tetra-nucleotide, are highly informa-
tive, often with many alleles. These are ideal markers as they are very common,
spaced throughout the genome, and can be typed by semi-automated PCR tech-
niques. Microsatellite repeats are now standard tools for linkage analysis (Dib et al.
1996; Gyapay et al. 1994).

1.5.2.5 Prior probability of linkage

The likelihood that any two loci across the genome are linked has been estimated to
be 1 in 50. This is the prior probability for linkage between the loci. Therefore to
obtain a standard significance threshold value of p < 0.05, odds of 1000:1 of linkage
(which equates to a Z of 3.0) is required (significance threshold 0.05 x prior proba-
bility 0.02).

1.5.2.6 Lod scores

Lod scores are calculated by comparing the likelihood of the observed genotypes
with the alternative hypotheses of no linkage (at each specified 6) for each meiosis
in turn. The overall result is obtained by summing up each lod score. All lod scores
are zero at = 0.5. The threshold for accepting linkage for a two-point lod score
(single marker versus disease) in a scan of the whole genome for a Mendelian disor-
der is Z = 3.0 (see above), and for exclusion of linkage Z < -2.0. If there are no
recombinants the lod score will be maximal at 6 = 0. Where recombinants are pre-
sent, the Z score will be greatest at the most probable recombination frequency.

18
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1.5.3 Problems with gene identification in complex disorders

It is often impossible to find a genetic marker that shows perfect co-segregation
with a complex trait for the following reasons:

. Incomplete penetrance and phenocopy (where the disease in the individual
occurs as a result of environmental or random causes, as opposed to the
presence of a predisposing allele).

. Genetic or locus heterogeneity, where mutations in any one of several
genes result in identical phenotypes.

. Oligogenic inheritance, where interaction between a number of different
genes is required for manifestation of the trait.

. High frequency of disease causing alleles in the population.

1.5.4 Candidate regions

A strong candidate gene results from the known disease localisation in combination
with an expression pattern and gene product consistent with the disease pathogene-
sis. Candidate genes and regions are identified through a number of approaches.
Information may be gained from the study of the phenotypic effects of human chro-
mosomal rearrangements, such as translocations, deletions and duplications. An
important developmental gene may be directly disrupted by a chromosomal aberra-
tion, with the resulting phenotype giving clues as to the possible gene involved. A
chromosomal breakpoint may not disrupt a particular gene, but exert a positional
effect on a downstream target, as demonstrated in campomelic dysplasia with
SOX9 (Wirth et al. 1996). Deletions and duplications may result in haploinsufficien-
cy or excess gene dosage which accounts for the phenotype. Characterisation of the
regions around chromosomal rearrangements will identify known genes which
could be considered candidates for the phenotype, and expressed sequence tags
which may represent further genes. It is rare for genes to be identified without any
map information, but position-independent candidates may be considered because
of their functional properties knowing the disease pathogenesis, the functional rela-
tionship to other genes responsible for similar disease phenotypes, or their expres-
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sion patterns per se. Mouse malformation mutants have been classified in detail,
and most have been mapped. Analysis of chromosome map localisations for specif-
ic mouse and human genes has shown that conservation exists between mouse and
human chromosome segments. An animal model of the disorder may result from a
mutation in the animal orthologue gene of the human disease-causing gene. If the
animal gene or its chromosomal localisation is known, the human form or homolo-
gous region can be investigated for involvement of the disease. A combination of
human cytogenetic and mouse homology information has been successful in a
number of diseases. One example is provided by the identification of a disrupted
GLI3 zinc-finger gene in Grieg, or cephalopolysyndactyly, syndrome (Vortkamp et
al. 1991). The gene was originally shown to map to 7p13, after a family with the syn-
drome was found to have a balanced translocation involving this region (Tommerup
and Nielson 1983). A mouse model Extra toes, considered to be homologous, was
then demonstrated to result from disruption in the mouse Gli-3 gene (Hui and
Joyner 1993). Phenotypes resulting from mutations in orthologous genes between
mice and man may vary widely, limiting the success of this approach. One disease
may have phenotypic similarities or overlap to another disease. If the disease-caus-
ing gene for one condition is identified, other members of the same gene family
may be considered as candidates for the similar disorder.

1.5.5 Linkage analysis in complex traits

A precise model needs to be stated when carrying out standard lod score analysis.
This requires information on the pattern of inheritance, the gene frequencies and
the penetrances of each genotype. These factors are largely unknown in disorders
with complex inheritance. Model free methods of linkage analysis, such as affected
sib-pair analysis, have been developed for use in such non-Mendelian diseases.

1.5.5.1 Parametric analysis

Linkage studies for complex genetic disease pose problems not found in standard
linkage analysis. Multiple affected members are required, and unaffected members
usually provide less information than affecteds because of variation in penetrance.
In some families with a strong history of a complex disorder where a number of
loci are major determinants of the genetic component, the disease can appear as a
Mendelian character with reduced penetrance. These families are assumed to have
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a high background level of susceptibility, where a single locus is sufficient to tip
them over the threshold of disease. In these families, identification of susceptibility
loci may be possible by classical linkage analysis, using parametric methods.
However the methodology requires a precise genetic model to be specified, includ-
ing the disease gene frequency, and the penetrance of each genotype. Model para-
meters, where the most likely parameters for the data given, are obtained from
segregation analysis. Parametric linkage analysis can be highly sensitive to misspec-
ification of the linkage model, and the general (but not universal) view is that classic
linkage analysis is inappropriate for analysing non-Mendelian characters.

Model-free methods of analysis have been developed to overcome the difficulties
outlined.

1.5.5.2 Nonparametric linkage analysis

The disease model for a complex trait is rarely known. It is extremely difficult to
estimate penetrance values, phenocopy rates, and disease allele frequencies.
Nonparametric linkage analysis is a method of analysis which may be applied with-
out regard to the true mode of inheritance. It is less powerful than parametric
analysis, and should be used when parametric methods are inappropriate. A num-
ber of model-free methods have been proposed:

. affected sib-pair analysis

. reduced allele-sharing within discordant sib-pairs
. affected relative pair analysis

. IBD or IBS methods

. transmission disequilibrium test

1.5.5.3 Affected sib-pair analysis

This is a commonly used and simple method of nonparametric analysis, where the
proportion of allele sharing between affected sib-pairs is compared to that expected
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from random sharing. This is most powerful when the ancestral origin of the sib-
pair alleles can be determined (identity-by-descent or IBD). With random allele shar-
ing between two siblings, one would expect 1 allele to be shared IBD in 50% of cases,
zero alleles to be shared in 25% of cases, and 2 alleles to be shared in 25% of cases. If
the marker is linked to the disease, sharing of 2 alleles increases, with a decrease in
zero alleles shared. The overall number of alleles shared also increases. The mode of
transmission will have an effect on the extent to which allele sharing occurs, but the
effect will be seen with linked loci regardless of the transmission model.

A chi-squared statistic can be derived simply, by using the formula:
X} =(02-Ey)? [ Ey + (01— Ey)* | Ey + (O - Eo)* / Eo

where 0,, 0, and 0y and E,, E, and E, are the observed and expected number of pairs
sharing both, one or zero alleles (Curtis and Sham 1995).

This method has been successfully applied in a number of complex disorders, most
notably in a genome-wide scan for susceptibility loci to insulin-dependent diabetes
mellitus (Davies et al. 1994) (see 1.5.6).

Limitations of affected sib-pair analysis occur where the contribution of a particular
locus is only modest. In this situation a large number of ASPs are required. In a large
cohort of ASPs, not all information is IBD. Some parental samples may not be avail-
able. Also when parents are homozygous at a marker allele, the identity of that allele in
the offspring — IBD or IBS — cannot be determined. Such data cannot be simply
analysed using a chi-squared statistic. Given the observations on the marker genotype,
the IBD distribution (proportion z,, z, and z, of pairs sharing 0, 1 or 2 alleles IBD
respectively) can be estimated. The likelihood of this estimate is then compared with
the one expected under no linkage (0.25, 0.5, 0.25), giving a likelihood ratio.

A LOD score, referred to as the maximised likelihood score (MLS), can be calculat-
ed, and is the decimal logarithm of the likelihood ratio.

MLS =log [L(z, Z1, Zo) / L (2 = 0.25, z; = 0.5, zy = 0.25)]

The MLS differs from the traditional lod score as it is maximised over two parame-
ters (z; and z,), whereas the ordinary LOD score is maximised over the recombina-
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tion fraction. The MLS does not depend on the marker allele frequencies when the

parents are typed.

A computer program that is based on this analytical approach is Mapmaker/Sibs
(Kruglyak 1995) (see 2.3.3) and is available through the HGMP Resource Centre.

1.5.5.4 Multipoint linkage

If two markers are linked, they can provide information about the extent of sharing
at a particular point on the map. This may be due to parental haplotypes being
deduced, so adding IBD data, and therefore power. One marker may be less infor-
mative than a linked marker, and again multipoint analysis will use data from the
linked marker to provide more information. Allele sharing at map positions
between markers can also be deduced.

1.5.5.5 Association studies

1.5.5.5.1 Population association

Association studies provide a complementary strategy for detection of disease-sus-
ceptibility genes. They are useful in identification of the susceptibility gene, once its
chromosomal position has been determined by linkage. Association is a relation-
ship between alleles (whereas linkage is a relationship between loci). The frequency
of an allele of interest is compared between a group of affected individuals and
unrelated controls, carefully matched for ethnicity and other factors. Association
studies are most appropriate where the gene in question has a biological relation to
the phenotype being examined. Linkage and association may be observed together
or separately.

Association arises :

. when the allele is causally implicated in the disease

. if the marker is in linkage disequilibrium with the disease-causing
mutation

. falsely as an artifact of the population stratification.
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The power to detect association using a marker depends on several factors
(Terwilliger and Ott 1992):

. the strength of the linkage disequilibrium between the marker and disease
. the frequency of the disease mutation

. the recombination fraction between the disease and marker

. the penetrances of the different disease-locus genotypes

. the increase in risk attributable to the particular disease-susceptibility locus

under consideration
. the number of independent mutations found in the population

The main difficulty with population association case-control studies is the ascertain-
ment of a suitable control group. The control group has to be representative of the
group from which the patients were drawn to negate the possibility of population
stratification effects. It is not valid to use the presence of association as a test of
linkage if population stratification is a possibility. Methods using internal controls
have been developed to overcome this problem.

1.5.5.5.2 Linkage disequilibrium

Some particular marker alleles may be found to be associated preferentially with
disease alleles. This is known as linkage disequilibrium, or allele association, and
will arise in a population when most cases of the trait are due to relatively few dis-
tinct ancestral mutations at a trait-causing locus, and the marker allele was present
on one of these ancestral chromosomes and lies close enough to the trait-causing
locus that recombinations through generations have not separated them. Linkage
disequilibrium is most commonly found in young, isolated populations, such as in
Finland. Linkage disequilibrium should not be confused with linkage, where it is
the two loci that are linked, as opposed to particular alleles at these loci.

It has been estimated that allelic associations reflecting sharing of ancestral chro-
mosomes lie within 1 cM of each other. Given the total human genetic map length
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of 2644 cM, a complete genome scan for markers in linkage disequilibrium with a
disease would require at least 1000 markers. This presents both feasibility and sta-
tistical difficulties.

