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INTRODUCTION

Orofacial clefts are among the most common congenital malformations world-
wide, requiring complex multidisciplinary treatment throughout childhood and
having lifelong medical and psychosocial implications for affected individuals.
The worldwide prevalence of these defects is estimated as approximately 1 per
600 liveborn babies, and their incidence varies according to geographic origin,
ethnicity and socioeconomic status. Orofacial clefts comprise a heterogeneous
group of disorders affecting the lips and oral cavity. They can be classified into
several subgroups on the basis of anatomical, genetic and embryological
findings. The two most common types of orofacial clefts are cleft lip with or
without cleft palate (CL/P) and isolated cleft palate (CP), representing a com-
plex phenotype and reflecting a breakdown of the molecular mechanisms
involved during craniofacial morphogenesis. Collectively, orofacial clefts have
significant clinical impact requiring extensive dental and orthodontic treatment
together with speech and hearing therapy. Likewise, referring to psychotherapy
and genetic counselling may be recommended as well. Understanding the
etiology of orofacial clefts is an important step towards improved treatment and
proposing preventive strategies.

Nonsyndromic cases of both CL/P and CP are considered to have multi-
factorial etiology, determined by the interaction of multiple genetic, environ-
mental and lifestyle risk factors. Several genes known to underlie Mendelian
syndromic forms of clefts seem also to play a role in the etiology of non-
syndromic clefts. The large extent of familial clustering, high recurrence risks
for siblings and greatly increased concordance rates in monozygotic versus
dizygotic twins indicates the importance of genetic factors in the etiology of
CL/P. However, only a small proportion of the overall contribution of genetic
variants causing nonsyndromic clefts is estimated to have been identified to
date. Despite the most recent developments, genetics of orofacial clefts remains
controversial due to uncertain mode of inheritance, incomplete penetrance, and
heterogeneity both within and among populations.

Human studies have used both association and linkage analyses to identify
genetic determinants of orofacial clefting. The results of the earlier candidate
gene-based association studies, performed in different populations, have been
mostly inconclusive or conflicting, with only a few candidate loci being im-
plicated in cleft phenotypes. This inconsistency could have been caused mostly
by inadequate power and genetic heterogeneity. However, recent years have
witnessed significant advances in the understanding of genetic determinants of
nonsyndromic clefting and how these genes influence the embryonic
development of the face. Moreover, advances in microarray-based genotyping
technology have made large-scale association studies using thousands of cases
and control individuals feasible. In particular, genome-wide association studies
(GWAS) are emerging as a powerful technique in studies of complex traits, and
according to the expectations, the first achievements in the efforts to discover
additional major susceptibility loci for CL/P have already been made.



Large sample sizes are required in genetic epidemiological studies of
complex traits, such as orofacial clefts, to identify etiologically relevant risk
factors with adequate statistical power, and studies relying on linkage
disequilibrium (LD) can be more effective in detecting more subtle gene effects
derived from multiple common and low-penetrance alleles. Nonetheless,
phenotypic and genetic heterogeneity may remarkably hamper the discovery of
the genuine disease-causing variants. In addition, confounding factors like
allelic heterogeneity and population diversity may often lead to spurious as-
sociation findings. Recent advances in bioinformatics have made possible to
combine case-control samples from different populations in the scenario when
study sample(s) derived from one population suffer from limited sample size.
Well-characterized study populations are a prerequisite to study the genetic
component of the complex traits, and therefore, prior assessment of the genetic
structure appears to be most benefitial to combine large genotype datasets to
achieve a significant gain in study power.

The intent of the present study was to follow-up published reports of genes
that have been implicated in previous studies for evidence of association with
nonsyndromic oral clefts and to confirm the relevance of previous findings in an
independent study population. Therefore, we have assembled a new clefting
sample of 1010 subjects from a previously uncharacterized ethnic background,
comprised of three genetically close populations from the Baltic region —
Estonia, Latvia and Lithuania.

The main goals of the present study were: 1) to investigate the role of ge-
netic variants in 40 candidate genes for clefting in susceptibility to nonsyndro-
mic cleft palate; 2) to investigate the role of genetic variants in 40 candidate
genes for clefting in susceptibility to nonsyndromic cleft lip with or without
cleft palate; and 3) to carry out a replication study in Estonian and Lithuanian
CL/P case-control samples to test the best findings from the first genome-wide
association study, conducted in German population and extended further to
other Central European populations.



I. REVIEW OF LITERATURE
I.1. Orofacial clefts

Craniofacial development comprises one of the most complex events during
early stages of embryonic development, coordinated by a network of transcrip-
tion factors and signaling molecules together with proteins conferring cell
polarity and cell-cell interactions. Disturbance of this tightly controlled cascade
may result in a facial cleft where the facial primordia ultimately fail to join and
form the appropriate structures (Stanier & Moore, 2004). The most common
features of craniofacial abnormalities are the orofacial clefts, which include
cleft lip, cleft lip and palate, and cleft palate alone. Clefts of the lip or clefts of
the lip with the palate arise in the primary palate, whereas clefts of the palate
alone occur in the secondary palate (Murray & Schutte, 2004). The clinical
manifestations of these defects are diverse, ranging from unilateral clefts of the
lip and isolated clefts of the secondary palate to complete bilateral clefts of the
lip and palate (Figure 1).

Upper lip

Hard palate

Soft palate

Uvula

Figure 1. Nonsyndromic orofacial clefts (Muenke, 2002; Mossey et al., 2009).
(A) Cleft lip and alveolus. (B) Cleft palate. (C) Incomplete unilateral cleft lip and palate.
(D) Complete unilateral cleft lip and palate. (E) Complete bilateral cleft lip and palate.

Orofacial clefts result in complications affecting feeding, speech, hearing,
appearance, and cognition. These effects can lead to long-term adverse out-
comes for health and social integration, and affected children need complex
multidisciplinary care from birth until adulthood (Mossey et al., 2009). Signi-
ficantly increased lifetime mortality ratios of 1.4 for males and 1.8 for females
are associated with CL/P, with an increased risk of all major causes of death
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(Christensen et al., 2004). Long-term outcomes in affected individuals include
higher overall morbidity rates contributed mostly by higher incidence of
psychiatric disorders in adults (Christensen & Mortensen, 2002) and cancer: an
increased occurrence of breast and brain cancer among adult females born with
clefts, and an increased occurrence of primary lung cancer among adult males
born with clefts have been reported (Bille et al., 2005). Currently, in developed
countries, the mortality for isolated clefts is equivalent to background neonatal
mortality (Druschel et al., 1996), but may be strikingly elevated for infants born
with clefts and additional anomalies suggestive of an underlying syndrome,
especially in settings with inadequate health care (Murray et al., 1997).

Orofacial clefts are classified as nonsyndromic (isolated) or syndromic based
upon the presence of other congenital anomalies or developmental delay. The
majority of CL/P cases (~70%) and approximately 50% of CP cases are
regarded as nonsyndromic, occurring as an isolated condition without other
recognizable anomalies, while the remaining syndromic cases have additional
characteristic features that can be subdivided into categories of chromosomal
abnormalities, recognizable Mendelian single gene syndromes, teratogenic
effects and various uncategorized syndromes (Stanier & Moore, 2004). Our
understanding of the etiology and pathogenesis of orofacial clefts, particularly
the nonsyndromic forms, is still in relatively early stages, reflecting the genetic
complexity of clefting and diversity of the mechanisms involved at the mole-
cular level during craniofacial morphogenesis in early stages of embryonic
development, with both genetic and environmental factors having an important
role (Murray, 2002; Cobourne, 2004).

It is generally accepted that CL/P and CP are genetically distinct phenotypes
in terms of their inheritance patterns. Significant advances have been made in
the identification of numerous genes and pathways critical for craniofacial
development using direct sequencing of primary candidate genes, mutagenesis
experiments in animal models, gene expression patterns in facial morpho-
genesis, breakpoint mapping, association studies with candidate genes or loci
and genome-wide scans in large multiplex families. However, the overall contri-
bution of genetic variants to clefting phenotypes has comprised to date only a
modest fraction of the recognized etiologies (Vieira, 2008b). Implementation of
increasingly powerful combination of careful collection of large samples from
diverse ethnic background integrated with the most up-to-date microarray-based
genotyping technologies and sophisticated statistical evaluations will largely
expand our knowledge of genetic mechanisms underlying orofacial clefting.

l.1.1. Developmental pathogenesis

Integration of findings of human genetic studies (including positional cloning
strategies, parametric linkage analysis, nonparametric affected sib-pair
approaches, analysis of chromosomal rearrangements, and candidate gene-based
association studies) with data of experimental embryological techniques in
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model organisms has increased our knowledge of fundamental mechanisms
driving normal craniofacial morphogenesis and how these mechanisms are
disturbed in CL/P and isolated CP (Mossey et al., 2009).

Embryonic development (Bender et al., 2000; Stanier & Moore, 2004; Mossey
et al., 2009).

Development of the lip and palate (Figure 2) comprises a precisely co-
ordinated cascade of developmental processes involving cell migration, growth,
differentiation and apoptosis results in the development of craniofacial struc-
tures from the originating oropharyngeal membrane (Sperber, 2002).

a b <
Medial nasal
processes

Frontonasal
prominence Lateral nasal
. processes
Maxillary
processes Nasal pits
Oral cavity Alae
Mandibular
processes
d e f

Primary /’[\\

palate Incisive
foramen

Nasal Fused

septum palate

Secondary

palatal

shelves

Figure 2. Development of the lip and palate in humans (Dixon et al., 2011).

a) The developing frontonasal prominence, paired maxillary prominences and paired
mandibular prominences surround the primitive oral cavity by the fourth week of
embryonic development. b) By the fifth week, the nasal pits have formed, which leads
to the formation of the paired medial and lateral nasal prominences. ¢) The medial nasal
prominences have merged with the maxillary prominences to form the upper lip and
primary palate by the end of the sixth week. The lateral nasal prominences form the
nasal alae. Similarly, the mandibular prominences fuse to form the lower jaw. d) During
the sixth week of embryogenesis, the secondary palate develops as bilateral outgrowths
from the maxillary prominences, which grow vertically down the side of the tongue. )
Subsequently, the palatal shelves elevate to a horizontal position above the tongue,
contact one another and commence fusion. f) Fusion of the palatal shelves ultimately
divides the oronasal space into separate oral and nasal cavities.
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Development of the human face begins in the 4th week of human embryonic
development, when neural crest cells from the dorsal region of the anterior
neural tube (cranial neural crest, CNC) proliferate and migrate into the
frontonasal and visceral arch region and combine with mesodermal cells to form
the five facial primordia consisting of the frontonasal prominence, two
maxillary prominences, and two mandibular prominences. The maxillary
prominences enlarge and grow towards each other and the nasal prominences.
The frontonasal prominence forms the forehead and the nose. The maxillary
prominences are bilateral and form the lateral stomodeum (primitive mouth),
while the mandibular prominences are also bilateral and responsible for the
caudal growth of the stomodeum. The neural crest cells within these
prominences differentiate into skeletal and connective tissue of the face, bone,
cartilage, fibrous connective tissue, and all dental tissues except enamel
(Lettieri, 1993). During the 4th week, the medial ends of the mandibular
prominences merge to form the mandible, lower lip, and lower cheek region.
Formation of the nasal placodes by end of the 4th week divides the lower
portion of the frontonasal prominence into paired medial and lateral nasal
processes. The nasal or olfactory pits form and extend into the primitive mouth
and become the nostrils (Gorlin et al., 1990). By the end of the 6th week, rapid
proliferation of the maxillary prominences results in the medial nasal promi-
nences merging with each other and with the lateral maxillary prominences
leading to formation of the upper lip and the primary palate. The lower lip and
jaw are produced by the mandibular prominences, which merge across the
midline (Jugessur & Murray, 2005).