1.5.5.6 Transmission disequilibrium test

The transmission disequilibrium test (TDT) is an association study with internal
control. The TDT provides an alternative method to test for linkage with a genetic
marker, when population association has been found. The test evaluates the trans-
mission of the associated marker allele from a heterozygous parent to an affected
child.

The TDT method was used by Owerbach in the search for diabetes susceptibility
genes in 1990 (Owerbach et al. 1990). Spielman et al. in 1993 presented the statisti-
cal/genetic properties of the TDT as a test for linkage (Spielman et al. 1993).

TDT looks directly for linkage between a disease and a marker locus which shows
population association, and is not affected by the presence of stratification. Parents
of one or more affected offspring, who are heterozygous for a disease-associated
allele, are considered. The number of times the heterozygous parent transmits the
associated marker to an affected offspring is compared with the number of times
the alternative marker is transmitted. Data from other family members, either
affected or unaffected, is not required. However linkage can only be detected if
association (due to linkage disequilibrium) is present.

The overall formula used in the TDT, combining all affected children in the data,
irrespective of the number of affecteds in the families is as follows:

Xu=B-C)?/B+C

Where B = total number of transmissions of allele 1 (M1) to affected chil-
dren

C = total number of transmissions of the other allele (M2)
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The advantages to using the TDT in the investigation of complex diseases include:

. greater sensitivity than haplotype-sharing tests

. data from simplex families and multiplex families can be combined

. data from families with different numbers of affected children can be
pooled directly

The absolute requirement of the TDT is the presence of a population association.
Even very close linkage will not be detected if this is not present.

1.5.5.7 Testing for gene-environment interactions with the TDT

The effects of environmental agents, or other co-variates as effect modifiers, can
theoretically be incorporated into TDT analysis using conditional logistic regres-
sion, which may be more effective for detecting genes of small effect (Maestri et al.
1997).

1.5.5.8 Genome scan

Given the availability of highly informative microsatellite maps and the develop-
ment of semi-automated genotyping technology, whole genome approaches to link-
age analysis of complex disorders, using ASP or affected pedigree member
methods, are increasingly being used to try and elucidate susceptibility genes
(Greco et al. 1998; Trembath et al. 1997). Screens attempt to address the relative
contributions of susceptibility genes in a multifactorial disorder. No prior assump-
tions about the genes involved or their chromosomal localisation are made. The
power of such a study will depend on a number of factors, including the quality of
the map and density of the markers, the number of families studied, and the accu-
racy of the clinical phenotype in the cohort identified.

1.5.6 Insulin dependent diabetes mellitus as a complex disease model

Insulin dependent diabetes mellitus (IDDM) is due to an autoimmune destruction
of the insulin producing B-cells of the exocrine pancreas. Therapy is by insulin
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replacement, but the long-term complications of diabetic retinopathy, nephropathy
and neuropathy will eventually ensue. IDDM affects approximately 1in 300 to 1 in
400 children in the UK, with an overall population frequency of 0.4% (Risch 1987).
The lifetime risk to a sibling of an affected is 6%, giving a A s of 15. The increased

relative risk to siblings may result from a shared genetic background susceptibility,

or may reflect a shared environment.

IDDM is an example of a complex disorder, and is one of the earliest complex traits
to be dissected at the genetic level. The disease provides a model for complex trait
analysis, methods of which can be applied to other such disorders.

1.5.6.1 Candidate gene analysis

This led to the identification of two susceptibility gene regions, the major histocom-
patability complex on 6p21 (IDDM1) (Cudworth and Woodrow 1976), and the
insulin gene region on 11p15 (IDDM2) (Bell et al. 1984).

1.5.6.2 Population association

Population association has consistently been observed between IDDM and the
“class 1” alleles of the 5'flanking polymorphism (5'FP), (Bell et al. 1984) a restric-
tion fragment length polymorphism (RFLP) adjacent to the insulin gene on 11p.
This provided indirect evidence for linkage between the insulin gene region and
genes that influence susceptibility to IDDM. A number of studies failed to provide
direct evidence for linkage by testing for co-segregation in ASPs (Spielman et al.
1989).

Field et al. (Field et al. 1986) adopted an alternative approach to determine whether
indeed the association finding was due to population stratification. The transmission
of the 4 parental 5'FP alleles was assigned to either being transmitted to at least one
affected offspring, or to not being transmitted to either affected offspring, in a
method known as affected family-based controls. The transmission of the class 1
alleles was found to be significantly higher to diseased offspring than to unaffected
offspring. Thus though this does not provide direct evidence for linkage, the contri-
bution of population association due to population stratification is eliminated.
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1.5.6.3 TDT

Spielman et al. applied the TDT to the data obtained from 94 individuals with 2 or
more children with IDDM. This method is similar to that used by Field, but is more
valid statistically (Spielman et al. 1993). The %24 was found to be highly significant.
(p = 0.004), confirming linkage. The possible artifact of segregation distortion was
excluded by analysis of the transmission of the class 1 alleles to unaffected off-
spring.

1.5.6.4 Genome-wide scan

To evaluate the presence of further susceptibility loci a genome-wide scan was
undertaken. Initially 96 ASPs were genotyped for 289 polymorphic markers with an
average spacing of 11 cM across the genome. Eighteen loci outside the previously
identified IDDM1 and IDDM2 regions had an MLS of = 1.0. This threshold was
considered a starting point for further typing of markers. Similar analysis was per-
formed subsequently in other datasets to try and replicate the original findings, and
identify false positive results (Davies et al. 1994). The data confirmed that at least 11
loci in addition to the major IDDM1 locus contributed to IDDM susceptibility.

1.5.6.5 Allelic association

Linkage disequilibrium tests have been successfully applied to polymorphic mark-
ers in regions of linkage to identify susceptibility genes (Merriman et al. 1998;
Merriman et al. 1997; Reed et al. 1997).

This outline of the genetic dissection of IDDM illustrates the basis of complex trait
analysis. Although a number of susceptibility genes have been identified by linkage,
positional cloning and candidate gene approaches, further linkage disequilibrium
mapping and sequencing of candidate genes is required to elucidate the disease,
and understand the functional epistasis.
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1.6 EVIDENCE FOR CL/P AS A COMPLEX DISORDER

Nonsyndromic oral clefts are complex traits as they do not exhibit classic Mendelian
inheritance attributable to any single locus, but do show strong familial aggrega-
tion, with a significant genetic component. Evidence for CL/P as a complex disorder
comes from epidemiological and environmental studies, as well as segregation
analysis.

1.6.1 Epidemiological studies

Epidemiological studies provide a step towards formulating suitable strategies with
which to proceed with causal identification of a disease or disorder. Information
such as sex ratio and distribution of cleft type and severity is important in testing
the MFT theory of inheritance of orofacial clefting.

1.6.1.1 Incidence

In 1942 Fogh-Anderson (Fogh-Andersen 1942) reported an incidence of 1.5 clefts
per 1000 live births in Denmark. Jensen et al. (Jensen et al. 1988) reported an inci-
dence of 1.7/1000 live births. The incidence rates may vary according to the way in
which they are reported (e.g. rate/live birth or rate/total births), and the method of
ascertainment (e.g. statutory or voluntary). An increase in incidence seen in some
populations may be due to reduced perinatal and surgical mortality. A reduced inci-
dence may be seen in developed countries as the diagnosis of CL/P is made antena-
tally more frequently, and the option of termination of pregnancy is available,
(although not frequently taken up). Figure 1.6.1.1 shows the reported incidence of
CL/P and CPO in the UK between 1971 and 1992.

The results of localised studies conducted in the UK over the last 40 years suggest
that the incidence of cleft lip and/or palate malformations is about 1 in 700 live
births. In 1995 in the UK the reported incidence of cleft deformity was 1:1054 live
births, 630 cases reported. The national reporting system, however, is based on vol-
untary returns, and this figure probably represents an underestimate of the true
figure.
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It is not certain that the same aetiology for clefting exists across races.
Epidemiological studies of birth defects in different racial groups may help to deter-
mine whether these differences arise as a result of underlying genetic heterogene-
ity, gene frequency, or environmental exposure.

1.6.1.3 Sex difference

CL/P occurs more commonly in males than females in a ratio of approximately
1.5:1 to 2:1 (Jensen et al. 1988). In general, the more severe the defect, the greater
proportion of males are affected (Owens et al. 1985). This ratio is reversed in the
case of cleft palate alone, which is more commonly seen in females.

1.6.1.4 Associated anomalies

Although most cases of CL/P occur as an isolated finding in an individual, many
clefts are associated with other birth defects or multiple anomalies. The reported
incidence and the types of associated malformations vary between different studies,
partially due to differences in the definition of an associated anomaly, the selection
of patients, and the care with which the individuals are examined. There are over
400 syndromes listed in the London Dysmorphology Database (Winter and
Baraitser 1998) which list CL+/-P as a feature. Identification of disease genes in
monogenic disorders with craniofacial involvement provides candidate genes for
nonsyndromic clefts (see 1.5.4). Examples include the Patch gene in Gorlin syn-
drome, fibroblast growth factors in craniosynostosis syndromes, and the Treacle
gene in Treacher Collins syndrome.

Kallen et al. (Kallen et al. 1996) studied three registries of congenital malformation
— Swedish, French and Californian — which totalled data from over 5 million births.
The incidence of chromosomal anomalies in CL/P compared to cleft palate only
(CPO) was similar. Some associations specific for the cleft types were described but
to a large extent similar associations were found irrespective of cleft type.

Milerad et al. (Milerad et al. 1997) found a connection between severe clefts and addition-
al malformations, with 35% of cases with bilateral cleft lip and palate having other mal-
formations. Malformations of the upper or lower limbs or the vertebral column were the
most common other anomalies and accounted for 33% of all associated defects. Twenty-
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four percent of associated malformations were in the cardiovascular system and congeni-
tal heart disease was the most common isolated associated malformation. Fifteen per-
cent of all associated malformations were multiple and they were frequently associated
with mental retardation or chromosomal anomalies.

Hagberg et al. (Hagberg et al. 1998) studied all children with CL+/-P born between
1991 and 1995 in Stockholm (n = 251). One in six children was found to have an
additional malformation.

The percentage of clefts associated with multiple anomalies in a study from the
Philippines (Murray et al. 1997) was 21% at birth and 6% in individuals subse-
quently screened, providing evidence for a high post-natal mortality rate in a coun-
try with limited access to specialised health care.

1.6.1.5 Laterality of clefts and handedness

Epidemiological studies on CL/P have consistently reported a predilection of unilat-
eral defects (cleft lip with or without cleft palate) for the left side. The reasons for
this remain largely unexplained. Researchers have tried to correlate this finding
with other manifestations of right-left asymmetry, in an attempt to find an underly-
ing explanation. One of the more obvious correlates to study is handedness,
assigned by the preferred hand used for a simple or complex motor action, or the
more skilful hand at performing that task. Handedness arises from the dominance
of one cerebral cortex. Historically, handedness has been regarded as being either
right or left, although more recently it has been considered a continuum, reflecting
a variable degree of preference and skill, depending on the particular task.

A number of studies have investigated the relationship between handedness and
unilateral orofacial clefting. Rintala (1985) and Yorita (1988) both found that
patients with left-sided clefts are much more likely to be non right-handed than
those with right-sided clefts. Fraser (1985) found no difference between the right
and non right-handed patients and the laterality of the cleft. Dasakalogiannakis et
al. (1997) found a higher proportion of left-sided clefts among left-handed individu-
als (85%) than that among right handers (67%), although this was not statistically
significant. A difference between clefts of the primary palate only and clefts of the
primary and secondary palate was noted.
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A number of theories have tried to explain this possible association. Rintala (1985)
suggested that an insult occurring unilaterally in the neural crest cells and adjacent
neural folds could result in ipsilateral clefting and abnormal forebrain development,
causing a cleft on the same side, and the opposite cerebral hemisphere to assume
dominance (resulting in handedness and clefting to be ipsilateral). Yorita and
Melnick (1985) considered the right-left maturational gradient. They suggested that
the cerebral dominance and laterality of cleft might result from the specific timing
of an insult during the developmental gradient. Neither of these hypotheses explain
a right-sided cleft in a left-handed individual.

Recently important advances have been made in uncovering the molecular mecha-
nisms responsible for the patterning of right-left asymmetry. A number of genes
have been found to be asymmetrically expressed in early chick embryos (e.g. sonic
hedgehog). These expression patterns arise before any morphological asymmetry is
evident. Levin et al. (1995) characterised a pathway of genes which form part of a
cascade regulating the side on which the heart forms during chick development.
Interestingly with regard to clefts, nodal, a transforming growth factor beta super-
family signalling protein, is involved in a late step in the pathway that specifies such
asymmetry in the embryo. Mouse mutants with defects in laterality exhibit an
altered expression pattern of nodal. It is possible that a gene or pathway of genes
that is involved in programming of right-left asymmetry, or is preferentially
expressed unilaterally at a time critical to the development of the lip and palate,

plays a role in the pathogenesis of clefting.

1.6.1.6 Familial clustering

Familial clustering in CL/P is evidenced by a Ag of = 30. This is calculated from the
recurrence risk to a sibling of an affected individual (approximately 3%) divided by
the population incidence (1/1000). The more distant the relative, the lower the Ay
becomes. Various family studies have resulted in the generation of empiric recur-
rence risks useful for genetic counselling purposes.
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Relationship to index case Cleft lip with or without cleft palate (%)
Sibs (overall risk) 4.0
Sib (no other affected members) 2.2
Sib (2 affected sibs) 10
Sib and affected parent 10
Children 4.3
Second-degree relatives 0.6
Third-degree relatives 0.3
General population 0.1

Table 1.6.1.6 The genetic risks of CL/P to relatives in the absence of a defined syndrome or Mendelian pattern (from
Harper 1993).

Hagberg et al. (Hagberg et al. 1998) reported a positive family history in 26% of
CL/P cases. Autosomal dominant pedigrees have been published (Temple et al.
1989), and autosomal recessive inheritance has also been considered likely in a
number of published families (Marazita et al. 1984). The majority of cases are spo-
radic (Melnick 1992).

1.6.1.7 Twin studies

Gorlin et al. found a greater concordance rate in MZ twins (36%) than DZ twins
(4.7%), consistent with a genetic contribution in the etiology (Gorlin 1990). Mitchell
and Risch (Mitchell and Risch 1992) found the concordance rate in monozygotic
twins to be 25% - 40%, and in dizygotic twins 3-6%.
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1.6.1.8 Heritability

Estimates of heritability of oral clefting vary between 0.26 (Metrakos et al. 1958) and
0.76 (Emery and Mueller 1992) based on twin studies.

1.6.1.9 Predictors of risk

Mitchell and Risch used multivariate analysis to determine which characteristics
provide the best predictor of recurrence risk to siblings of individuals with CL/P
(Mitchell and Risch 1993). They found that the severity of the proband’s defect
(specifically the extent of the lip defect, as opposed to palatal involvement) was
found to be a significant predictor of sibling recurrence. A positive family history
was also found to be a significant predictor, increasing the risk to siblings by
greater than 4-fold. After adjusting for family history effects, the risk to siblings of
probands with bilateral defects was found to be twice the risk to siblings of
probands with unilateral defects. The sex of the proband was not found to be a
significant predictor, as may be expected with the multifactorial threshold theory.

1.6.2 Segregation analysis

CL/P is traditionally recognised as a multifactorial disorder. Carter (Carter 1969)
suggested that the familial aggregation patterns could be explained by the multifac-
torial threshold model (MFT) proposed by Falconer (Falconer 1965), consistent with
the finding that the risk to first-degree relatives was proportional to the sex of the
proband and severity of the defect. This model has not been universally accepted,
and studies have been undertaken to seek evidence for the role of a major gene in
the aetiology of CL/P. Christensen points out that many of these studies have some
ascertainment bias (Christensen et al. 1992).

Marazita et al. analysed the families of nonsyndromic CL/P probands from three
populations, Denmark, London, and Shanghai, China (Marazita et al. 1986). The
data provided no support for the MFT model, but evidence that there may be a
major gene for susceptibility to CL/P in at least a portion of cases, consistent with
possible genetic heterogeneity.
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Hecht et al. (Hecht et al. 1991b) performed complex segregation analysis of nonsyn-
dromic cleft lip with or without cleft palate in 79 families ascertained through a
proband diagnosed at the Mayo clinic. The best explanation for the findings of the
study was a putative major locus associated with markedly decreased penetrance.

Marazita et al. (1992) analysed family data from almost 2,000 probands ascertained
from among individuals operated on during the years 1956-1983 at surgical hospi-
tals in Shanghai. The hypotheses of no familial transmission and of multifactorial
inheritance alone were rejected. Of the major locus models, the autosomal recessive
was significantly more likely, and concluded that the best-fitting, most parsimo-
nious model for CL/P in Shanghai is that of an autosomal recessive major locus.

Mitchell and Risch (Mitchell and Risch 1992) reanalysed several family studies to
determine the mode of inheritance of CL/P. They found that the pattern among
first-degree relatives was consistent with a multifactorial threshold model (MFT), or
a single major locus, but among monozygotic twins (MZ) and more distant relatives
compatible with either an MFT or a model specifying multiple interacting loci, with
no single locus accounting for more than a 6-fold increase in risk to first-degree rel-
atives (maximum A = 6).

Farrall and Holder (Farrall and Holder 1992) also reported a reanalysis of familial
recurrence patterns for CL/P. Five data sets were included. The MFT model or a
model which includes multiple interacting loci, and possibly as few as 4 loci, were
found to be equally compatible with the familial patterns seen, which was consis-
tent with Mitchell and Risch (Mitchell and Risch 1992) (not unexpected as a num-
ber of datasets were included in both reanalyses). The maximum effect of any single
locus (A) was estimated to range from 5 to 12.

Christensen and Mitchell (Christensen 1996) estimated the risks to first, second
and third-degree relatives of 3,073 CL/P probands born in Denmark between 1952
and 1986. Their results provided evidence that CL/P is most likely determined by
the effects of multiple interacting loci, with no single locus accounting for more
than a 3-fold increase in risk to first-degree relatives.
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These studies do not conclusively determine the mode of inheritance of CL/P. The
general consensus is that multiple loci, between 2 and 10, are interacting with each
other and with unknown (and unquantifiable) environmental factors. Many studies
have supported the presence of a major locus (Mitchell and Risch 1992; Hecht et al.
1991b; Nemana et al. 1992).

1.6.3 Environmental factors

Efforts to identify factors that might reduce the risk of clefting among susceptible
individuals have so far been unsuccessful. Studies have documented the effects of a
variety of both physical and chemical agents on the formation of CL/P. Many of
these have, however, been performed on experimental animals. Teratogens are, in
general, species specific. Teratogenesis in animals does not, therefore, always
equate with teratogenesis in humans. CL/P is one feature of a number of recognis-
able patterns of malformation attributable to environmental agents - e.g. anti-con-
vulsant drugs phenytoin and sodium valproate, and alcohol. Often the other
malformations seen with exposure to such teratogens are severe and obvious, but
sometimes, however, they may be more subtle.

1.6.3.1 Maternal Smoking

Maternal smoking has also been implicated in the pathogenesis of isolated CL/P. In
1989 the offspring to smoking mothers (as reported during the periconceptional
period) were found to have a 1.6 x increased risk of CL/P, and a 2 X increased risk
of CPO (Khoury et al. 1989), suggesting a relatively modest effect. In a further study
(Hwang et al. 1995) 69 cases of CPO, 114 cases of CL/P, and 284 controls were
examined to test for an association among maternal exposures. Infants carrying a
rare C2 allele of the TGFA gene who were exposed to maternal smoking of more
than 10 cigarettes per day were found to have an 8.69 fold higher risk of CL/P. The
dose response relationship was not significant. This is suggestive of an interaction
between the TGFA allele and smoking in the pathogenesis of oral clefts.

One mechanism involved is thought to be related to the production of carbon
monoxide resulting in a decrease in oxygen supplied to the developing embryo.
Manchester and Jacoby in 1984 suggested that the mechanisms involved are as a
result of a joint effect of the fetus’ genetic component and maternal smoking
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(Manchester and Jacoby 1984). They report a lower monooxygenase activity in pla-
centas from malformed infants of smoking mothers compared with those from nor-
mal infants with smoking mothers. Thus fetal genetic viability might interact with
maternal exposure to increase the risk of birth defects. Maternal respiratory hypoxia
itself has been shown to cause an increase in CL/P in mice (Bailey et al. 1995).

1.6.3.2 Folic acid

A large multicentre prevention trial reported in 1991 (MRC Vitamin Study Report
Group: Prevention of neural tube defects: results of the Medical Research Council
Vitamin Study) showed that periconceptional folic acid supplementation reduced
the risk of neural tube defects (NTDs) in offspring, confirming the long suspected
role of nutrition in the aetiology of NTDs. Folate is involved in 2 cycles, one involv-
ing DNA biosynthesis (guanine, adenine and thymine), the other being the methy-
lation cycle, essential for the provision of methyl groups for a wide range of cellular
methyltransferases, and are therefore necessary for numerous cellular functions.
Folate is an important substrate in the metabolism of homocysteine. It was suggest-
ed that maternal defects of the methionine-homocysteine pathway may be involved
in the pathogenesis of some NTD cases. The gene for methylenetetrahydrofolate
reductase (MTHFR) has been cloned, and the DNA mutation responsible for the
thermo-labile variant identified (van der Put et al. 1995). This mutation is associated
with decreased MTHFR activity, low plasma folate and high plasma homocysteine
and red cell folate concentrations. The high homocysteine levels may be embryotox-
ic. The frequency of this mutation in the MTHFR gene was studied in cases of
NTDs (Ou et al. 1996) and their parents, and compared to a control population (van
der Put et al. 1997). A statistically higher frequency of the homozygous mutation
was found in parents and cases with NTD, compared to the control population, pro-
viding a genetic explanation for NTDs. Folate can stimulate residual enzyme activi-
ty, explaining the effect of folate on NTD occurrence. A mechanism by which a
gene-environment interattion occurs is also suggested.