Palate development begins during the 5th week of embryogenesis, after
fusion of the upper lip. Fusion of the hard palate is completed by the 10th week
and development of the soft palate and uvula is completed in the 12th week
with successful merging of the secondary growth centers (Gorlin et al., 1990).

Development of the secondary palate begins early in the 6th week with
outgrowth of two palatal shelves from the maxillary prominences, initially by
growing vertically down the sides of the developing tongue. During the 7th—8th
week of development, apoptosis and epithelial-mesenchymal transformation
(EMT) at the medial edges enable the palatal shelves, consisting of rapidly
proliferating mesenchymal cells, to fuse to form a midline epithelial seam after
the shelves have ascended to an appropriate position above the flattening
tongue. Proteins such as integrins, matrix metalloproteinases, microtubules and
actin cytoskeletons are involved in the EMT process (Cox, 2004). The palatal
mesenchyme then differentiates into bony and muscular elements that are
correlated with the position of the hard and soft palate, respectively. In addition
to fusing in the midline, the secondary palate fuses with the primary palate and
the nasal septum. These fusion processes are complete by the 10th week of
embryogenesis; development of the mammalian secondary palate thereby
divides the oronasal space into separate oral and nasal cavities, allowing
respiration and mastication to take place simultaneously (Sperber et al., 2002).
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Developmental gene networks

The molecular events that underlie the formation of orofacial structures are
under the strict control of a cascade of genes encoding for a variety of mole-
cules implicated in signaling facial primordia identity, epithelial differentiation
and palatal shelf remodeling. These include ECM molecules and growth factors
including bone morphogenetic proteins (Bmp), sonic hedgehog (Shh), fibroblast
growth factors (FGF), members of the transforming growth factor b (Tgfb)
superfamily, and various transcription factors (Stanier & Moore, 2004).

A combination of apoptosis and epithelial-mesenchymal transformation
interactions are crucial in fusion events that contribute to formation of the lip
and primary palate. These events are suggested to include SHH, MSX1 and
MSX2; and control of signaling by bone morphogenetic proteins and fibroblast
growth factors in part by TP63 (Sun et al., 2000; Thomason et al., 2008).
Molecular control of palatal shelf initiation and vertical growth involves
complex signaling cascades with transcription factors and various growth
factors and their receptors, including Lhx8, Msx1, Osr2, Fgfl10, Fgfr2b, Tgfb2,
and Tgfbr2 (Gritli-Linde et al., 2007). Signaling between the palatal epithelium
and mesenchyme has an important role in palatal growth regulation — for
example, fibroblast growth factor 10 (FGF10) signals from the palatal
mesenchyme to its receptor FGFR2b, which is expressed in the palatal
epithelium. Loss of function of either FGF10 or FGFR2b causes a reduction in
mesenchymal proliferation and an increase in apoptosis, leading to truncation of
the palatal shelves. In addition, activation of FGFR2b by FGF10 is crucial for
maintenance of SHH expression in the palatal epithelium: loss of SHH function
in this tissue leads to cleft palate (Rice et al., 2004). Signaling between the
epithelium and mesenchyme during palatal growth occurs also between Msx/,
Bmp4, Shh, and Bmp2. Molecular studies have shown that Bmp2 and Bmp4 are
expressed within the epithelia and mesenchyme of the palatal shelves, while
Shh plays an important role in the early induction of facial primordia. The Msx/
homeobox gene, which is also expressed in the facial primordia, regulates
expression of Bmp2 and Bmp4 in the palatal mesenchyme and Sh/ and Bmp4 in
medial edge epithelium. In turn, Shh stimulates Bmp2 expression in the
mesenchyme, which regulates growth of the palatal shelves (Zhang et al., 2002).
Transcription factors such as the distal-less (DIx), Hox, Gli and T-box families
have also important roles in maxillary and mandibular specification and are
regulated by Shh, Bmp and Fgf signals (Richman & Lee, 2003).

Palatal fusion appears to be driven by several cell adhesion molecules
(including PVRLI1), desmosomal components, and growth factors including
transforming growth factor o (TGFA) and epidermal growth factor receptor
(EGFR) (Suzuki et al., 2000; Mogass et al., 2000; Miettinen et al., 1999). The
transforming growth factor  superfamily is particularly interesting in palate
development and isoforms 1, 2 and 3 are all expressed during this process.
TGFB3 is expressed earliest and is found in the epithelial component of the
vertical shelves. It is also expressed later in the horizontal shelves and medial
edge epithelia, but expression is undetected once the epithelial seam disrupts
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(Stanier & Moore, 2004). While TGFB1 and 2 accelerate palatal shelf fusion,
TGFB3 may play a role in growth inhibition and is crucial for the first adhesive
interaction (Fitzpatrick et al., 1990). Recent evidence suggests that their
function in the embryonic palate is at least in part mediated through the Smad
signaling system (Greene et al., 2003). The Tgfb3 knock-out mice exhibit an
isolated CP through failure of palatal shelf fusion (Kaartinen et al., 1995;
Proetzel et al., 1995). Additional genetic factors involved in palate development
have been described using mouse transgenic models; in particular, both Msx1
and Lhx8 have been implicated in palatal mesenchymal proliferation during
palatogenesis, and the respective null mice have CP because of the palatal
shelves failure to meet and fuse (Satokata & Maas, 1994; Zhao et al., 1999). As
a general model, insufficient mesenchyme is believed to be the most common
reason for CP in mice (Wilkie & Morriss-Kay, 2001).

Subsequent developmental studies have suggested that TGFB3 may promote
palatal fusion via synergistic effects — by stimulating initial adhesion of the
palatal shelves, increasing the surface area of the medial edge epithelium and by
promoting degeneration of medial edge epithelium (Kaartinen et al., 1997; Taya
et al., 1999; Tudela et al., 2002). Tissue remodeling during palatal fusion in-
volves a combination of basement membrane degradation and epithelial-
mesenchymal transformation, which are both under the control of specific
matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases
(TIMPs), which have been implicated in proteolytic degradation of the ECM. In
the Tgfb3 knock-out mice, the palatal expression levels of TIMP2 and MMP13
are markedly reduced and their expression is dependent on TGFB3 (Blavier et
al., 2001). Importantly, IRF6 is down-regulated in the medial edge epithelium
of mice with mutations in 7gfb3 and Tgfbr2, which suggests strongly that IRF6
lies downstream of TGFB3 signaling for the fate of medial edge epithelium
(Knight et al., 2006; Xu et al., 2006).

1.1.2. Descriptive epidemiology

A remarkable interpopulation variation in birth prevalence of orofacial clefts
has been described, with Asian and Amerindian populations tending to have the
highest frequencies, often at >1:500, with Caucasian populations intermediate,
and African populations the lowest at 1:2500 (Murray, 2002). Nonsyndromic
CL/P is reported to occur in approximately 1 in 700 newborns worldwide, with
the incidence varying according to parental race/ethnicity and geographic
origin, and the socioeconomic status of the affected families (Bender et al.,
2000). Native American Indians have the highest incidence of CL/P, 3.6 in 1000
newborns, followed by Japanese 2.1 in 1000 newborns, Chinese 1.7 in 1000
newborns, and Caucasian populations, with 1 in 800 to 1 in 1000 livebirths,
while African-Americans have the lowest incidence of CL/P at 0.3-0.4 in 1000
newborns (Croen et al., 1998; Tolarova & Cervenka, 1998). These observations
suggest that the relative contribution of individual susceptibility genes may vary
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across different populations (Mossey et al.,, 2009; Beaty et al., 2010). In
contrast, CP is less common, with a prevalence of approximately 1 in 1500
births in most racial backgrounds (Lidral & Murray, 2004). Several studies
indicate that the incidence of nonnative Philippine and Chinese infants born in
the United States have a lower incidence of CL/P than those born in their native
country (Murray et al., 1997; Croen et al., 1998). The incidence of orofacial
clefts is relatively uniform in European populations; however, there are
exceptions with some particular geographic areas (e.g., Finland) which have
higher frequencies, possibly related to founder effects or environmental triggers
(Figure 3).

A O o-01-082 B O 0-01-0-44
[ 0-83-0.96 I 0-45-0-58
= 0-97-1.25 [ 0-59-0-69

M =070

Figure 3. European birth prevalence per 1000 livebirths of nonsyndromic cleft lip and
palate (Mossey et al., 2009; http://www.eurocran.org).
(A) Cleft lip with or without cleft palate. (B) Isolated cleft palate.

Numerous epidemiological studies across various ethnic groups have reported
an unequal sex distribution for both nonsyndromic CL/P and CP. CL/P occurs
more frequently in males, while affected females outnumber affected males in
CP. This may suggest the existence of genes with a differential impact on cleft
formation depending on the sex of the affected individual (Mangold et al.,
2009). In populations of European descent, the sex ratio for CL/P is
approximately 2:1 (male to female) and the male excess becomes more apparent
with increasing severity of cleft (Mossey & Little, 2002). The sex ratio is
reversed for CP, with male to female ratio estimates ranging from 1:1.25 to 1:2
(Grosen et al., 2010; Dixon et al., 2011). The sex ratio varies with the presence
of additional malformations, number of affected siblings in a family, and ethnic
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origin. The male predominance in CL/P is smaller when more than one sibling
is affected in the family, and likewise, the male excess is less apparent when the
infant has malformations of other systems (Mossey & Castilla, 2003). By
contrast, findings from a large study suggest predominance in females when the
father’s age exceeds 40 years (Rittler et al., 2004).

The incidences of clinical subtypes for CL/P are as follows: left unilateral
clefts are the most frequent, followed by right unilateral and bilateral clefts with
a ratio of 6:3:1. Approximately 70% of the unilateral clefts and 85% of the
bilateral clefts involve the palate (Lettieri, 1993).

Clefts of the lip and/or palate are more severe when both cleft types are
present. In a large population-based study, 18% of CL cases were severe (i.e.,
complete cleft of the primary palate) in the absence of CP, compared with 81%
when CP was also present. Similarly, among babies with CP, 40% were severe
(complete cleft of the secondary palate) in the absence of CL, compared with
93% when CL was also present. Girls were more likely to have severe clefts, as
were patients who had other types of congenital anomalies. Although cleft lip
was more frequent on the left side, clefts were not more severe on the left side.
In bilateral CL, the severity was similar on both sides (Sivertsen et al., 2008a).

In combined data from European registries for 1995-1999, 3.5% of babies
with CL/P were stillborn and 9.4% were from terminated pregnancies;
respective proportions for isolated CP were 2.4% and 8.1% (Mossey et al.,
2009). No consistent seasonal patterns in birth prevalence of either defect have
been recorded (Fraser & Gwyn, 1998).