The prevalence of CL/P seems to be higher in siblings of cases with NTDs com-
pared with the general population (Little 1992). It has been suggested that this asso-
ciation may be related to etiologic similarities between these two midline
developmental fusion defects.
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Tolarova in 1982 (Tolarova 1982) reported that periconceptional vitamin supple-
mentation with a multivitamin and 10 mg folic acid resulted in a decrease risk for
recurrence among 85 women at an increased risk due to the birth of a previously

affected child.

Tolarova and Harris (Tolarova 1995) assessed the effects of periconceptional multi-
vitamin and folic acid supplementation on the recurrence of CL/P in a cohort of 221
women at risk of having a child with CL/P. A decrease in incidence of clefts was
seen in this cohort compared to a control population, confirming the need for a
prospective randomised trial to establish whether this is indeed a true finding, and
if the reduced incidence results from folic acid or multivitamin supplementation, or
both.

1.6.3.3 Maternal Epilepsy and Treatment

Maternal epilepsy is associated with an increased risk of nonsyndromic CL/P and,
to a lesser extent, CPO. Therapy taken during pregnancy is associated with the
greatest excess risk, and the use of polytherapy with the highest risk. In one study
the proportion of nonsyndromic CL/P attributable to maternal epilepsy and its
treatment was 4.2% (Abrishamchian et al. 1994).

1.6.3.4 Maternal alcohol use

Oral clefts can be a feature of the fetal alcohol syndrome. Alcohol is thought to exert
its teratogenic effects by interfering with neural crest cell development and migra-
tion (Werler 1991). A population-based case-control study (based on self-reported
alcohol consumption) found an association of oral clefts with maternal alcohol con-
sumption, with an increased intake correlating with an increased risk (Munger
1996).

1.6.3.5 Glycol ethers

As part of the European Registration of Congenital Anomalies (EUROCAT) surveil-
lance system, a collaborative multicentre case-control study was carried out to exam-
ine the role of occupational exposure during pregnancy (Laumon et al. 1996). Nine
hundred and eighty-four cases of congenital malformation were included in the
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study. A detailed questionnaire was completed by the mothers of the cases and
matched controls within one week of delivery. The timing, the route, the frequency
and the reliability of the exposure assessment, was evaluated by an industrial
hygiene expert. An association with exposure to glycol ethers (present in a wide
range of domestic and industrial solvents) was found, particularly with neural tube
defects, multiple anomalies, and oral clefts. The case group included 100 individu-
als with oral clefts, 54 of whom had an isolated cleft lip with or without cleft palate.
The odds ratio for these isolated cases was 1.65 (95% confidence interval = 0.85-
3.22). Despite the small numbers, a trend indicated an increase in risk with
increased reliability and overall exposure.

1.6.3.6 Other reported environmental factors

. Hypervitaminosis A (Lorente and Miller 1978)
. Corticosteroids (Greene and Kochhar 1975)
. Maternal age — one study looking at a Californian population reported

mothers aged 39 or more as twice as likely to have a child with an oral cleft
(Chung et al. 1986), although other studies have not substantiated this find-
ing (Baird et al. 1994)

. Chemical sulphur gas — implicated as a major factor in 38% of the BCLP
infants studied in Tehran (Taher 1992)

. Beta-carotene vegetables (Natsume et al. 1995)

. Stress-induced — earthquake induced stress has been considered as an etio-
logic factor in human facial clefting after a rise in incidence was noted fol-
lowing an earthquake in Chile (Montenegro et al. 1995).

Difficulties identifying teratogens which may have a weak effect may result from
differences in timing and extent of exposure, leading to a spectrum of outcomes,
such as different patterns of malformation identified at birth, to fetal loss early in
pregnancy. Without quantifiable monitoring during exposure times, measurements
of such exposures can only be estimated, and to date this has been done retrospec-
tively from maternal recall via questionnaires, imparting inevitable inaccuracies.
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Although isolated clefting has been convincingly associated with the prenatal expo-
sure to a single substance, it is seen that many diverse environmental factors have
been considered to contribute to the etiology of CL/P, making the search to identify
and confirm their role in the pathogenesis of the condition difficult. Once the
genetic contribution has been elucidated, the role of the environment may become
easier to define.

1.7 GENETIC STUDIES OF CL/P

Discovering a major susceptibility locus in a complex disorder can be the key to
progress in understanding the disease pathogenesis. In 1942 Poul Fogh-Anderson
provided the first population-based evidence that cleft lip and/or palate had a strong
genetic component. The precise nature of this genetic component has remained
somewhat elusive to researchers in the field. Due to the likely complex interactions
between susceptibility genes and contributing environmental agents, identifying
these factors has proved difficult.

1.7.1 Candidate genes

Many genes and families of genes can be considered as candidates for nonsyndromic
cleft lip with or without cleft palate. Genes expressed around the maxillary promi-
nences and palate early in embryogenesis, including epidermal growth factors, trans-
forming growth factors, retinoic acid receptors, and other extracellular molecules, and
are all suitable candidates. Positional, structural and regulatory genes involved in cell-
cell adhesion, production of intercellular matrices, programmed cell death, cell trans-
formation and neural crest cell migration may all play a role in the etiology. Mouse
models for CL/P are known, and the major locus for clefting in the mouse has been
mapped (Juriloff 1997). Many syndromes have clefting as a feature, and known cleft-
ing syndrome disease genes can also be considered.

1.7.2 Association and linkage studies

A number of candidate genes have been tested for their involvement in CL/P by
association or linkage studies, or both, and the findings are outlined.
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1.7.2.1 Transforming growth factor alpha

Transforming growth factor alpha (TGFA) is expressed in the palate around the
time of palatogenesis. Associations between CL/P and TGFA on chromosome 2p13
have been reported. The first association study involving oral clefts and candidate
genes was published by Ardinger et al. (Ardinger 1989), who looked for association
between CL/P and five candidate genes (transforming growth factor alpha, epider-
mal growth factor, glucocorticoid receptor, and oestrogen receptor) in a sample of
80 CL/P individuals, and 102 controls. An association was found between two
restriction fragment length polymorphisms at the transforming growth factor alpha
locus and CL/P. Several studies have reported a similar association in independent
populations (Chenevix-Trench et al. 1992; Holder et al. 1992; Sassani et al. 1993;
Shiang 1993), although others were unable to support this finding (Jara et al. 1995;
Shaw 1996). Lidral et al. (Lidral 1997) performed association tests in a Philippino
population with TGFA in addition to TGFB2, TGFB3 and MSX1. Although no evi-
dence of significant association was found with any of these genes, the authors
point out that the both the genetic and environmental factors may differ from
Caucasian populations. Significant linkage disequilibrium with the rare C2 allele of
the TGFA locus was found by Feng et al. (Feng et al. 1994), supporting the involve-
ment of this gene, or a gene in linkage disequilibrium with it.

Linkage studies have not been able to confirm the role of TGFA in clefting (Hecht
et al. 1991a; Vintiner et al. 1992). Field et al. (Field et al. 1994) were unable to detect
linkage, but found a significant difference between the TGFA conformational poly-
morphisms in a cleft lip only group and a cleft lip and palate group (p = 0.0002)
(Field et al. 1994) suggesting a modifying role for TGFA in clefting. Studies of gene-
environment interactions have added further weight to this. Maestri et al. found a
significant interaction between maternal smoking and the transmission of alleles
for markers near TGFA and TGFB3 (Maestri et al. 1997). Shaw et al. also reported
an association between TGFA alleles and maternal smoking (Shaw 1996). Mitchell
et al. reanalysed published association data on TGFA, but failed to determine a
definitive answer as to its involvement (Mitchell 1997). Differences in TGFA allele
frequencies in cases of the various studies were attributed to the proportions of
familial cases and severity of the cleft.

Despite extensive studies on TGFA, it has been difficult to confirm its role in the
etiology of clefting. Overall the research supported the role of TGFA as a modifying
gene.
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1.7.2.2 Retinoic acid receptor alpha

Retinoic acid receptor alpha (RARA) plays an important role in homeobox gene
expression in the developing head (Marshall et al. 1996). An association with RARA
on 17q12 has been reported in both a Caucasian (Chenevix-Trench et al. 1992), and
an Asian population (Shaw et al. 1993). Vintiner et al. were unable to support these
findings either by association in a cohort of 61 unrelated individuals with CL/P, or
linkage in 8 families segregating for CL/P in an apparently dominant mode
(Vintiner et al. 1993).

1.7.2.3 Chromosome 4q

Beiraghi et al. (Beiraghi et al. 1994) found evidence suggestive of linkage between
the clefting phenotype and 2 markers on chromosome 4q25-31 in a single large
five-generational family. Mitchell et al. (Mitchell et al. 1995) performed an associa-
tion study between this region and CL/P, and reported a significant linkage disequi-
librium with one of the markers used in the study by Beiraghi, further implicating
this region. The population used was the same as had previously shown linkage dis-
equilibrium with TGFA.

In this thesis, five candidate genes, gene families or chromosomal regions have
been studied. Their evidence for implication in CL/P etiology is discussed:

1.7.2.4 Chromosome 6

In 1987 Eiberg et al. tentatively assigned a major locus for orofacial clefting to the
distal region of chromosome 6p (Eiberg et al. 1987). This linkage study was per-
formed on a cohort of 58 Danish families who appeared to be segregating a gene for
nonsyndromic cleft lip with or without cleft palate (49 pedigrees), or for cleft palate
alone (9 pedigrees), inherited as an apparently autosomal dominant trait, scored as
though with complete penetrance. Each pedigree had at least two affected individu-
als in at least two generations. Forty-two marker systems were considered. The
combined lod score for the blood clotting factor, F13A, was 3.66 at 8 = 0.00 for
males, and 6 = 0.26 for females. Both CL/P and CPO families contributed to the lod

score.
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Is this major gene responsible for the susceptibility to CL/P in more than the appar-
ently dominantly inherited families? Considering that CPO and CL/P are genetical-
ly and embryologically distinct, does this significant lod score obtained from
families with both CL/P and CPO mean that there is a gene which contributes to
the susceptibility to both forms of orofacial cleft, or that 2 separate loci, one for
CL/P and one for CPO may lie on the distal region of 6p? The difference between
the recombination values of males and females may be explained by a lower pene-
trance value in females, as the apparent recombinant individuals were all female.
An alternative theory on this difference suggested by the authors is the exceptional-
ly large recombinational sex difference in the interval.

Subsequently Hecht et al. excluded linkage with HLA and F13A. Multipoint analy-
sis showed no evidence of a clefting locus in a region spanning 54 cM on 6p in
these CL/P families (Hecht et al. 1993).