Oral clefts have one of the highest rates of familial recurrence among all
birth defects (Lie et al., 2001). The relative risk for siblings (As), defined as the
prevalence in siblings of an affected individual divided by the normal
population prevalence, is 30 to 40 times higher; and there is a 2-5% increased
risk for first degree relatives of affected individuals (Lidral & Moreno, 2005;
Grosen et al., 2010). In a large cohort-based study, the relative recurrence risk
was 32 for CL/P and 56 for CP among first degree relatives, suggesting a larger
genetic component for CP. The risk of clefts was similar among the children of
affected fathers, the children of affected mothers, and the full siblings of
affected cases. It was suggested that autosomal fetal genes make the major
contribution to risk of recurrence, with little additional contribution from
heritable aspects of the maternal phenotype (Sivertsen et al., 2008b). More
important, anatomical severity does have an effect on recurrence in first degree
relatives and the type of cleft is predictive of the recurrence type. Individuals
affected by the most severe form — bilateral CLP — have a significantly higher
recurrence risk among both offspring and siblings compared to unilateral CLP.
Recurrence risks for siblings in families with one proband have shown a
consistent pattern of recurrence specificity — CLP families have a recurrence of
CLP in >95% of cleft recurrences and CP families have CP in ~95% of cleft
recurrences (Grosen et al., 2010).
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1.1.3. Gene discovery in nonsyndromic clefts

The Online Mendelian Inheritance in Man catalog (OMIM) lists more than 400
syndromes known to have clefts of the lip and/or palate as an associated feature.
The proportion of orofacial clefts associated with specific syndromes is between
5% and 7% (Tolarova & Cervenka, 1998). Genetic causes of clefting also
include chromosomal rearrangements, genetic susceptibility to environmental
and teratogenic exposures, and complex genetic contributions of multiple genes
(Lidral & Murray, 2004). It has been estimated that around 30% of all CL/P
cases and around 50% of CP cases occur in the context of an underlying
malformation syndrome (Murray, 2002). In a report of almost 4000 patients
with cleft palate from European populations, 55% of cases were classified as
isolated, 18% were recorded in association with other congenital anomalies, and
27% were described as syndromic cases (Calzolari et al., 2004). In a report of
more than 5000 patients with cleft lip with or without cleft palate, 71% of cases
were isolated and 29% were seen in association with other anomalies (Calzolari
et al., 2007).

Nonsyndromic cases of both CL/P and CP are considered to have a
multifactorial etiology, which involves both genetic and environmental factors.
Evidence for a genetic component in CL/P has been obtained from studies of
familial recurrence, which indicate that the relative risk for siblings is 30—40
times higher than the average population risk (Mangold et al., 2009). A
segregation analysis of familial recurrence patterns has estimated that 3-14
multiplicatively interacting genes may be involved the etiology of non-
syndromic CL/P (Schliekelmann & Slatkin, 2002). The high familial aggre-
gation rates and greatly increased concordance rates in monozygotic twin pairs
than in dizygotic pairs provide the evidence for a strong genetic component in
CL/P (Stanier & Moore, 2004). Predominance of left-sided clefting and the
male excess among CL/P cases also suggest the importance of genetic
susceptibility (Mossey & Little, 2002). The lack of complete concordance in
monozygotic twins illustrates the importance of environmental factors in the
etiology of CL/P (Cobourne, 2004).

It is generally accepted that cleft lip with or without cleft palate (CL/P) and
cleft palate (CP) have distinct etiology on the basis of different embryonic
timing and epidemiology. However, recent epidemiologic data suggest that cleft
lip only may have unique etiologic features, including strong genetic asso-
ciations, whereas some individuals with cleft palate only show evidence of
subclinical cleft lip (Harville et al., 2005; Rahimov et al., 2008; Weinberg et al.,
2008). Nevertheless, this broad division of anatomical defects is consistent with
the distinct developmental origins of the lip/primary palate versus the secondary
palate. Furthermore, separate cellular and genetic etiologies for CL/P and CP
are consistent with the general observation that these two conditions do not
segregate in the same pedigree, although exceptions — referred as “mixed
clefting” — have been reported for families with etiologic mutations in specific
genes (Dixon et al., 2011). Mixed clefting disorders suggest that identical
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mechanisms cause these two forms, which previously had been separated based
on embryologic and genetic evidence (Murray, 2002). Examples of mixed
clefting disorders include /RF6 (van der Woude syndrome) (Kondo et al.,
2002); FGFRI (Kallmann syndrome) (Dodé et al., 2003), TP63 (EEC
syndrome) (Barrow et al., 2002) and MSX1 (orofacial clefts and hereditary tooth
agenesis) (van den Boogaard et al., 2000). The presence of dental anomalies in
some individuals who have mutations in each of these genes suggests that the
same pathways are common to tooth development (Murray & Schutte, 2004). In
addition, CP may also be caused by mechanisms that interfere with palatal shelf
elevation, such as micrognathia, which contribute to the genetic heterogeneity
for CP and are unlikely to be causal for CL/P (Lidral & Murray, 2004). In an
ENU-induced mouse model of nonsyndromic cleft palate that is caused by a
mutation in the zinc finger transcription factor Prdml6, encoding a tran-
scriptional cofactor that regulates TGFf signaling, the cleft palate appears to be
the result of micrognathia and failed palate shelf elevation due to physical
obstruction by the tongue, resembling human Pierre Robin sequence (PRS)-like
cleft of the secondary palate (Bjork et al., 2010).

Variants in genes linked to syndromic forms of orofacial clefts that have a
Mendelian mode of inheritance can also produce phenocopies of isolated clefts,
and the latest data from mouse and human studies have identified several genes
known to underlie Mendelian syndromic forms of clefts as also playing a role in
the etiology of nonsyndromic clefts. These include IRF6 (Zucchero et al.,
2004), MSX1 (Jezewski et al., 2003), FGFRI (Dodé et al., 2003), PVRLI
(CLPED1 - Margarita Island ectodermal dysplasia) (Sozen et al., 2001),
PTCH]I (Gorlin syndrome) (Kimonis et al., 1997), and 7TBX22 (X-linked cleft
palate and ankyloglossia) (Margano et al., 2004). SATB2 has been identified as
an important gene in development of the human secondary palate in a study of
rare balanced chromosomal rearrangements associated with isolated CP
(Fitzpatrick et al., 2003).

To date, genetic approaches to nonsyndromic clefts have included: linkage
analysis using large, multiplex families or smaller but inbred families, or
analysis of affected sibpairs; association studies using case-control samples or
case-parent trios; direct sequencing of DNA samples from affected individuals;
and identification of chromosomal anomalies or microdeletions in cases. These
methods can be applied to candidate genes or genome-wide strategies can be
used, both approaches having advantages and disadvantages, depending mostly
on the underlying genetic mechanisms of the disease, as well as the cost-
effectiveness and limitations in technology. Most studies of nonsyndromic
clefts to date have focused on CL/P rather than isolated cleft palate, possibly
relying on the larger numbers of available cases, easier ascertainment and less
pronounced impact from confounding syndromes (Dixon et al., 2011).

Genome-wide linkage studies have generated several chromosomal
candidate regions for CL/P. Significant linkage has been reported for 16 loci in
a metaanalysis of 13 genome-wide linkage scans in CL/P families: 1p12-ql3,
1932, 2q32-q35, 3p25, 6p23, 6923-q25, 7p12, 8p21, 8q23, 9921, 12pl11, 14g21-
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q24, 15q15, 17921, 18921, and 20q13 (Marazita et al., 2004). The loci on 1p-q,
7p, 8p, 9q, 14q, 20q corresponded with the loci of nominal significance
identified in CL/P families of Central European descent, where suggestive
evidence of linkage was also obtained for the loci 4q21-q26 and 1p31-p21, with
the chromosome 1 locus showing a male-specific genetic effect (Mangold et al.,
2009). Other loci for which significant linkage have also been reported,
including 13q33.1-q34 (Radhakrishna et al., 2006), 18q21.1 (Beiraghi et al.,
2007), and 19p13.12-q12 (Vieira et al., 2008a), but these three were not
replicated (Mangold et al., 2009). Moreover, the 9q21 region surrounding the
FOXE] gene reached genome-wide levels of significance with subsequent fine-
mapping and replication (Marazita et al., 2009; Moreno et al., 2009). A single
genome-wide linkage study of CP in Finnish multiplex families produced
suggestive evidence of linkage for three chromosomal loci and no obvious
overlap was observed with regions implicated in CL/P (Koillinen et al., 2005).

Various genetic polymorphisms have been investigated in population-based
association studies using either family-based or case-control study design. The
choice of candidate genes has traditionally relied on analyses of gene expression
patterns during facial development, cleft phenotype in transgenic or knockout
mouse models, association with syndromic forms of clefting, previous positive
findings in humans, cytogenetic location adjacent to chromosomal anomalies
associated with orofacial cleft phenotypes, and role in xenobiotic or nutritional
pathways to provide biological plausibility for the association. Some gene
products studied are growth factors (e.g., TGFA, TGFB3), transcription factors
(e.g., IRF6, MSX1, TBX22), or factors that play a part in xenobiotic meta-
bolism (e.g., CYP1A1, GSTM1), nutrient metabolism (e.g., MTHFR, RARA —
retinoic acid receptor o), or immune response (e.g., IRF6, PVRL1) (Mossey et
al., 2009). As with candidate gene studies of many complex diseases, repli-
cation is not common, with only /RF6 yielding consistent evidence of
association with nonsyndromic CL/P and this finding has been replicated in
many different populations and ethnic groups (Zucchero et al., 2004; Park et al.,
2007; Birnbaum et al., 2009b; Jugessur et al., 2009). This inconsistency indi-
cates the challenges in searching associations with a relatively rare phenotype
such as nonsyndromic clefting.

Resequencing studies have identified several private missense mutations (i.e.
those seen only in one family) as rare causes of nonsyndromic orofacial clefts,
including TGFB3 (Lidral et al., 1998); MSXI (Jezewski et al., 2003; Vieira et al.,
2005); FOXEI, GLI2, JAG2, LHXS, MSX2, SKI, SPRY2, and TBX10 (Vieira et al.,
2005); PTCHI (Mansilla et al., 2006); PVR and PVRL2 (Warrington et al., 2006);
RYK (Watanabe et al., 2006); FGF's and FGFRs (Riley et al., 2007a; Riley et al.,
2007b), and TBX22 (Margano et al., 2004). The missense mutations reported in the
candidate genes listed above do not clearly segregate in the families and variable
impact on gene expression levels during embryonic development and incomplete
penetrance have been suggested (Vieira et al., 2008b). However, several of the
reported mutations are conserved in other mammals, may disrupt exonic splicing
enhancer sequences, and were not found in between 400 to 2000 control
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chromosomes (Vieira et al., 2005). Missense mutations could affect expression of
the genes during embryonic development, and consequently, cause inability to
inhibit or activate transcription of target genes, which leads to lack of growth due to
insufficient cell proliferation and/or differentiation, and finally, lack of cell adhesion
and/or excess apoptosis leading to failure of fusion. Nonetheless, definitive
evidence regarding the biological consequences of the described mutations is yet to
be unraveled (Vieira et al., 2008b).

Several microdeletions have been recently identified in CL/P families.
Deletions involving CYPIBI, FGFI10, SP8, SUMOI, TBXI, TFAP2A, and
UGT7A41 have been confirmed, including both de novo and familial cases, and
deletions of SUMOI1, TBX1, and TFAP2A were proposed to be etiologic. These
deletions suggest the potential roles of genes or regulatory elements within
deleted regions in the etiology of clefting (Shi et al., 2009). In addition, analysis
of chromosomal anomalies in patients has proven to be a productive route for
the identification or confirmation of CL/P loci, with recent successes for
fibroblast growth factor receptor 2 (FGFR2) and SUMOI (Osoegawa et al.,
2008; Alkuraya et al., 2006).

Whole-exome sequencing has been successful in identifying causative
genetic variants for Mendelian traits, including Miller syndrome (Ng et al.,
2010a) and Kabuki syndrome (Ng et al., 2010b) that can both include cleft
palate, but is as yet to be efficacious for complex and heterogeneous traits such
as nonsyndromic clefts.

Data from direct sequencing, linkage and association studies have affirmed
BMP4 (Suzuki et al., 2009), FGFR2 (Riley et al., 2007a; Osoegawa et al.,
2008), FOXE1 (Moreno et al., 2009; Marazita et al., 2009), MSXI (Vieira et al.,
2003; Suzuki et al., 2004), and MYH9 (Martinelli et al., 2007; Birnbaum et al.,
2009c¢) as genes that seem likely (at least one study with compelling data and
other supportive studies) to be involved in clefts of the lip and/or palate,
whereas CRISPLD?2 (Chiquet et al., 2007), FGF8 (Riley et al., 2007a), GSTT!
(Shi et al., 2007), MTHFR (Mills et al., 2008), PDGFC (Choi et al., 2009),
PVRLI (Avila et al., 2006; Sozen et al., 2009), SUMOI (Shi et al., 2009; Carter
et al., 2010), TGFA (Vieira et al., 2006; Carter et al., 2010), and TGFB3 (Vieira
et al., 2003; Suazo et al., 2010) have been characterized as intensively studied
(multiple studies, no consensus or convincing meta-analysis) clefting genes
(Dixon et al., 2011). However, before GWA studies were introduced in
craniofacial genetics, approximately 25% of the overall contribution of genetic
variants causing CL/P was estimated to be identified, including private
mutations and microdeletions identified in genes potentially involved in clefting
(Vieira, 2008b; Shi et al., 2009).

The first attempts to identify genetic determinants of nonsyndromic cleft
palate have been inconclusive or conflicting, particularly in the earlier
association studies performed in different populations, with only a few
candidate loci being implicated in CP, including TGFA, MSXI, and TGFB3
(Shiang et al., 1993; Shaw et al., 1996, Maestri et al., 1997; Lidral et al., 1998;
Mitchell et al., 2001; Beaty et al., 2002; Hecht et al., 2002). This inconsistency
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could have been caused mostly by inadequate power and genetic heterogeneity.
However, recent years have witnessed considerable success in the mapping of
loci for nonsyndromic CP, with additional genes to include 7BX22, TCOF1I,
FOXEI, and SUMOI (Margano et al., 2004; Pauws et al., 2009; Sull et al.,
2008; Moreno et al., 2009; Carter et al., 2010) among other genes contributing
increased risk for CP.

Genome-wide association studies (GWAS) have successfully identified
hundreds of genetic risk factors predisposing individuals to many common
complex diseases. Likewise, findings from recent GWA studies have
significantly improved our understanding of genes and pathways that contribute
to the etiology of nonsyndromic CL/P. The first GWAS conducted in German
case-control sample reported a major susceptibility locus (rs987525) on
chromosome 8q24.21 and confirmed the impact of /RF'6, which had previously
been identified in candidate gene studies (Birnbaum et al., 2009a). This
association was independently confirmed in a sample of European-American
cases and controls (Grant et al., 2009). Two additional susceptibility loci that
achieved genome-wide significance were subsequently identified at chromo-
somes 10g25.3 (closest gene VAXI1 — ventral anterior homeobox 1) and 17q22
(closest gene NOG — noggin) using an extended German GWAS sample and a
replication sample of mixed European origin (Mangold et al., 2010). The most
recent GWAS which included case-parent trios from multiple populations
confirmed the /RF6 findings and replicated the chromosome 8q24 and 10925
associations (Beaty et al., 2010). Interestingly, in this GENEVA Cleft Con-
sortium study, the level of statistical significance for rs987525 was much higher
among case-parent trios of European ancestry than among those of Asian
ancestry, whereas the evidence for linkage and association for markers in /RF6
was much stronger in trios of Asian ancestry. The GENEVA study identified
two additional loci (near MAFB on 1q22.1 and ABCA4 on 20ql2) not
previously associated with CL/P that attained genome-wide significance with
stronger signals in Asian compared to European populations (Beaty et al.,
2010). These findings suggest that there are multiple genetic variants in-
fluencing risk of CL/P and also that some of these genes may be differentially
tagged by polymorphic markers in a population-specific manner, where some
putative causal genes or loci have been identified and confirmed in most
populations (e.g., IRF6), whereas others (e.g., 8q24, MAFB and ABCA4) seem
to be more population-specific, which could reflect variable coverage by
available marker panels or true allelic heterogeneity (Dixon et al., 2011).
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l.1.4. Environmental and lifestyle risk factors

Epidemiological and experimental data suggest that environmental risk factors
might be important in the development of cleft lip and palate, and maternal
exposure to tobacco smoke, alcohol, poor nutrition, occupational hazards,
infection, medicinal drugs, and teratogens in early pregnancy have all been
investigated (Mossey et al., 2009). The relatively high familial recurrence rates
among orofacial clefts are likely not only because of shared genetic factors but
also as a result of shared environmental factors (Hayes et al., 2002). Large
prospective cohort studies are required to be effective in the identification of
environmental triggers contributing to clefting and studies of gene-environment
interaction. Moreover, the identification of environmental risks, particularly if
they can be personalized with genetic covariates, provides the best short-term
opportunities for prevention (Dixon et al., 2011).

Maternal smoking during pregnancy has been linked consistently with
increased risk of having a child with orofacial cleft (Little et al., 2002; Shi et al.,
2007; Shi et al., 2008). This association might be underestimated because
passive exposure to smoke has not been assessed in most studies (Mossey et al.,
2009). Population attributable risk calculations suggest that maternal smoking
contributes to 4% of the total cleft lip and palate cases and 12% of bilateral cleft
lip and palate cases (Honein et al., 2007). Maternal smoking has been associated
with increased risk of both CL/P and isolated CP, and meta-analysis on the
effects of smoking indicates a moderately increased relative risk for having
CL/P of 1.34 and for having CP of 1.22 among offspring of mothers who smoke
(Little et al., 2002).

Maternal alcohol consumption has also been suggested as a risk factor for
orofacial clefts, but the evidence has been more inconsistent, with positive
associations reported in some studies (Chevrier et al., 2005; Bille et al., 2007) but
not others (Meyer et al., 2003; Romitti et al., 2007). A recent study suggests that
‘binge’ drinking patterns (high doses of alcohol in short periods of time) increase
risk of infant oral clefts (DeRoo et al., 2008). Social and dietary contexts of
alcohol consumption are varied and complex and can include modifying or
confounding effects of nutrition, smoking, or drug use (Mossey et al., 2009).

Maternal nutrition has also been implicated as one of the environmental
factors that may have a role in clefting. In most studies, maternal use of
multivitamin supplements in early pregnancy has been linked to decreased risk
of orofacial clefts; in a meta-analysis, multivitamin use was associated with a
25% reduction in birth prevalence of orofacial clefts (Johnson & Little, 2008).
Folate deficiency has also been suggested to influence risk of CL/P, based on
both observational studies and interventional trials using folate supplementation
to prevent recurrences of CL/P in families (Wehby & Murray, 2010). Folate
antagonists are associated with increased risk of orofacial clefts in people
(Hernandez-Diaz et al., 2000). Folic acid supplements appear to reduce the risk
of a baby having cleft lip and palate by about a third, but with no apparent
effects on CP (Wilcox et al., 2007). Findings of case-control studies focusing
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on multivitamin supplements containing folic acid, maternal dietary folate
intake, and plasma folate have been inconsistent (van Rooij et al., 2004;
Badovinac et al., 2007; Little et al., 2008a,b). Furthermore, food fortification
programs using folic acid have shown evidence suggesting a decline in the birth
prevalence rates of clefting in some (Canfield et al., 2005; Yazdy et al., 2007),
but not all studies (Lopez-Camelo et al., 2010).

Raised serum concentrations of homocysteine in mothers of infants with
both CL/P and CP have been reported (Wong et al., 1999). Moreover, vitamin
B6 (pyridoxine) acts as a cofactor in homocysteine metabolism and biomarkers
of vitamin B6 deficiency were associated with increased risk of orofacial clefts
(Wong et al., 1999; Munger et al., 2004).

Zinc is important in fetal development, and lower concentrations of zinc in
erythrocytes were observed in mothers of children with both CL/P and CP
compared to mothers of children without clefts (Krapels et al., 2004). Likewise,
zinc deficiency may increase risk of oral clefts in populations in which zinc
status is highly compromised (Munger et al., 2009). There are also some data to
support roles for vitamin A (Rothman et al., 1995) and cholesterol deficiency
(Porter, 2006) in facial clefting.

In addition, rare exposures to some specific teratogens — including anti-
convulsants (phenytoin, valproic acid), thalidomide, environmental estrogens or
dioxins, ionizing radiation, retinoic acid — can cause orofacial clefts. The
importance of such exposures is that they can suggest metabolic pathways
whose disruption may play a role in the development of CL/P (Murray, 2002).
Positive associations with maternal corticosteroid use in pregnancy have been
reported (Park-Wyllie et al., 2000). Excessive vitamin A is well-known to be
teratogenic (Rothman et al., 1995). Interestingly, an increased total vitamin A
intake from food and supplements was shown to reduce the risk of cleft palate
alone by 53% (Johansen et al., 2008). Anticonvulsant drugs increase risk of
these birth defects (Shaw et al., 1995). Recently, evidence of association with
cleft palate has been reported for valproic acid therapy (Jentink et al., 2010).

Besides nutrients and toxins, other environmental exposures could play a
part in development of orofacial clefts. Maternal diabetes is associated with an
increased risk of orofacial clefts (Spilson et al., 2001). In addition, maternal
obesity in early pregnancy has been reported to be associated with an increased
risk to have orofacial clefts in the offspring (Cedergren & Kéillén, 2005).
Maternal occupational exposure to organic solvents and parental exposure to
agricultural chemicals have been associated inconsistently with both CL/P and
CP (Shaw et al., 2003; Garcia, 1998). Interferon regulatory transcription factors
are activated after viral infection and association of /RF6 with clefts raises the
possibility that viral infection in the first trimester of pregnancy may enhance
risk of a cleft (Acs et al., 2005). Nevertheless, there is no consensus yet on the
harmful effects of environmental factors on orofacial clefting, and prospective
studies in large cohorts may be required to determine these effects taking into
account that many exposures apparently have both identifiable and un-
identifiable coincident risks (Dixon et al., 2011).
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I1.1.5. Gene-environment interaction

Investigation of gene-environment interaction is important for better estimation
of the main effects of genes and/or likely impact of environmental factors, and
to improve our understanding of causal mechanisms and pathogenesis. Several
studies have investigated many potential interactions of a range of common
environmental factors, such as cigarette smoking, alcohol intake, multivitamin/
folic acid supplementation and the use of medication.