Donnai et al. (Donnai et al. 1992) reported a family in 1992 where an apparently bal-
anced translocation, t(6;9)(p23;q22.3), was found to be segregating with cleft lip and
palate, in addition minor facial dysmorphic features, and some signs of ectodermal
dysplasia, placing them in the clefting-ectodermal dysplasia group of syndromes.
Thus the possibility of a gene for orofacial clefting being localised at or in close
proximity to one of these translocation breakpoints was raised. Davies et al. (Davies
et al. 1995) investigated this family and two other individuals with cleft lip and
palate coincident with a chromosomal rearrangement on distal 6p with YAC clones
from contigs in 6p25-p23. Case 1 had BCLP, hypospadias, hypertelorism, protrud-
ing ears, and complete atresia of the lower lachrymal duct. His father had similar
features, although his palate was arched and narrow, but not cleft. Both father and
son carried the same reciprocal balanced translocation 46,XY,t(6;7)(p23;q36.1). The
second case was a female who was dysmorphic with multiple congenital anomalies,
including a severe BCLP and hydrocephalus. Chromosome analysis showed an
unbalanced translocation, 46,XX,del(6)(p23;pter), with a partial deletion of 6p. Her
mother carried a balanced translocation and was phenotypically normal. A YAC
contig on 6p24 was constructed. FISH of YAC clones on metaphase chromosomes
from the two cases containing breakpoints in this region demonstrated that YACs
886¢c and 826a12 hybridised at three points in the genome, therefore crossing the
breakpoint involved in the translocation. In the case with terminal deletion of 6p
the YAC sequences 886¢ and 826a12 were deleted in the derived chromosome 6,
but present in the mother carrying the balanced translocation. The breakpoint in
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this case was refined to 6p24.1-p24.2. The more severe phenotype evident in the
case with the terminal deletion may be the result of haploinsufficiency of a number
of genes. The fact that different chromosomes are involved in these cases supports
6p24 as a region which may contain a gene or genes which have been disrupted so
as to result in orofacial clefting. Further characterisation of the region around the
breakpoints may lead to the identification of a clefting gene. Refined physical map-
ping has narrowed down the relatively imprecise cytogenetic location to a consistent
site (Fig. 1.7.2.4).

In a study by Carinci in 1995 (Carinci et al. 1995), evidence for linkage was found to
6p24 in 14 of 21 families with CL/P, characterised by the presence of at least two
affected CL/P individuals from Northern Italy. Five polymorphic markers in this
region were analysed, spanning approximately 35cM, assuming an autosomal dom-
inant inheritance, with a penetrance of 0.32 in males, and 0.24 in females.
Homogeneity testing indicated significant heterogeneity. Following exclusion of 6
of the 20 families who had a low conditional probability of linkage, a maximum lod
score of 4.48 at 6 = 0.001 for the marker D6S89 was obtained for the remaining 14
families. This group also analysed the marker data for F13A obtained by Eiberg et
al. for the CL/P group (excluding the CPO families) (Eiberg et al. 1987), and found a
combined lod score of 2.08 at 8 = 0.01 for males, and 6 = 0.30 for females. This was
compared to the F13A marker data for the 14 CL/P families found to be linked to
D6S89, and demonstrated similar results, with a maximum lod score of 2.03 at 0 =
0.001 for males, and 6 = 0.19 for females. This group pursued this region by enlarg-
ing their cohort of patients, and analysing more microsatellite repeat markers
(Scapoli et al. 1997). Thirty-eight multiplex CL/P families were genotyped at 8
markers. The maximum two-point LOD score obtained assuming a dominant
model of inheritance with reduced penetrance was 2.51 for D6S259 at 6 = 0.2. No
significant difference was observed between male and female 6. Multipoint analysis
resulted in maximum LOD score of 1.58 at 20 cM telomeric to F13A, using all of
the families. A maximised LOD of 3.6 at 1 cM telomeric to D65259 was obtained by
assuming 60% of families may be linked to a gene in this region (homogeneity test-
ing provided evidence of heterogeneity in this region, with o = 0.6).

This cohort of patients have been tested for linkage to chromosome 2p13 (where

TGFA is localised). There was evidence for heterogeneity in this region. When the
families who were found to be linked to 6p23 were analysed with respect to TGFA, a
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Author Marker LOD score Cohort CL/P and CPO  Model
Eiberg 1987 F13A 3.66 58 families AD
(Eiberg et al. 0 = 0.00 in males

1987) 0 = 0.00 in females

Carinci 1995  D6S89 4.48 CL/P HOMOG

(Carinci et al. 0 =0.001 suggested

1995) (14 of 21 families) heterogeneity

Hecht 1993 No evidence of 12 multigenerational ~ AD with
(Hecht et al. linkage families reduced
1993) penetrance
Halloran F13A No evidence of 39 multigenerational ~ AD with
Blanton D6S89 linkage families reduced
1996 D6S105 penetrance
(Halloran

Blanton 1996)

Table 1.7.2.4 Summary of published linkage results for chromosome 6p.

1.7.2.5 Chromosome 17

Much of the human genomic sequence has been preserved not only through many
generations of Homo sapiens, but through many primitive creatures with remark-
able conservation and specificity. The regulatory Hox genes, for example, are
arranged in clusters on different chromosomes in all vertebrates including humans.
Sequence homology and position within each cluster is such that each gene can be
traced from a single ancestral cluster similar to the HOM-C complex in Drosophila
(Krumlauf 1994).

Large homologous chromosomal regions exist between mice and men. The recogni-
tion of these important conserved segments have proved useful in determining
linkage in some human disease, by first identifying a mouse model, finding linkage
in this species, then applying knowledge of mouse/human homology to find possi-
ble chromosomal locations for the human gene. A human-mouse dysmorphology
database exists to help in this search (Evans et al. 1996). Examples where mouse
models have contributed to the localisation and subsequent identification of human
disease genes are the Splotch mouse mutant in Waardenburg syndrome type 1
(human PAX3 and mouse PAX3 in type 1 (Tassabehji et al. 1992)), human MITF
gene and the mouse microphthalmia gene in Waardenburg syndrome type 2
(Tassabehji et al. 1994), and Small eye (Sey) mouse in aniridia (mouse PAX6 and
human homologue PAX6) (Davis and Cowell 1993).
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Once a disorder has been mapped to a chromosomal location in the mouse, then
the human syntenic region becomes a potential candidate region for the human
equivalent disease.

1.7.2.5.1 Mouse models

A mouse model for CL/P has been recognised for many years. Reed and Snell
reported this as a new mutation in the house mouse in 1931 (Reed and Snell 1931).
The inbred A strain family and their derivatives, including A/J, A/WySn and A/He
have a genetic predisposition to CL/P, with this defect occurring spontaneously in
between 5 and 30% of the fetuses (Juriloff 1982; Kalter 1979). The aetiology of the
cleft in these strains is complex, and the background maternal genotype plays an
important role in the final outcome of these mice, such as whether prenatal death
occurs, and the severity of the defect. In the mouse the lip and palate fuse early in
embryonic development, and a CL/P, if present, is evident on the tenth gestational
day. This results from a failure of fusion of the facial prominences which form the
primordia of the face. The medial and lateral maxillary prominences usually fuse
internally, while a three-way fusion of the medial, lateral and maxillary promi-
nences occur near the surface of the embryonic face. The fusion processes require
precise appropriate sizes of the prominences at a specific time of embryological
development, in order to allow mesenchymal tissue to form between the fused sur-
faces. A variety of both stochastic and intrauterine factors may alter this normal
process, interfering with the development of the lip and palate. The embryological
formation of a cleft in the mouse is similar to that in the human (see 1.3). A further
similarity is the fact that cleft palate is both genetically and embryologically distinct
from cleft lip with or without cleft palate in both mouse and man. (The incidence of
cleft palate alone in A strain mice is about 1%).

Through complex inbreeding strategies, some of the genetic components of the lia-
bility to orofacial clefting in these strains have been identified. Segregation analysis
of experiments using outcross/backcross methods have led to the identification of a
recessive mutation, as the major genetic contribution to CL/P in these strains.
Embryos homozygous for this mutation may develop and survive the cleft depend-
ing on the background maternal genotype. However difficulties in mapping this
gene and identifying the causative mutation have arisen from the low penetrance of
the gene, and the lethality of the disorder at birth.
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Juriloff et al. created a congenic strain, AE]J.A, from the A/WySn cleft strain, and
the normal AEJ/RkBc strain (Juriloff 1995). A congenic strain is created by intro-
ducing a gene of interest from a cross with a donor strain, and backcrossing it
repeatedly onto a genetically different recipient strain. In each generation the carri-
ers of the gene of interest are identified and used for the next backcross. Loci
unlinked to the gene of interest quickly regain homozygosity for the recipient strain
alleles. Congenic strain pairs are therefore expected to differ by a segment of chro-
mosome containing both the mutation of interest and linked material from the
strain that donated the mutation. These experiments indicate that a recessive gene,
clf1, that causes liability to CL/P was linked to a 10cM segment containing the
mouse polymorphic marker D11Mit10, between markers D11Mit124 and
D11Mit11. CIf1 was noted to greatly increase the risk of CL/P in testcrosses com-
pared with the frequency in normal strains. This region has since been refined to a
2-3cM segment using newly identified informative polymorphisms (Juriloff 1997).
The informative markers lying within this minimum differential segment are
D11Mit10, 58, 126 and 166. The marker D11Mit58 is derived form the gene Myla
(Fig. 1.7.2.5.1).

The gene for retinoic acid receptor alpha, RARA, which was initially thought to lie

within the critical mouse region, now lies outside this region following refinement
with further markers.
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demonstrate discrete cell-specific patterns of expression at various stages of devel-
opment, which represent all three primary embryonic germ layers. TGFB1 and
TGFB2 have been shown to regulate cell proliferation and extracellular matrix
metabolism. These genes also help to regulate the growth and differentiation of the
murine embryonic palate mesoderm and epithelium. TGFB1, TGFB2, and TGFB3
are differentially expressed in these cells. TGFB3 is initially localised in the epithe-
lial component of the vertical palatal shelf, continuing in the horizontal palatal
shelf. TGFB3 expression is lost soon after shelf fusion. TGFB1 is expressed in a
similar epithelial pattern, but is not detectable until the horizontal palatal shelf
stage. TGFB2 RNA is localised to the palatal mesenchyme under the medial edge
epithelium in the horizontal shelves (Fitzpatrick et al. 1990).

The role of TGFB3 in the critical process of palatal shelf fusion is well documented.
Brunet et al. (1995) demonstrated that murine palatal shelves will fuse normally in
vitro, in the absence of exogenous factors. When TGFB3 activity in the palate organ
cultures was downregulated (by antisense oligonucleotides or neutralising anti-
body), palatal shelf fusion failed. Inhibition of TGFB1 and TGFB2 activity did not
interfere with the normal fusion process. Mice lacking TGFB3 may develop cleft
palate without other craniofacial abnormalities, due to impaired adhesion of the
apposing shelf epithelia, demonstrating in vivo the intrinsic effects of TGFB3 in the
palatal shelves (Kaartinen et al. 1995; Proetzel 1995). Nugent et al. (Nugent and
Greene 1994) provided evidence for the interaction between the TGFB and the
retinoic acid signal transduction pathways.

The three mammalian TGFB isoforms are evolutionarily conserved and have signif-
icant sequence homology although they are encoded on different chromosomes
(Massague 1996; Roberts 1990). TGFB1 is located on 19q13.2, TGFB2 on 1qg41, and
TGFB3 on 14q24.