Maternal smoking and folic acid intake are the two main factors that appear
to modify genetic risks for cleft lip and palate. The increased risk resulting from
exposure to maternal smoking during the periconceptual period raises the
possibility that deficiencies in detoxification pathways and genes in certain
metabolic pathways may have a role in the development of CL/P (Dixon et al.,
2011). Interaction between maternal smoking and fetal inheritance of a GSTTI-
null deletion was shown to be significant in two independent CL/P samples (Shi
et al., 2007). In a meta-analysis, interaction between maternal smoking and the
infant’s genotype at the Taql marker in TGFA was reported to increase risk for
CP, whereas among nonsmoking mothers such increased risk for CP was not
observed. TGFA genotype in offspring did not increase risk to have CL/P,
regardless of maternal smoking status (Zeiger et al., 2005). Moreover, markers
in the NAT1 and NOS3 genes appear to influence risk of CL/P in the presence of
maternal smoking (Lammer et al., 2004; Zhu et al., 2009). Smoking has also
been recently associated with a joint risk with variants in /RF'6, and the same
study reported interactions between multivitamins and /RF6 variants (Wu et al.,
2010). Investigations with polymorphisms in genes involved in the phases I
(CYP1A41 and EPHXTI) and II (GSTM1, GSTT1, and NAT2) detoxification path-
ways considered as genetic modifiers of smoking effects remain preliminary
(Hartsfield et al., 2001; van Rooij et al., 2001; Lammer et al., 2004).

The observation that drinking high doses of alcohol in short periods of time
will increase risk of orofacial clefts has been supported by association with
variation in the alcohol dehydrogenase ADHIC gene (Boyles et al., 2010).

Genetic variants in TGFA, TGFB3 and MSX1 genes have been investigated for
interactions with environmental risk factors such as smoking, alcohol consumption
and vitamin supplements (Shaw et al., 1998; Christensen et al., 1999; Romitti et al.,
1999; Mitchell et al., 2001; Beaty et al., 2002). In addition, interactions between
polymorphisms in RARA and maternal vitamin A intake (Mitchell et al., 2003),
polymorphisms in genes affecting folate and vitamin A metabolism (e.g., MTHFR,
MTR, SLC1941, CBS, FOLHI, TGFBR2) and maternal folate intake (Jugessur et
al., 2003; Chevrier et al., 2007; Little et al., 2008a; Boyles et al., 2009), and
polymorphisms in N-acetyltransferase genes and maternal medicinal drug use (van
Rooij et al., 2002) have been studied. However, findings from these studies have
been inconclusive. The possible reasons for uncertainty include: low statistical
power to detect or exclude interaction; differences between studies in the
individuals who have been genotyped (e.g., mother alone or with infant); research
confined to populations in a few industrialized countries; and non-existent
replication in other studies (Mossey et al., 2009).
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1.2. Large-scale association studies of complex traits
1.2.1. Consensus, challenges and considerations

Genetic association studies analyze phenotypes (discrete or continuous traits)
and genotypes among sample of individuals in order to identify relationships
between DNA sequence variation and disease predisposition. Most common
human diseases have a polygenic pattern of inheritance where multiple
combinations of low-penetrance DNA sequence variants at many genetic loci
are interacting with environmental exposures and lifestyle risk factors. A major
drawback lies in the analysis of patients with heterogeneous etiology, since this
decreases the chances of finding genuine gene-phenotype correlations, and an
interplay of phenotypic and genetic heterogeneity may severely complicate the
discovery of the true disease-causing variants. Numerous studies of non-
syndromic clefts have favored a multifactorial model of inheritance in which
genetic risk factors of modest individual effect size interact with environmental
covariates, and therefore, identifying the key genes in human CL/P represents a
major challenge.

The past years have witnessed substantial advances in the identification of
low-penetrance, high-frequency susceptibility variants in common complex
diseases, demonstrating the efficiency of case-control association mapping
using sufficiently large sample sizes (thousands of individuals) and sufficiently
dense set of SNP markers (from several hundreds up to hundreds of thousands
of markers in GWA studies), and this approach can be applied to candidate
genes or genome-wide strategies can be used. Hypothesis-driven candidate gene
association studies have been a traditional approach to dissect the genetic basis
of complex traits (Jorgensen et al., 2009). The most comprehensive candidate
gene study in genetics of orofacial clefts included 357 genes related to cranio-
facial development, being selected from published linkage and association
studies on clefts, gene-knockout experiments in mice, extrapolations from the
studies of syndromic forms of clefting, studies of chromosomal rearrangements
in humans, and gene expression analyses in human and mouse embryonic
tissues (Jugessur et al., 2009).

Genome-wide association studies (GWAS), in which several hundred thou-
sands to more than a million SNPs are assayed in thousands of individuals,
represent an important advance compared to candidate gene studies as a powerful
and advantageous tool for detecting genetic variations throughout the human
genome without prior knowledge of genes or underlying biological pathways
potentially linked to the complex disease phenotype. They have been facilitated
by the development of commercial microarrays that capture most, although not
all, common variation in the genome. GWAS are also an important step beyond
family-based linkage studies, in which inheritance patterns are related to several
hundreds to thousands of genomic markers (Manolio et al., 2009).

GWA studies have successfully identified more than 600 genetic risk
variants predisposing individuals to many common complex diseases (Hindorff
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et al., 2009). Most common DNA variants individually or in combination confer
relatively small increments in risk (1.1-1.5-fold) and explain only a small
proportion of heritability — the component of phenotypic variance in a po-
pulation attributable to additive genetic factors (Altshuler et al., 2008; Manolio
et al.,, 2009). Many explanations for this missing heritability have been
suggested, including much larger numbers of variants of smaller effect yet to be
found; rarer variants (possibly with substantial effect sizes) that are poorly
detected by available genotyping arrays that focus on variants present in 5% or
more of the population; structural variants poorly captured by existing arrays;
low power to detect gene-gene interactions; and inadequate accounting for
shared environment among relatives (Manolio et al., 2009). This tenders a
challenge for genetic studies of individual risk alleles because achieving suffi-
cient statistical power in a genetic association study requires large case-control
samples comprising of thousands individuals. The problem is amplified in
patients of diverse ancestry and for clinically relevant endophenotypes within a
given disease because creating subsets of patients further reduces sample size.

In a meta-analysis using 183,727 individuals, hundreds of genetic variants in
at least 180 loci were shown to influence adult height, a classic polygenic trait
with an estimated heritability of about 80%. These variants explain only
approximately 10% of the phenotypic variation in height (Lango Allen et al.,
2010). Similarly, an extended GWAS for plasma lipids in 100,000 individuals
has identified 95 loci that collectively explain 10-12% of the total variance,
representing ~25-30% of the genetic variance (Teslovich et al., 2010). In the
case of Crohn’s disease, over 30 significantly associated genomic markers
account for less than 10% of the cumulative genetic variance (Barrett et al.,
2008). There is a strong expectation that additional variance and biological
mechanisms will be explained using complementary approaches that capture
variants not examined in current GWA studies, such as lower frequency
variants and short insertion-deletion polymorphisms. The large number of
described loci reveals patterns with important implications for genetic studies of
common human diseases and traits. Although disease-associated variants occur
more frequently in protein-coding regions than expected from their represen-
tation on genotyping microarrays, in which over-representation of common and
functional variants may introduce analytical biases, the vast majority (>80%) of
associated variants fall outside coding regions, emphasizing the importance of
including both coding and non-coding regions in the search for disease-
associated variants (Hindorff et al., 2009).

GWAS will probably remain an efficient way of investigating the remaining
heritability, because their association signals may well define the genomic
regions where rare variants, structural variants, and other forms of underlying
variation are likely to cluster. Near-term approaches for finding missing heri-
tability which seem to have wide agreement include: use of expanded reference
panels of genomic variation such as 1000 Genomes to enhance coverage of
existing and produce arrays with even more comprehensive coverage for future
GWAS, and to facilitate the investigation of the lower frequency spectrum
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without the need for de novo sequencing; expanding studies to more diverse
diseases (including less common diseases) and including measures of
environmental exposures and more precisely ascertained phenotypes (as needed
to reduce heterogeneity or explore pleiotropic effects); targeted or whole-
genome sequencing in people with extreme phenotypes; mining of existing
GWAS for associations with structural variants and evidence of gene-gene
interactions; improved methods for detection of CNVs and other structural
variants; and expansion of sample sizes for numerous complex diseases through
larger individual studies and meta-analyses, including samples of non-European
ancestry (Manolio et al., 2009).

Most published candidate gene and genome-wide association studies have
featured case-control designs, which raises challenging methodological and study
design issues related to the optimal selection of both case and control samples,
selection of markers, study power, replication and population heterogeneity.

Marker selection. In candidate gene studies, haplotype-based methods
represent the most recent approach to capture most of the common allelic
variation in the regions of interest by applying computational approaches that
improve the detection of associations that are attributable to variants that have
not themselves been directly typed (Carlson et al., 2004; de Bakker et al., 2005).
These methods are based on assumption that correlation between nearby
variants (LD) allows to select the minimum number of informative tagSNPs that
serve as proxies for neighboring variants, thereby substantially reducing the
genotyping costs (Johnson et al., 2001). Traditionally, SNP ascertainment is
performed on data from the reference populations in the International HapMap
Consortium (International HapMap Consortium, 2005). In situations when
haplotype-based analyses reveal evidence for association that exceeds that of
any directly typed SNP in the vicinity, one can invoke either an effect that is
directly attributable to the haplotype (that is, independent causal cis effects at
multiple SNPs) or the explanation that the haplotype tags more efficiently than
any individual genotyped SNP, an as yet untyped etiological variant (McCarthy
et al., 2008). Importantly, the use of such methods is not restricted to samples
drawn from HapMap reference populations (de Bakker et al., 2006).

Power and sample size. Power for studies of allelic association will depend
primarily upon sample size, the effect size of the susceptibility locus, the
strength of LD with a marker, and the frequencies of susceptibility and marker
alleles (Zondervan & Cardon, 2004). In accordance with the results from
candidate gene studies of complex traits, the initial wave of GWA studies has
shown that, with rare exceptions, the effect sizes resulting from common SNP
associations are modest, and that sample sizes in the thousands are essential
because of low power to detect associations (McCarthy et al., 2008). Moreover,
a single locus can harbor both common variants of weak effect and rare variants
of large effect (Altshuler et al., 2008). Although family-based association
methods provide a robust strategy for dealing with stratification as a merit in
comparison with case-control study design, this typically results in the cost of
reduced power (Laird et al., 2006).
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Replication and heterogeneity. An appreciation of power and sample size is
crucial to the design and interpretation of appropriate replication studies.
Underpowered studies cannot confirm or refute the original finding, and may
generate misleading inferences when considered in isolation. However, combi-
nations of such studies might be of value provided that all suitable studies have
been included (McCarthy et al., 2008). Calculations made about the required
sample size for subsequent replication studies have to account for the so-called
‘winner’s curse’ effect, whereby the original study yielding associations that pass
desired thresholds of statistical significance will typically overestimate the true
effect size (Zollner & Pritchard, 2007). The predictive ability of the described
associations and the estimate of the risk variance explained by the associations are
also inflated, and the magnitude of the winner’s curse is inversely related to the
power of the study. For small effects, even large meta-analyses could be largely
underpowered and emerging associations could be considerably inflated. For rare
variants, the power can be <1%, and therefore associations that are discovered for
rare variants will have extremely inflated effects and the true effect size should
await further replication (Ioannidis et al., 2009).

If well-performed replication studies confirm the original findings, then the
evidence in favor of true association is enhanced. When even the well-powered
replication studies indicate that there is genuine divergence between the effect
size estimates, then there are two possible explanations: either the original finding
was wrong, or the discrepancies between findings are attributable to some source
of heterogeneity (loannidis et al., 2007). There are several potential causes of
heterogeneity: it includes variable patterns of LD between the genotyped SNP and
untyped causal alleles (although this is unlikely if the samples are of similar
ancestry); differences in the distribution, frequency or effect size of the causal
alleles at a given locus (possibly due to drift or selection, or differences in case
ascertainment); and the impact of non-additive interactions with other genetic
variants or environmental exposures (McCarthy et al., 2008).

Association studies can be confounded by population stratification, in which
case misleading results can arise if individuals selected as disease cases have
different ancestry than healthy controls (Price et al., 2008). In this context,
population stratification refers to the significant differences in allele frequencies
between cases and controls caused by the systematic ancestry differences across
subpopulations within study population rather than by genuine association of
gene(s) with the disease (Marchini et al., 2004). The propensity for latent
population substructure (population stratification and cryptic relatedness) is
related to the inflated type I error rate and generates spurious associations around
variants that are informative for that substructure (Voight & Pritchard, 2005;
Price et al., 2006). The importance of recognizing and adjusting for population
structure is amplified when population controls are not closely matched to cases,
but as long as cases and controls are well matched for broad ethnic background,
and measures are taken to identify and exclude individuals whose GWA data
reveal substantial differences in genetic background, the impact of residual
substructure on type I error seems modest (McCarthy et al., 2008).
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Population substructure can be explored and ascertained using a variety of
algorithms that apply principal component analysis (Price et al., 2006) or non-
hierarchical cluster analysis based on allele frequencies in individuals and
groups (Pritchard et al., 2000). In contrast to other multi-locus adjustments such
as genomic control method (Devlin et al., 2001), where correction for strati-
fication is performed using an uniform overall inflation factor A to adjust
association statistics at each marker, these newer approaches take into account
that some SNPs have large variations in allele frequencies across different
ancestral populations. Multidimensional scaling (MDS) analysis based upon
genome-wide identity-by-state (IBS) distances is also frequently used for
population stratification visualization. With the recent availability of the vast
amount of the genome-wide data, PCA and MDS methodologies have become
increasingly popular in exploring the actual extent and relevance of genetic
differences between populations because they are computationally less
intensive and have higher discriminatory power than Bayesian analysis for
closely related (e.g. European) populations (Li & Yu, 2008).

1.2.1. European genetic structure map

Differences in population genetic structure and substructure between cases and
controls can miss real effects or lead to false positive association findings in
large multicenter studies, which might inadvertently include some individuals
with substantial but undetected levels of admixture (Marchini et al., 2004;
Clayton et al., 2005). Disease prevalences often vary depending on geographic
and ethnic origin (e.g. nonsyndromic CL/P), and allele frequencies of genetic
variants (possibly) contributing to disease risk may differ widely in populations
with different ancestries all over the world, and consequently, such variants may
falsely appear to be related to disease. Therefore, it is important that ancestry
differences — corresponding to ethnic groups — for study participants must be
recognized prior to data analysis to disregard such erroneously positive
associations with a trait.

Genotyping of hundreds of thousands autosomal markers in human genome
has allowed the construction of genetic structure maps of populations that
correlate partially with geographical maps. Since most association studies have
focused on populations of European descent, the potential impact of European
genetic substructure on association testing has particularly elicited interest. The
studies in Americans of European descent have identified a clear gradient from
northwest to southeast across Europe (Bauchet et al., 2007; Price et al., 2008;
Tian et al., 2008). Additionally, the study discerning the ancestry of European
Americans demonstrated that a small validated panel of ancestry-informative
markers can reliably distinguish three clusters of individuals, which roughly
correspond to northwest European, southeast European and Ashkenazi
Jewish ancestry, permitting sufficient correction for most of the population
stratification affecting genetic association studies (Price et al., 2008). These
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findings were further extended in larger samples of individuals from multiple
European populations (Lao et al., 2008; Novembre et al., 2008).

In a recent study aiming at the construction of a European-wide genetic map,
Estonians, Latvians and Lithuanians were included for the first time among
3112 individuals comprising 19 different samples across 16 European countries
(Nelis et al., 2009). Principal component analysis of more than 270,000 SNPs
yielded a genetic structure map of Europe in which two first components of
variation highlighted genetic diversity corresponding to a northwestern-
southeastern gradient, and suggested that geographically adjacent populations
overlap partly, forming a triangular structure with four distinct subgroups across
Europe, with Central and Western European populations in its centre and
Estonians, Latvians and Lithuanians clustering closely within one distinct
region according to their geographic origin (Figure 4). These results allowed
making conclusions that combining genotype data from neighboring
populations is a relevant approach in large-scale association studies, and for
example, data from the Baltic countries may be analyzed together with Western
Russia and Poland because of their genetic similarity. Moreover, the results
demonstrated that Estonian samples can be analyzed with most other European
samples, except genetic isolates and southernmost Europeans, without
significant loss of power (Nelis et al., 2009).

o
(-9
# Austria #Bulgaria A CzechRepublic
@ Estonia K Finland (Helsinki) =Finland (Kuusamo)
@ France ¥ Morthern Germany =Southern Germany
Hungary A MNorthern Italy +Southern Italy
# Latvia = Lithuania - Poland
4 Russia +Spain Sweden
= Switzerland

Figure 4. European genetic structure map as revealed by PC analysis performed on data
from 273,464 SNPs (Nelis et al., 2009).
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In summary, these studies provided further insights into European population
genetic substructure and emphasize the importance of correction for
stratification in determining genetic risk factors for complex diseases, and show
that this approach can be applied for diminishing error rates in association
testing of candidate genes and also in replication studies of genome-wide
association scans.
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2. MATERIALS AND METHODS

2.1. Study population

The entire study sample (Ref. I, II and III) consisted of 1010 individuals from
Estonian, Latvian, and Lithuanian population. The subjects included 300
patients with nonsyndromic CL/P (66 patients with cleft lip and 234 patients
with cleft lip and palate) and 104 patients with nonsyndromic cleft palate (CP).
All 404 probands were clinically assessed by an experienced medical geneticist
to identify anomalies suggestive of underlying syndromes known to be
associated with any type of orofacial clefting. Patients with confirmed mono-
genic syndrome or chromosomal aberrations, associated malformations, and
mental retardation were excluded from the study. The control sample was
comprised of 606 unaffected unrelated individuals (268 males and 338 females)
without a family history of clefting, collected as randomly selected population-
based controls.

Ethical approvals for the study were obtained from the Ethics Review
Committee on Human Research of the University of Tartu, the Central Medical
Ethics Committee of Latvia, and the Lithuanian Bioethics Committee. All
individuals gave written informed consent for participation in the study. In the
case of patients who were under 18 years of age, consent was obtained from
their parents.

Estonian patients (Ref. I, I and III)

The subjects included 153 patients (74 males and 79 females): 100 patients with
CL/P (58 males and 42 females) and 53 patients with CP (16 males and 37
females). Patients were recruited from surgical clinics in North Estonia Medical
Centre, Tallinn, and Tartu University Hospital.

Estonian patients (Ref. IV and V)

The subjects included 163 patients with nonsyndromic oral clefts: 105 patients
with CL/P (62 males and 43 females) and 58 patients with cleft palate (15 males
and 43 females). Additional patients were recruited from North Estonia Medical
Centre, Tallinn.

Latvian and Lithuanian patients (Ref. II and IIT)

The Latvian subjects included 32 patients with CP (19 males and 13 females)
and 108 patients with CL/P (62 males and 46 females). The Lithuanian subjects
included 19 patients with CP (9 males and 10 females) and 92 patients with
CL/P (59 males and 33 females). Latvian patients were recruited from the Riga
Cleft Lip and Palate Centre, Institute of Stomatology, Riga Stradins University.
Lithuanian patients were recruited from the Center for Medical Genetics,
Vilnius University Hospital Santariskiy Klinikos in collaboration with the
largest orthodontic clinics in Lithuania.
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Estonian controls (Ref. I, IT and IIT)
Estonian controls (N=205) were selected from the Biobank of the Estonian
Genome Center, University of Tartu (www.geenivaramu.ee), representing a
random selection made proportionally from each of the 15 Estonian counties
and with an equal male-to-female ratio.

Estonian controls (Ref. IV and V)

The population-based control sample was comprised of 254 unrelated
individuals (Ref. V) and 1023 (including 254 individuals from Ref. V) unrelated
individuals (Ref. 1V) selected from the Biobank of the Estonian Genome
Center, University of Tartu (www.geenivaramu.ee). These individuals represent
a random selection made proportionally from each of the 15 Estonian counties
with an equal male-to-female ratio.

Latvian and Lithuanian controls (Ref. I, II and III)

The Latvian control group consisted of 182 randomly selected individuals
collected at the Latvian Biomedical Research and Study Center within the
framework of the national project “Genome Database of Latvian Population”.
The Lithuanian control group consisted of 219 individuals selected from six
ethnolinguistic groups of Lithuania with an equal male-to-female ratio.

Lithuanian patients and controls (Ref. IV and V)

The Lithuanian patients sample was comprised of 112 patients with CL/P. The
population-based control sample consisted of 244 unrelated individuals selected
from six ethnolinguistic groups with an equal male-to-female ratio.

2.2. Candidate genes and polymorphisms

40 candidate genes were selected on the basis of previously published findings
from association and linkage studies on nonsyndromic orofacial clefts, gene
expression patterns during craniofacial development, cleft phenotype in
knockout or transgenic mouse models, genes that underlie Mendelian syndro-
mic forms of clefting, and studies of chromosomal rearrangements associated
with orofacial cleft phenotypes in humans.

The selected genes are encoding for a variety of molecules implicated in
craniofacial morphogenesis: transcription factors (e.g. IRF6, MSXI, TBX22,
LHXS), growth factors and their receptors (FGFI, FGF2, FGFRI, TGFA,
TGFB3), polarizing signals (BMP2, BMP4, SMAD2, SMAD4, WNT genes) and
cell adhesion molecules (PVRLI, PVRL?2), and extracellular matrix molecules
(COL11A41, COL11A2, COL2A1, FNI1, MMP2, MMP3, MMP9, MMP13, TIMP2).
Haplotype-tagging SNPs were selected to capture all the SNPs with minor allele
frequencies (MAF) > 0.05 and /* > 0.8 in the regions of interest based on the
HapMap Phase II data (Release #21a, Jan 2007; http://www.hapmap.org/
cgi-perl/gbrowse/hapmap B35/), using HapMap CEU as a reference population.
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Multiple SNPs were selected for each gene, including 10-20 kb of both
upstream and downstream genomic sequences. A list of selected genes and the
number of genotyped SNPs (per gene) which were included in association
analysis in Baltic clefting samples (both CP and CL/P) are shown in Table 1.