The functional, expression and knockout studies for the transforming growth factor
beta family provide evidence for the role of these factors in palatogenesis. All three iso-
forms, but particularly TGFB3, can be considered candidate genes for nonsyndromic
cleft lip with or without cleft palate. Several linkage and association studies have been
performed to investigate this. Lidral et al. (Lidral 1997) carried out a population based
association study in a Philippino cohort, looking at TGFB2 and TGFB3 using a case
control approach. Intragenic polymorphic markers for TGFB2 and TGFB3 were used.
No association was found with either of the two loci. Transmission disequilibrium test-
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ing of five candidate genes including TGFB3 in a cohort of 160 North American CL/P
trios, used the polymorphic marker D14S61, known to map closely to TGFB3 (Maestri
et al. 1997). Some association to allele 6 of this marker was found, implicating the
involvement of TGFB3 in CL/P in humans. When the analysis was extended to include
effect modifiers, a significant interaction was found between maternal smoking and the
transmission of alleles for markers near TGFB3.

1.7.2.7 BCL3

BCL3, a proto-oncogene, is a member of the I kappa B family, whose encoded pro-
teins regulate the NF-kappa B family of transcription factors, which in turn interact
with complexes of the Rel-related polypeptides. It was first discovered by analysis of
chromosomal breakpoints in patients with chronic lymphocytic leukaemia (Ohno
1990). The protein product of this gene contains seven copies of a motif, known as
an ankyrin repeat, which has previously been described in yeast and Drosophila
(McKeithan 1994). These proteins, such as the yeast SWI6 gene product and
Drosophila Notch, are implicated in cell cycle control and cell differentiation
(Andrews 1989; Breeden 1987). Dimerisation of the Rel polypeptides is necessary
for DNA binding and transcription activation (Logeat 1991). The human form of
BCL3 has been localised to 19q13.

It has been reported that BCL3 on chromosome 19q13, or a nearby gene, may play a
role in the etiology of nonsyndromic cleft lip with or without cleft palate in some
families (Maestri et al. 1997; Stein 1995; Wyszynski 1996).

Stein et al. (Stein 1995) first demonstrated linkage of BCL3 to CL/P. APOC2 on
19q13.1, which is linked to BCL3, was selected as one of a panel of 22 candidate
genes, chosen for their various roles in developmental pathways, including tran-
scription factors, growth factors, and extracellular matrix proteins. The initial screen
on 11 multigenerational CL/P families excluded 21 of the candidates, but gave sug-
gestive evidence of linkage to APOC2. Further families (making 39 in total) were
then genotyped for APOC2, a marker intragenic to BCL3, and D19S178.
Homogeneity testing showed evidence of heterogeneity under both models tested
(dominant model with reduced penetrance, and an affecteds only model), with 43%
of the families found to be linked at zero recombination to BCL3. When the 17
linked families (those with more than a 50% posterior probability of being linked)
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were analysed separately, a multipoint lod score of 7.0 at BCL3 was obtained. The
transmission disequilibrium test also suggested linkage to allele 3 of BCL3. These
results provided evidence to implicate BCL3 or a gene in this region in the aetiology
of CL/P. in some families. A number of genes lie in this region including trans-
forming growth factor beta 1.

Amos et al. (Amos 1996) provided data supporting linkage and association between
chromosome 19 markers in the vicinity of BCL3 and orofacial cleft. They also pre-
sented the TDT reanalysis of all the affected individuals from the study of Stein et
al. (Stein 1995) following an error detected in the program used for the transmis-
sion disequilibrium test.

Wyszinski et al. (Wyszynski 1996) tested 30 USA and 11 Mexican multiplex CL/P
families for linkage to markers on chromosome 19q: D19S178, APOC2/AC1,
APOC2/007, and BCL3. Although classic linkage analysis did not show significant
evidence of linkage, the transmission disequilibrium test indicated a significant
deviation from independent assortment of allele 3 at the BCL3 marker in the
Mexican (p = 0.018) and USA (p = 0.001) families. Allele 13 of marker D19S178 in
the Mexican data set was also transmitted significantly more than non-transmitted
(p = 0.004). These results support an association, possibly due to linkage disequilib-
rium, between chromosome 19 markers and a CL/P susceptibility locus.

Maestri et al. (Maestri et al. 1997) also used the TDT to investigate the relationship
between oral clefts and markers on 19q (and other candidate regions — TGFA,
TGFB3, RARA) in a cohort of 160 parent-offspring trios with CL/P or cleft palate
alone. A modestly elevated odds ratios for the transmission of one marker allele
(allele 3) of BCL3 to cleft probands was found, which increased when cleft lip
probands only were analysed. When the ethnic group was included in the model,
the odds ratios for transmission of alleles at D19S178 and THRA1 were significant.

Taken together, these studies are suggestive of a susceptibility locus for CL/P on
19q13.
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1.7.2.8 Chromosome 1
1.7.2.8.1 Van der Woude syndrome (VDWS)

In 1954 Van der Woude reported the association between lower lip pits and cleft lip
and/or cleft palate, known as theVan der Woude syndrome (VDWS) (van der
Woude 1954). The lip pits, usually situated paramedially at the vermillion border,
are thought to be remnants of the lateral sulci of the lower lip at the 6.5-12.6 mm
embryonal stage (Warbrick et al. 1952). Microforms consist of conical elevations of
the lower lip. VDWS is an autosomal dominant disorder which shows reduced pen-
etrance and variable expressivity. Eighty percent of gene carriers have lip pits or
symmetrical eminences, and around 50% have clefts (1/3 cleft palate alone and 2/3
cleft lip with or without cleft palate). With the exception of the lip pits, this syn-
drome is phenotypically identical to isolated cleft lip or cleft palate, and between 1%
and 2% of cases of cleft lip/palate are thought to have VDWS (Ranta and Rintala
1983). The gene for this dominantly inherited disorder is therefore a good candidate
for nonsyndromic CL/P. VDWS is one of the rare monogenic syndromes that link
clefts of the primary and secondary palate with a unitary cause. If the VDWS locus
does not contain a gene contributing to nonsyndromic CL/P pathogenesis, the over-
lap of the clinical phenotype may make syndromic cases difficult to distinguish, and
a cohort of apparently nonsyndromic cleft cases may contain an admixture of both
VDWS and nonsyndromic cases. This would have an effect on linkage studies per-
formed in this group of patients.

1.7.2.8.2 Popliteal pterygium syndrome (PPS)

PPS is a rare autosomal dominant disorder thought to occur with an incidence of
around 1 in 300 000. The main clinical manifestations of PPS include:

. popliteal webbing (58%)
. cleft lip (58%)

. cleft palate (93%)

. lower lip pits (46%)
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1.7.9 SUMMARY OF GENETIC STUDIES

Genetic studies in orofacial clefting have, to date, implicated a number of susceptibility lodi,
but have failed to provide conclusive evidence of their roles. Association and classical link-
age studies have had limited success. Nonparametric methods of analysis are likely to rep-
resent a more realistic approach for identifying CL/P susceptibility lodi, than the traditional
pedigree-based methods. The importance of gene-gene and gene-environment interactions
has become increasingly apparent, and the development of analytical methods incorporat-
ing these factors may help to dissect out some of the confounding variables.

1.8 AIMS OF THE STUDY

This thesis set out to identify susceptibility genes to nonsyndromic cleft lip with or
without cleft palate by nonparametric linkage analysis methods using affected sib-
pairs.

The specific aims were as follows:

1. To ascertain a cohort of affected sib-pairs with CL/P suitable for inclusion
in nonparametric linkage analysis studies.

2. To commence a genome-wide screen in the cohort ascertained to identify
susceptibility loci to nonsyndromic cleft lip with or without cleft palate.

3. To test the candidate regions 6p23 and 17q21, the candidate genes TGFB3
and BCL3, and the VDWS locus on 1q32 as susceptibility loci for NSCL/P.

4. To determine if PPS shows allelic heterogeneity with VDWS.
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2.1 CLINICAL METHODS

2.1.1 Patient ascertainment

The study initially set out to ascertain multiplex families with nonsyndromic cleft
lip with or without cleft palate. Initially we were aiming to collect a cohort of 50
affected sib-pairs (ASPs) expanding this to 100 ASPs over time. Three-generational
families and other affected relative pairs, such as uncle-niece and cousin-cousin
pairs were also sought. Appropriate ethical approval was obtained from the Great
Ormond Street NHS Trust Research Ethics Committee (Number 94CGO01).

The strategy to identify suitable patients to include in the study was as follows:

The Cleft Lip and Palate Clinic at Great Ormond Street Hospital

Patients were identified through the plastic surgeon and orthodontist. Any family
identified as having more than one affected family member, and not known to have
a syndrome diagnosis, was informed about the research study by the referring
surgeon, and invited to participate.

Cleft Lip and Palate Association (CLAPA)

This is a professionally run nationwide support organisation for individuals and
their families with cleft lip, palate, or both. An article was written for the Annual
Newsletter explaining the research study, giving a contact number for those who
may want to find out more information with a view to possible participation. This
newsletter is distributed to all CLAPA members and to all Cleft Lip and Palate
clinics.

The media

As many families may not be members of CLAPA, and are not undergoing any
treatment actively concerned with the cleft, it was felt that a large number of
suitable families would not be ascertained through the methods outlined above.
Following a press release by Action Research, who were funding the study, a
number of newspapers and magazines placed a small piece about the research in
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the national press. Cleft lip and palate research was also featured in 2 national radio
programmes, specifically mentioning the group at the Institute of Child Health.
These methods brought about a large number of contacts.

Any individual or family that was in contact was sent a study information sheet
(appendix 1), which provided more details about the project. If they were then
willing to participate, a brief telephone interview was carried out, to try and identify
those families who would be suitable. A pedigree was taken, and a history outlining
any other medical problems was obtained in an attempt to exclude any underlying
syndrome diagnoses. Prenatal and preconceptual factors were also documented,
including periconceptional folic acid intake, maternal drug ingestion and smoking
during pregnancy. Patient details of all patients who were in contact were kept,
including those with a cleft palate only, or whose cleft formed part of Van der
Woude syndrome.

Suitable families were visited at home at a time convenient to the patients. Initially
parent-child pairs were also included. Written consent was obtained from all
participating family members over the age of 16, or from their parents in the cases
of those under this age. A structured interview was carried out, and the phenotype
of the affected individuals documented. Blood samples were taken for DNA
extraction. Chromosome analysis was only performed where the pedigree or clinical
history suggested additional features which may point to an underlying
chromosome rearrangement.

2.1.2 Clinical documentation

All affected patients, their parents, unaffected siblings and other family members
were examined. For the individuals with a cleft, the site of the cleft (involving lip
only or lip and palate), the side of the cleft (left, right or bilateral), and the cleft
severity were documented. Although previous surgery precludes precise defect
documentation without pre-operative photos (which were available in some cases),
the clefts were categorised into one of the following main groups:

. Microform cleft lip
. Unilateral cleft lip

60



Chapter 2
METHODS: CLINICAL, LABORATORY AND ANALYTICAL

. Bilateral cleft lip

. Unilateral cleft lip and palate
. Bilateral cleft lip and palate

. Bifid uvula only

Sub-classifications were made according to the side of the cleft in the case of
unilateral cases, and whether the alveolus was involved with lip defects.
Dysmorphic features were noted and recorded. Handedness was assessed. The
lower lip of affecteds and relatives were carefully examined to exclude the presence
of lower lip pits, known to be associated with the autosomal dominant Van der
Woude syndrome. Individuals were also examined for the presence of
ankyloglossia, which is found associated with a form of X-linked cleft palate (found
more commonly in the Icelandic population). Clinical photos were taken. Any
patients found to have lip pits, dysmorphic features, or other complicating medical
factors which may or may not be related to the underlying cleft were excluded from
further participation in the study of CL/P. Two families and one single case of PPS
was ascertained during the course of the study to test for allelic heterogeneity
between PPS and VDWS. DNA from 4 individuals from a further pedigree with
PPS (family 3, Fig. 3.1.4.2) was sent from another centre for inclusion in the
linkage analysis.

2.1.3 Genetic counselling

All parents were asked if at any stage they had seen, or been offered the opportunity
to see, a clinical geneticist. If a consultation had taken place, the parents were asked
what advice they remember having been given, and whether this had affected their
reproductive decisions.

2.2 LABORATORY METHODS
2.2.1 DNA extraction

DNA was extracted using an ammonium acetate method:
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Cell Lysis

The frozen blood EDTA samples were thawed and poured into labelled 50ml falcon
tubes. Ice cold water was added to give a final volume of 50 ml and mixed well. This
was spun for 20 minutes at 4 degrees C, at 2300 rpm. The supernatant was
discarded into chloros. Twenty-five mls 0.1% NP-40 was added to wash the nuclear

pellet, and then spun again at 4°C, 2300 rpm for 20 minutes.

Nuclear Lysis and Protein Degradation

The supernatant was discarded and the tube was inverted over a paper towel to
remove all liquid. 3ml of Nuclei lysis buffer (10 mM TRIS/ 400 mM NaCl/ 2 mM
sodium-EDTA) was added, and the tube contents vortexed in order to resuspend the
pellet completely. 200 microlitres 10% SDS, and 600 microlitres Proteinase K
solution (2mg/ml buffer) were then added. The solution was incubated at 60
degrees centigrade for 1-2 hours. Following this 1 ml saturated ammonium acetate
was added and the tube shaken vigorously for 15 seconds, and then allowed to stand
at room temperature for 10-15 minutes, before again being spun for 20 minutes at
2300 rpm.

DNA Precipitation

The supernatant was poured into a new falcon tube and 2 X volume of 100%
ethanol added and gently mixed. The precipitated DNA was spooled out with glass
Pasteur pipettes (with sealed ends) and dissolved in 300 microlitres TE
(TRIS/EDTA buffer) in an Eppendorf tube, and left on a rotator for at least 16 hours
to dissolve fully. The DNA was then stored at -20 degrees Centigrade until required.

The DNA concentration of each sample was checked by measuring the optical
density of the solution using a Unicam UV1 spectrometer, and the DNA
concentration calculated from this. One OD unit is equivalent to 50 ng/ml of
double-stranded DNA, based on the assumption that DNA contains approximately
equal amounts of purine and pyrimidine bases. An aliquot of each stock DNA was
taken and diluted to make a concentration of 2.5-7.5 micrograms per millilitre

(mg/ml).
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2.2.2 Microsatellite markers

2.2.2.1 Candidate genes

Candidate gene analysis was commenced while the ASP cohort was still being
ascertained. At this stage of the study DNA was available from 291 individuals from
76 affected sib-pair families. Fluorescently-labelled microsatellite markers were
used to genotype these DNA samples around the candidate genes or regions. The
markers were selected for the degree of heterozygosity, and the localisation of the
marker relative to the gene or region under study. Information on the map
localisation of the markers was obtained from a combination of sources including
the STS Transcript Map (available at: http://www.ncbi.nlm.nih.gov/science96/) and
the Genethon human genetic linkage map (Dib et al. 1996; Gyapay et al. 1994).
Primer pair details are available for all markers used in candidate gene analysis
through the Genome Database hosted by the UK HGMP Resource Centre, or
available through the world-wide web at:

http://www.hgmp.mrc.ac.uk/gdb/gdbtop.html

2.2.2.1.1 Chromosome 1

In order to test whether a gene at the VDWS locus on 1q32 contributes to the
genetic susceptibility to CL/P, a highly polymorphic marker, comprising a
combination of CTTC and CT repeats, known as D1S3753, was used. This is known
to lie within the 1.6 cM VDWS critical region (personal communication, JC Murray,
1997) (see Fig. 1.7.2.8.2). Around 5% of VDWS cases are deleted at this marker, and
evidence for loss of heterozygosity was sought. To test whether PPS and VDWS
represent allelic forms of the same gene, the markers D1S491 and D1S205 were
genotyped, in addition to D1S3753, for the 18 family members from the three PPS

families.

2.2.2.1.2 Chromosome 6

Seven markers chosen from this region, spanning a region of approximately 18 cM
on 6p23-24, and flanking the chromosomal translocation breakpoints previously
described in 1.7.1 (Davies et al. 1995). The marker D6S259 which lies in this region
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and was found to be linked to CL/P in a study by Scapoli et al. (Scapoli et al. 1997)
was also genotyped.

The markers used were: P9036, D65309, D6S470, D6S259, D6S289, D6S260, and
P33718. A map of the region around the breakpoints showing the relative marker
localisations is given in Figure 1.7.2.4.

2.2.2.1.3 TGFB3

Five polymorphic markers flanking the TGFB3 gene, and an intragenic TGFB3
polymorphism were used to look for linkage of the region around TGFB3 on 14q24
and CL/P. These were: D1451036, D14S270, TGFB3, D14S61, D14S76, and 145983.

2.2.2.1.4 Chromosome 17

In order to perform linkage studies using this region as a candidate region, markers
were identified on the human chromosomal segment around 17q21-24. The human
equivalent of the mouse Myla gene, used as an anchoring gene, is the myosin light
chain 1, embryonic muscle/atrial isoform gene, MYL4, (GDB:120219). This gene
has been mapped by the Whitehead Institute using GB4 panel to the region
D17S800-D17S791 (62-65 cM) on 17q21, and by SHGC using G3 panel to the
region D175930-D17S809 (64-74 cM). Three Genethon polymorphic markers,
D17S933 (GDB:1218834), D175806 (GDB:1218865) and D17S798 (GBD:1218828),
were chosen from the region around this anchoring gene to span a genetic distance
of approximately 18 cm.

2.2.2.1.5 BCL3

The ASP families were genotyped at two fluorescently labelled markers from
chromosome 19q13, D19S178 and an intragenic polymorphism BCL3, in order to
look for linkage and transmission distortion between the region and CL/P.
2.2.2.1.6 PCR reactions

Polymerase chain reactions (PCR) were performed in 6.25 pl volumes containing:

. 0.625 pul dNTPs
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. 0.625 pl NH3 buffer

. 0.1875 pl 1.5mM MgCI2

. 3.51 ul H20

. 0.125 pl of each fluorescently labelled primer (20 pM/ml)
. 0.05 pl Taq polymerase

. 1 ul DNA (25-75 pg/ml)

A master mix containing the above solutions x 120 (excluding the DNA) was made
up initially for each microtitre plate. The DNA was titrated onto a 96-well microtitre
plate. Three of these plates were required for the 271 samples. The layout of the
DNA on each plate was kept consistent for all of the markers used. The PCR master
mix, 5.25 pl, was then aliquotted into each well containing DNA, using a
multichannel pipette. A drop of mineral oil was placed on the solution to prevent
evaporation during thermal cycling, and a lid was placed on the plate. Following an
initial denaturing at 94°C for 5 minutes, PCR cycling reactions were as follows:
denaturing at 94°C for 30 sec, annealing at temperature appropriate for marker for
30 sec, extension at 72°C for 30 sec, for 35 cycles, followed by a 10 min extension
step at 72°C. (Annealing temperature for the individual markers were: P9036 55°C,
D6S309 60°C, D65470 56°C, D65259 55°C, D65289 57°C, D6S260 50°C, P33718
59°C, BCL3 D19S178 D151605 TGFB2 D1451036 D14S270 TGFB3 D14S61
D14S76 D14S983 D1758798 53°C, D175933 56°C, D175806 57°C).

These markers were divided into two panels that were devised so that multiple PCR
products could be electrophoresed simultaneously, minimising the number of gels
required (Fig. 2.2.2.1.6.1 and Fig. 2.2.2.1.6.2). Where allele size ranges were
predicted to overlap, the primer was labelled with different colours in order that the
PCR products could be distinguished.

1 pl of each PCR product for each DNA sample for each panel of markers was
aliquotted and mixed. 1 pl of this mixture was then taken and aliquotted onto a new
microtitre plate. Five pl of a loading cocktail containing GS-500 size standard, blue
dye and deionised formamide in the proportions 1:1:3, was added to each 1 pl of
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A 36 or 48 toothed-comb was then inserted so that the teeth entered into the gel to a
distance of about 3 mm.

2.2.3.3 Assembly of the ABI 377 sequencer

The gel plates were clamped into position in the gel chamber. 600 mls of 1 x TBE
buffer was poured into the upper and lower buffer chambers, and the electrodes
attached. The plate was scanned to ensure the cleanliness of the plates, and the
purity of the gel. The gel was then allowed to pre-run for up to one hour, which
allowed the gel temperature and the electric current across the gel to reach the
desired steady state before the samples were loaded.

2.2.3.4 Genescan

Information is initially stored by the ABI 377 in a gel file, which stores raw data and
tracking information for the entire run. The software program used to collect and
analyse the raw data from the gel was Genescan (GS). The GS Analysis consists of
two steps; the processing step - which collects the electrical signals from the
scanner and creates Sample files from the Gel file, and the analysis step — which
creates a project, adds sample file references, and analyses the sample files one ata
time. Gel processing parameters, including the selection of the sample sheet to be
used, the scan range, and whether the lanes are automatically tracked and extracted,
can be set up as required. The analysis step also depends on a number of
parameters: the gel type, minimum peak heights, the size ranges of the peaks to be
analysed, the well-to-read distance, and the size-calling methods. The file name for
the collected data file and the length of the electrophoresis required are defined.

2.2.3.5 Sample sheets

The identity of the individuals whose samples were to be analysed were entered
onto the sample sheet. Each gel had 36 lanes, and therefore 8 gels were required to
be run for each panel of markers. Eight template sample sheets were created, which
could be used every time those DNA samples were electrophoresed, keeping the
DNA positions on every gel identical. The identity of the DNA was entered as the
individual number on the pedigree file which was created to use in the linkage
analysis programs. This meant that the data could be imported directly to the
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pedigree file from Microsoft Excel files created by Genotyper analysis. In addition,
the colours of the dyes used to label the primers (and therefore PCR products) were
defined.

2.2.3.6 Genotyper

Genotyper is a software program designed to analyse Genescan results files,
creating genotyping data suitable for linkage analysis. It has 3 main functions:

. Peaks or bands caused by stutter are filtered out.

. Peaks or bands are arranged into groups and categories depending on the

colour and size.
. Allele calling.

The functions which were performed on Genotyper were saved as a macro, and
were applied to each gel of a particular panel. This allowed comparisons between
gels, so that the same alleles could be called identically across all 8 gels. The control
DNA on each gel acted as a comparison of allele sizes between the gels.
Information for each marker to be detected on the gel was included in the macro -
marker name, allele size range and dye colour. The macro enabled the multi-allelic
markers to be specifically labelled with a number (allele calling). Step size (2 base
pairs for dinucleotide repeats) and category stringency (+/- 0.99 of a base pair) were
also stipulated.