Table 1. Candidate genes & loci included in the Baltic clefting genetics study

Gene Chromosome Genotyped SNPs Genotyped SNPs
CP sample CLP sample

MTHFR 1p36.3 9 8
LHXS 1p31.1 9 9
COL11A1 1p21 42 42
SKI 1q22-q24 19 19
IRF6 1q32.3-g41 10 10
TGFA 2p13 36 35
FNI 2q34 27 27
MSX1 4p16.3-p16.1 15 15
FGF2 4q26-q27 18 18
FGF1 5q31 31 31
MSX2 5q34-q35 6 6
EDNI 6p24.1 15 15
COLI1142 6p21.3 19 19
FGFRI 8pl1.2-pll.1 11 11
FOXEI 9922 4 4
TBX10 11ql13.2 10 10
MMP3 11g22.3 5 5
MMPI13 11922.3 19 19
PVRLI 11923.3 17 17
COL241 12q13.11 32 32
BMP4 14q22-q23 4 4
TGFB3 14q24 8 8
JAG?2 14q32 11 11
MMP25 16p13.3 6 6
MMP2 16q13-q21 20 20
CDHI 16g22.1 13 13
RARA 17q21 4 4
WNT3 17921 16 16
WNT9B 17q21 11 11
TIMP?2 17925 25 25
‘OFCII’ 18q21* 25 25
BCL3 19q13.1-q13.2 3 2
PVRL2 19q13.2 12 12
CLPTMI 19q13.2-q13.3" 7 7
BMP?2 20p12 25 25
MMPY 20q11.2-q13.1 6 5
TIMP3 22ql12.3 36 36
TBX22 Xg21.1 5 5

* linkage locus (Beiraghi et al., 2007); includes SMAD2 and SMAD4 genes
® includes APOC?2 gene
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In a GWAS replication study, six susceptibility loci no previously associated
with CL/P (8q24.21, 17q22, 10g25.3, 13q31.1, 15q13.3, and 2p21) which were
reported in a first GWAS conducted in a German and a mixed European sample
(Birnbaum et al., 2009; Mangold et al., 2010) were investigated. The six most
significantly associated SNPs (rs987525, rs227731, rs7078160, rs7590268,
rs9574565, and rs1258763) in these loci were genotyped in CL/P patients and
unrelated controls from Estonia and Lithuania.

2.3. Genotyping

Genomic DNA was extracted from peripheral blood lymphocytes according to
standard high-salt extraction (Estonian sample) or phenol-chloroform methods
(Latvian and Lithuanian samples) methods. SNP genotyping in a Baltic sample
was performed according to the principles of an arrayed primer extension-based
genotyping method (APEX-2). This method allows multiplex DNA amplifi-
cation and detection of SNPs on microarrays via four-color single-base primer
extension (Krjutskov et al., 2008).

In a GWAS replication study, genotyping in the Estonian and Lithuanian
patients and controls was performed using genomic DNA that had been isolated
from peripheral blood lymphocytes according to standard procedures. The
Sequenom MALDI-TOF mass-spectrometer (MassArray® system) was used for
genotyping and the data were analysed using the Spectrodesigner Software
package (Sequenom™, San Diego, CA). Three distinct clusters were analyzed
with the Sequenom™ Typer Analyzer 4.0.1 software. Genotyping for SNP
rs987525 was conducted in 1023 Estonian population-based controls using the
[llumina HumanHap370CNV-Duo BeadChip according to the Infinium II
protocol from Illumina (Illumina) in the Estonian Genome Center core facility
(www.geenivaramu.ee).

2.4. Statistical analysis

All markers were tested for Hardy-Weinberg equilibrium in controls and
affected individuals using a chi-square test for genotype proportions. LD
measures were calculated and the haplotype blocks were defined using the
confidence interval method, and haplotype frequencies were estimated with
Haploview version 4.1 software. Association analyses were performed with
SNPs which met the quality control (QC) criteria (MAF > 1% in controls,
genotype call rate > 95%, individual missingness < 0.10, HWE P > 0.001)
adopted for the study. The alleles at each marker were tested for association
separately for both clefting phenotypes: first, only individuals with CL/P were
compared with controls; and, second, only individuals with CP were compared
with controls. Allele frequency differences between cleft patients and control
subjects were compared for each SNP by employing a standard y’-test with one
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degree of freedom. Allelic odds ratios (ORs) and 95% confidence intervals
(CIs) were estimated assuming a multiplicative model. The level of statistical
significance was set at o = 0.05 for nominal association. Haplotype-phenotype
association tests were performed with the standard y-test. Multiplicative
interactions between two SNPs were tested using SNP x SNP epistasis analysis
by assuming a general model. Statistical analyses were conducted using PLINK
version 1.06 software (Purcell et al., 2007). Power analysis was performed with
CaTS Power Calculator (http://www.sph.umich.edu/csg/abecasis/CaTS/) under
a multiplicative model.

In a GWAS replication study, statistical analysis was performed using SAS
software (version 9.1). The standard y-test was used to test for deviations from
Hardy-Weinberg equilibrium and the Cochran-Armitage trend test was
performed to compare genotype distributions between cases and controls.
Population attributable risk (PAR) was calculated for rs987525 as (K — 1)/K,
where K =c; -y, + ¢1 - w1 + ¢, ¢ 1s the population frequency of the 7 genotype,
and y; is the estimated genotype relative risk of the i genotype (Birnbaum et al.,
2009).
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3. RESULTS

3.1 Association analysis
in Estonian clefting sample (Ref. I)

A total of 176 SNPs in 18 candidate genes related to orofacial clefting
(MTHFR, IRF6, SKI, MSX1, MSX2, EDN1, FOXEI, TBX10, PVRLI, LHXS,
SPRY2, TGFB3, JAG2, RARA, CLPTMI, BCL3, PVRL2, and TBX22) were
analyzed in 153 patients with nonsyndromic oral clefts and 205 unrelated
controls from the Estonian population as a pilot study within the framework of
the Baltic clefting genetics project. The overall genotype call rate was 99.62%
for the CL/P patients sample, 99.8% for the CP patients sample, and 99.72% for
the control sample.

Twenty-six polymorphisms in 10 genes displayed nominal evidence of
association with the CL/P phenotype in our study sample. Table 2 presents all 9
markers with allelic association test P-values below 0.01 (before correction for
multiple testing) in the CL/P case-control sample.

The strongest association with CL/P was found for SNP rs6446693, which is
located ~6 kb upstream of the muscle segment homeobox 1 (MSXI) gene,
where the T allele was associated with an increased risk (OR = 1.934, 95% CI
1.366-2.738; P = 1.82 x 10™*). This association remained statistically significant
after correcting for multiple testing (Bonferroni and FDR; P, = 0.032). The
SNP rs1907998, located ~5 kb upstream of MSXI, was significantly associated
with CL/P under the assumption of the dominant model of inheritance (P = 8.53
x 107).

Other markers of interest in the CL/P dataset included the MTHFR, SKI,
MSXI, and PVRL?2 loci (Table 2). Among markers in or near the MTHFR and
SKI genes, a variant allele had a protective effect, whereas the variant alleles of
the MSX1 and PVRL2 markers were associated with an increased risk.

There was no evidence of a sex-specific component in the association
between CL/P and the nine markers with the best P-values. The genotype
distributions in male and female cases were similar for these SNPs (P > 0.05).

In the case-control analysis of the CP phenotype, eight common poly-
morphisms in five genes displayed nominal evidence of association in Estonian
sample. Two SNPs showed evidence of an association with the CP phenotype:
rs11624283 in the JAG2 gene (P = 0.0016) and rs1106514 in the MSX! gene (P
=0.0037).

Haplotype analysis

Haplotype analysis was performed with the CL/P dataset only (cases + controls,
N = 305). Case-control analysis was performed for haplotypes constructed from
SNPs within linkage disequilibrium blocks identified in the MSXI, MTHFR,
IRF6, BCL3, TGFB3, PVRL2, EDNI1, JAG2, and TBX10 genes.
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Table 3 presents the results from haplotype-based association analysis within
an LD block at the MTHFR locus for all possible 2- to 5-SNP haplotypes with a
frequency of > 5% among CL/P patients and with P < 0.01. The best results,
with P < 0.01, for common (frequency > 5%) 2- to 4-SNP haplotypes in other
five candidate loci are presented in Table 4.

Table 3. Case-control association analysis of haplotypes in the MTHFR gene

Haplo- — o\p | SNP 2 SNP 3 SNP 4 SNps _frequency -,
type cases controls
11476413 rs1801131 rs1994798 rs4846054 rs17376328
HI C T A T G 0.639 0531 0.0114
H1 * T A T G 0.660 0.541 0.0053
H1 * * A T G 0.660 0.544 0.0063
H2 T G G C * 0215 0324 0.0053
HI C T A * * 0.659 0.536 0.0038
H2 T G G * * 0214 0326 0.0044
H1 * T A T * 0.660 0.541 0.0053
H2 * G G C * 0235 0342  0.0069
HI * * * T G 0.680 0.567 0.0072
HI C T * * * 0.730 0.629 0.0133
H2 T G * * * 0215 0331 0.0030
HI * * T G * 0.660 0.544 0.0063
H2 * * G C * 0.300 0.424 0.0030
HI * T A * * 0.680 0.546 0.0016
H2 * G G * * 0250 0352 0.0106
HI C * A * * 0.658 0.537 0.0045
H2 T * G * * 0213 0327 0.0036
HI C * * T * 0.659 0554 0.0136
H2 T * * C * 0214 0330 0.0029
HI * T * T * 0.664 0.553  0.0089
H2 * G * C * 0234 0346 0.0048

The strongest associations with CL/P in the MTHFR gene were found for
common core (H1) haplotypes such as SNP 1-2-3 CTA (P = 0.0038), SNP 2-3
TA (P =0.0016), and SNP 1-3 CA (P = 0.0045), which were all associated with
higher risk of CL/P. The second most frequent (H2) haplotypes, such as SNP 1-
2-3 TGG (P = 0.0044), SNP 1-2 TG (P = 0.0030), SNP 3-4 GC (P = 0.0030),
SNP 1-3 TG (P = 0.0036), and SNP 1-4 TC (P = 0.0029), were associated with
lower risk of CL/P.
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The strongest haplotype-phenotype associations in other candidate loci were
found for MSXI H2 TG, PVRL2 H3 CA, BCL3 H3 CATA, EDNI H2 CC, and
JAG2 H3 TA haplotypes, which were associated with higher risk of CL/P,
whereas MSXI H1 CA haplotype, with the lowest P-value of 7 x 107, was
associated with a lower risk of CL/P. The P-values obtained from haplotype-
based association analysis performed with markers in MTHFR, BCL3, EDNI,
and JAG2 were lower than analyses using individual SNPs.