Once the macro had been written for a panel of markers, the Genescan file was
imported, and the macro was run. The results were viewed as a plot window (Fig.
2.2.3.1.2), or in table format. These were all individually checked to ensure that the
correct peaks had been labelled, and the table updated accordingly. The table was
then exported as a Microsoft Excel file, in a format suitable for input into the
abi2linkage program.
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2.2.4 Genome scan

2.2.4.1 Primer sets

The PCR reaction for each primer set was carried out on four 96 well plates, 1-4.
Each individual DNA was assigned a co-ordinate on one of the plates, and this
remained constant for all of the PCR reactions. A standard Genethon control DNA
(1347-02) was used on every plate of DNA. Fluorescently labelled microsatellite
markers covering the entire genome from the ABI Prism Linkage Mapping Set
Version 2, available through Perkin Elmer Applied Biosystems, were used. This set
is comprised of 400 markers, selected from the Genethon linkage map (Dib et al.
1996; Gyapay et al. 1994; Weissenbach et al. 1992), based on chromosomal locations
and heterozygosity. The average genetic distance between these markers is
approximately 10 cM. These markers are arranged into panels, which are made up
of between 10 and 20 primer pairs that can generate PCR products that can be
combined and detected in a single gel lane, with overlapping-sized alleles
differentiated by the use of differently coloured fluorescent dyes. One of three dyes
were used: HEX — displayed as green (6-carboxy-2',4',7',4,7 Hexachlorofluoroscein),
NED - as yellow, and FAM - displayed as blue (5-carboxyfluorescein).
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2.2.4.2 PCR reactions

The master mix for the genome wide analysis reactions were made up as follows:

Reagent Volume / Final' concentration/
reaction reaction

10 x PCR Buffer II os5ul 1 x PCR Buffer II (pH 8.3)

(100mM Tris-HCI, (10mM Tris-HCI,

pH 8.3, 500mM KCl) pH 8.3, 50mM KCl)

25mM MgCl2 0.5 pl 2.5mM MgCl2

10 x dNTPs 0.5 ul 250 uM dNTPs

AmpliTaq Gold (5U/ul)  0.05 pl 0.25U

MilliQ water 0.7l

Forward primer 0.125 ul 0.625 pmoles

Reverse primer 0.125 ul 0.625 pmoles

DNA 2.5 ul 12.5ng

Sufficient master mix (as above without the DNA) was made up for each primer

pair, with the volumes x 440, to allow for pipetting discrepancies, and mixed

thoroughly using a a whirlimix for approximately 15 seconds.

2.5 pl of each DNA was aliquotted into a 96 well plate. 2.5 pl of the mastermix was

added to each DNA, making a total reaction volume of 5 pl. A heat sealer was used

to seal a foil lid onto the plate.
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The PCR reactions were carried using a thermocycler PE9600, using the same
cycling conditions:

Initial denaturing  95°C 10 mins
Denaturing 95°C 30 seconds
Annealing 55°C 30 seconds X 20 cycles
Extension 72°C 30 seconds
72°C 10 minutes
4°C Hold

2.2.4.3 Pooling PCR products

Once the PCR reactions for a panel of primers were complete, the PCR products for
each sample of DNA were pooled together so that they could be run out and
detected in a single gel lane. The PCR products were initially spun down in a
centrifuge, and then pooled into a single well. The relative volume of each PCR
product to be pooled varied depending on the fluorescent dye of the primer pair:

Dye Volume
NED (yellow) s5ul
HEX (green) 3ul
FAM (blue) 3ud

To prepare the sample for loading onto the gel, a loading buffer mix was made
containing:

. 60 ml loading buffer (deionised formamide with blue dye)

. 15 ml ROX size standard
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1.2 pl of this mix was aliquotted into 48 wells of a Techne plate. 1.2 pl of the pooled
PCR products were added to each well containing the loading buffer mix.

The DNA was denatured at 95°C for 3 minutes using an M] thermal cycler, and
then placed immediately onto slushy ice to prevent reannealing, ready for loading
onto the gel.

The pooled denatured PCR products were loaded onto eight 48-lane polyacrylamide
gels, and electrophoresed on an ABI 377 analyser, using Genescan and Genotyper
software as described (2.2.3.4 and 2.2.3.6). For the genome scan each gel had 48
lanes, and therefore 8 gels were required to be run for each panel. The identity of
the individuals whose samples were to be analysed were entered onto the sample
sheet, which were consistently used for each set of DNA samples.

2.3 DATA ANALYSIS

Analysis of the genotyping data is outlined as follows. Further details of the
software programs used are found in the associated help files via the HGMP web
site at: http://www.hgmp.mrc.ac.uk/

2.3.1 abi2linkage

This computer program was devised by F Visser at the Human Genome Mapping
Project Resource Centre. It enables raw Genotyper data to be incorporated into a
pedigree file, in a format that is suitable for input into linkage analysis programs.
From this, the allele frequencies for each marker are calculated from the founder
individuals. A separate file is made for each chromosome.

2.3.2 Allele frequencies

Allele frequencies for each microsatellite marker were calculated from the founder
individuals in the pedigrees. The results were compared to published allele
frequencies for the Genethon markers. The frequencies were considered to be
compatible with the published data. An example is provided in table 2.3.2, which
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compares the allele frequencies calculated from the data generated compared with
published allele frequencies for marker D175933.

Allele number 1 2 3 4 5 6 7 8 9 10 11
Allele size 187 189 191 193 195 197 199 201 203 205 207
Allele frequency 03 018 023 0.03 0.14 0.01 0 0.08 0.01 0.01 0.01
Published allele no.

(1bp larger) 7 5 3 8 1 6 2 4 0 9

Published 025 0136 0269 0.058 009 0058 0.019 0.077 0.019 0.019
frequendes :

Table 2.3.2 Allele sizes, numbers, and frequencies for D175933

2.3.3 Mapmaker/Sibs

This is a multipoint method of affected sib-pair analysis, based on allele sharing.
This multilocus analysis refers to marker loci only and does not involve the disease
locus (except through the fact that the analysis is carried out on affected
individuals). Information from all the markers analysed on the chromosome is used
to estimate the number of alleles, identical by descent, shared by the ASPs at a
given point. This means that by incorporating information from nearby marker loci,
and thereby creating a haplotype, the locus in question is made more informative.

Files are prepared as standard pedigree files, before running Makeped. The locus
file is prepared using the Preped program from the Linkage package. Only affected
offspring and their parents will be included in the data analysis. Any data from
families containing half-sibs will be ignored. Other affected relatives and any
unaffected siblings will also not be included in the analysis.

2.3.4 Genehunter

Genehunter is a software package that allows for rapid and complete multipoint
parametric and nonparametric linkage analysis from pedigrees of moderate size
(Kruglyak et al. 1996). This approach includes:
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. multipoint lod score analysis using many highly polymorphic markers
. powerful and robust nonparametric linkage analysis
. information content mapping - a measure of information extracted by the

available data
. maximum likelihood reconstruction of many-marker haplotypes.

The nonparametric linkage function of Genehunter is based on allele sharing IBD
(as in Mapmaker/Sibs). In this program allele sharing for affected relative pairs
other than ASPs can be calculated. The nonparametric linkage score (NPL) is
referred to as Z (refer to Kruglyak et al. 1996 for details regarding the detailed
mathematical theory). The program reports the normalised NPL score for each
pedigree, the overall NPL statistic, and the significance levels for the perfect data
approximation based on the exact approach (where the exact probability distribution
of the overall score under the null hypothesis of no linkage is computed).

Files are prepared as standard pedigree files, before running Makeped. The locus
file is prepared using the Preped program from the Linkage package. In addition to
affected sib-pairs and their parents, Genehunter is also able to include in the
analysis genotyper information from half-sib families, unaffected siblings, and
from other relatives in the pedigrees.

23.5TDT

The transmission disequilibrium test (TDT) looks for a statistical association
between the disease and some marker phenotype, using an internal control, thereby
being unaffected by population stratification effects (Spielman et al. 1993). The test
requires at least one parent of the affected individual(s) to be heterozygous at that
marker locus, and is therefore suitable for application to affected sib-pairs. The test
compares the frequency of the allele (M1) among the transmitted and non-
transmitted alleles, testing the significance using a simple chi-squared test. Sham
and Curtis produced the extended transmission disequilibrium test (ETDT) for use
with multi-allelic marker loci (Sham and Curtis 1995). When parents are unrelated
then the TDT is a pure test for linkage disequilibrium in the presence of linkage.
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The pedigree file format is the pedigree file after running through Makeped.

The ETDT analyses the results in 3 ways:

One allele at a time:

Examines parents heterozygous for this allele to see whether it is transmitted to the
affected(s) more or less than 50% of times, and applies a chi-squared test with 1
degree of freedom. Since each allele is tested individually some correction for
multiple testing is required. The Bonferroni correction (Conneally et al. 1985) can
be applied which sets the threshold of significance at p = 0.05 / n, where n is the
number of independent tests. Since the tests are not independent of each other, this
is likely to be conservative.

Considering every heterozygous genotype separately:

This is a genotype-wise analysis, and examines whether each allele of the particular
genotype is transmitted to affected(s) equally, with the results summed to a chi-
squared statistic, and the degrees of freedom equal to the number of genotypes
observed. The disadvantages of this form of analysis is that a large number of
different genotypes may be present within the dataset, resulting in a high number
of degrees of freedom. Some of the genotypes may occur very infrequently, so
increasing the degrees of freedom without contributing much information. No
account is taken of whether particular alleles are preferentially transmitted across
different genotypes. For example with genotype AB, the number of times A is
transmitted is compared with the number of times B is transmitted. For genotype
BC, the number of times B is transmitted is compared with the number of times C
is transmitted. The number of times allele B is transmitted across all genotypes
containing allele B is not assessed.

Allele-wise analysis:

This attempts to establish a pattern of preferential transmission of certain alleles
across genotypes. Parents with genotype AB, for example, may preferentially
transmit the B allele to affected offspring. Parents with genotype BC may also
transmit the B allele preferentially, but parents with genotype AC may transmit
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each allele with equal frequency. This distortion is modelled using logistic
regression. This method of analysis tests the hypothesis that different alleles may
vary in the extent in which they are preferentially transmitted to affected offspring.

In practice overall evidence for transmission disequilibrium is sought using the
allele-wise analysis. If such evidence is obtained, then the transmissions for the
different alleles individually is examined, in order to gain an understanding of the
nature of the deviation from random transmission. The results are found in the
final output file. The output consists of the maximum likelihood estimates of the
parameters for the alleles, the observed data and the results which would be
expected from these parameter estimates, and chi-squared statistics produced by
comparing the log likelihoods under the null hypothesis and under the alternative
hypothesis that transmission probabilities may deviate from 50% in an allele-
specific or genotype-specific manner. The chi-squared statistics for the
consideration of each allele individually is also given. It is the allele-wise chi-
squared statistic that is considered to determine if overall evidence for transmission
distortion exists.
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