Table 4. Case-control association analysis of haplotypes in five candidate genes

Haplo- SNP SNP SNP sNp  _ freduency
type cases  controls
BCL3
rs17728272  rs4803750 rs8100239 rs8103315
H3 C A T A 0.188  0.109  0.0071
H3 C * T A 0.188  0.109  0.0071
MSXI
rs6446693  rs1907998
HIl C A 0444 0590 7x10*
H2 T G 0431 0308  0.0026
EDNI
rs4714384 139471438
H1 T T 0496 0598  0.0179
H2 C C 0388 0278  0.0062
JAG2
rs2056860 rs1022431
H3 T A 0.125  0.061  0.0069
PVRL2
rs519113  rs2075642
H2 G G 0.178 0270  0.0125
H3 C A 0228  0.138  0.0054

The strongest evidence of gene-gene interactions from the SNP x SNP
epistasis analysis of all pairwise combinations between 176 individual SNPs
was found between two unlinked SNPs (rs4803766 and rs3745150) within the
PVRL?2 gene region (P = 4.56 x 10™), between SNP rs8103315 in the BCL3
gene and SNP rs10807242 located ~10 kb upstream of the EDNI gene (P =4.75
x 107, and between SNP rs17389541 located ~8 kb downstream of the /RF6
gene and SNP rs884690 located ~9 kb upstream of the MSX1 gene (P = 7.67 %
10). An interaction between MSX/ and BMP2 revealed a trend towards
significance after Bonferroni correction (P.o, = 0.080).
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3.2. Association analysis
in Baltic cleft palate sample (Ref. Il)

Association analysis of 591 tagSNPs was performed in 104 patients with
nonsyndromic cleft palate and 606 unrelated controls from Estonian, Latvian
and Lithuanian populations. The average genotype call rate for these SNPs was
99.25%.

Table 5 presents all markers with allelic association test P-values below 0.05
(before correction for multiple testing) in the CP case-control sample. Thirty-
five polymorphisms in 17 genes displayed nominal evidence of association with
CP, and 10 out of 35 SNPs had P-values less than 0.01.

The strongest association with CP was found for SNP rs17389541, which is
located ~8 kb upstream of the interferon regulatory factor 6 (/RF'6) gene, where
the T allele was associated with higher risk (OR = 1.726, 95% CI 1.263-2.358;
P = 545 x 10*). This SNP was significantly associated with CP under the
assumption of the recessive model of inheritance (P = 9.87 x 10°°). The A allele
of the SNP rs1793949, located in intron 44 of the collagen type 2 alpha 1
(COL2A1) gene, was also associated with higher risk of CP (OR = 1.596, 95%
CI 1.235-2.229; P = 7.26 x 107*). Associations with these two SNPs did
withstand correction for multiple testing after dividing by the number of genes
analyzed (P = 0.018 and 0.029; respectively).

Other markers of interest included the FGF2, MSXI, FGFRI, WNT3, and
TIMP3 loci (Table 5). In the case of the MSXI, FGFRI, WNT3, and TIMP3
markers, a variant allele was associated with an increased risk, whereas the
variant allele of the FGF2 SNP had a protective effect.

There was no evidence for a sex-specific component in the association
between CP and the 10 markers with the strongest association signals (P <
0.01). The genotype distributions in male and female cases were similar for
these SNPs (P > 0.05).

Haplotype analysis

LD and haplotype analysis were performed with the whole dataset (non-
syndromic CP cases + controls, N = 710). Case-control analysis was performed
for haplotypes constructed from SNPs within LD blocks identified in the /RF6,
COL2A1, COL11A42, MSX1, CLPTM1, BMP2, WNT3, MMP2, FGFI, FGF?2,
FGFRI, EDNI1, JAG2, PVRL2, SKI, TIMP2, and TIMP3 genes. The sliding-
window approach was applied.
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The strongest association with CP was found for the second most frequent
haplotype 1s17389541-rs9430018 GT in the /IRF6 gene (with frequencies of
0.353 in NSCP cases and 0.233 in controls, respectively; P = 2.23 x 107%).
Additionally, multiple haplotypes in the COLI142 and COL2AI genes were
associated with a higher risk of CP. Table 6 presents the results from haplotype-
based association analysis within LD blocks identified at the COL1142 and
COL2A1 loci for multiple 2- to 5-SNP haplotypes with a frequency of > 5% in
CP patients and with P < 0.01.

The lowest P-values were revealed for common core haplotypes CAA in
COL2A1 block 2 (P =5.76 x 10*) and GC in COL1142 block 2 (P =9.85 x 107,
and for the second most frequent (H2) haplotype GC in COL2A1 block 3 (P =
3.68 x 107*). The most frequent (H1) haplotypes in COL2A41 block 3, such as
GG (P =0.0047) and GGA (P = 0.0058), and haplotype CG in COL241 block 2
(P =0.0062) were associated with lower risk of CP.

Table 7 presents the results from haplotype-phenotype association analysis
of common haplotypes with P < 0.01 in the CLPTM1, BMP2, WNT3, MMP?2,
FGFRI, and MSX1 genes.

Table 7. Case-control association analysis of haplotypes in six candidate genes

Haplotype ~ SNP 1 SNP 2 SNP 3 Frequency
cases  controls
CLPTM1
rs5127 rs10413089  rs3760629
H2 T T C 0.301 0.212  0.0045
WNT3 — Block 1
rs199497 rs199496 rs11658976
H2 T G A 0.443 0.339  0.0035
WNT3 — Block 2
rs11653738  1s3933652 rs3933653
H2 C C C 0.407 0.314  0.0087
BMP2
rs7270163 rs1005464 rs235770
H4 G G C 0.084 0.152  0.0094
MMP2
rs837533 rs837535 rs12924764
H2 A A A 0.318 0.232  0.0072
FGFRI
rs7012413 r$6996321 rs7829058
H3 C G G 0.156 0.249  0.0040
Hl C * G 0.517 0.616  0.0073
H3 C * C 0.157 0.095  0.0072
MSX]
rs1106514  rs12501827 *
H1 G C 0.563 0.656  0.0092
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The strongest haplotype-phenotype associations in other candidate loci were
found for WNT3 H2 TGA (P = 0.0035) and CLPTMI H2 TTC (P = 0.0045)
haplotypes, which were associated with higher risk of CP, whereas the FGFRI
H3 CGG haplotype (P = 0.0040) was associated with lower risk of CP. The P-
values obtained from haplotype-based association analyses performed with
IRF6, COL11A2, COL2A41, CLPTM1, WNT3, BMP2, and MMP2 markers were
lower than analyses using individual SNPs.

Gene-gene interaction
The best results from the SNP x SNP epistasis analysis of all pairwise combi-

nations between 591 individual SNPs in Baltic CP sample are presented in
Table 8.

Table 8. SNP x SNP epistasis analysis in Baltic CP sample

Chr Gene SNP1 Chr Gene SNP2 OR P
4 MSXI  rs868257 20 BMP2 15910141 3240 1.296 x 107
5 FGFI1  1s250092 19 PVRL2 1s387976 3.151 1.890 x 107
4 FGF2 151960669 12 COL241 1s6823 0.2825 3.030 x 10°*
2
8

TGFA  rs12328204 17 RARA  rs506728 0.2311 3.200x 10™*

FGFRI 152288696 12 COL241 1s1793958  0.2733 3.239x 10"
12 COL241 1s1635550 16  MMP2 rs11643630 3.020 4.396 x 10
6 COLII1A2 rs213209 14  TGFB3 152205181 2.778  4.468 x 10
4 FGF2 152034461 6 COLIIA2 1s2744507 5289 4.512x107*
9 FOXE1 15973473 14 JAG2 152091918 2218 4.894x 10
1 MTHFR 1s1801131 17 WNT3  1s199497 3.601 5.039x10°
6 COLIIA2 rs2855425 8  FGFRI 156987534 0.4755 5.572x10*
8 FGFRI  1s328300 17 WNT3  rs7218567  2.233 6.287 x10*

The most significant results were found between SNPs rs868257 located ~9
kb upstream of the MSX/ gene and SNP rs910141 located ~7 kb downstream of
the BMP2 gene, SNP rs250092 in the FGF1 gene and SNP rs387976 in the
PVRL?2 gene, and between SNP rs1960669 in the FGF2 gene and SNP rs6823
located ~4 kb downstream of COL2A41 within 3’UTR of the TMEM106C gene.
An interaction between MSX1 and BMP?2 revealed a trend towards significance
after Bonferroni correction (Pco= 0.076).
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3.3. Association analysis
in Baltic CL/P sample (Ref. IlI)

Following quality control, association analysis of 587 tagSNPs was performed
in 300 CL/P patients and 606 unrelated healthy controls from Estonian, Latvian,
and Lithuanian populations. The average genotype call rate for these SNPs was
99.1%. The genomic control inflation factor (Agc) was 1.008 for entire dataset.

All markers with allelic association test P-values below 0.05 (before
correction for multiple testing) in the CL/P case-control sample are presented in
Table 9. Thirty-three polymorphisms in 16 genes reached the nominal signi-
ficance level. The strongest association with CL/P was found for SNP rs34010,
which is located in intron 2 of the fibroblast growth factor 1 (FGFI) gene,
where the T allele was associated with decreased risk (OR = 0.689, 95% CI
0.559-0.849; P = 4.56 x 10™*). The WNT9B rs4968282 minor allele G and the
FOXE] rs7860144 minor allele A were both associated with decreased risk of
CL/P (OR = 0.688, 95% CI 0.548-0.865, P = 0.0013; and OR = 0.723, 95% CI
0.589-0.889, P = 0.0021; respectively). Association with rs34010 did withstand
correction for multiple testing after dividing by the number of independent
SNPs, taken to be equal to the number of haploblocks (N = 82) within candidate
genes (Per = 0.037) assuming that SNPs within one haploblock are not
independent. The SNPs rs1907998 and rs6446693, both located 5° of MSXI,
were associated with CL/P under the assumption of the dominant model of
inheritance (P = 3.97 x 10" and 5.84 x 107, respectively). Ten markers
reached the 1% significance level, revealing FOXEI, TIMP2, PVRL2, and
MMP13 genes as additional loci of interest (Table 9).

Stratification of our case-control sample according to sex showed no
evidence for a sex-specific component in the association between CL/P and the
10 markers with the strongest association signals (P < 0.01). The genotype
distributions in male and female cases were similar for these SNPs (P > 0.05).

Haplotype analysis

LD and haplotype analysis were performed with the whole dataset (non-
syndromic CL/P cases + controls, N = 906). Eighty-two haplotype blocks were
described in selected regions. Case-control analysis was performed for
haplotypes constructed from SNPs within LD blocks, and the sliding-window
approach was applied. Two haplotypes in FGFI reached P < 0.001, and several
haplotypes in seven genes — FOXEI, FGFI, PVRL2, WNT9B, LHXS, MMP9,
and TIMP?2 showed 0.001 <P < 0.01.

Table 10 presents the results from haplotype-based association analysis
within LD blocks identified at the FGFI, FOXEI, and TIMP?2 loci for sliding
windows of 2- to 4-SNP haplotypes with a frequency of > 5% in CL/P patients
and with P < 0.01.
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Table 10. Case-control association analysis of haplotypes in in FGFI, FOXEI and
TIMP?2 genes

Haplo- Frequency

SNP 1 SNP 2 SNP 3 SNP4 @ —————— P
type cases controls
FGF1
rs34002 15250092 rs34010 rs250103
H2 T G T A 0.288 0.349 0.00921
H1 T G T * 0.308 0.391 5.42x107
H4 T G G * 0.173 0.121 0.00274*
H2 * G T A 0.288 0.349 0.00914
H2 * G T * 0.309 0.393 5.01x107*
H2 * * T A 0.287 0.349 0.00794
FOXEI
rs10984009  1s973473 rs874004  rs7860144
H1 G G G G 0.515 0.442 0.00402
H2 G T C A 0.263 0.332 0.00303
H1 G G G * 0.510 0.437 0.00318°
H2 G T C * 0.261 0.330 0.00286
H1 * G G G 0.508 0.438 0.00495
H2 * T C A 0.263 0.328 0.00468
H1 G G * * 0.688 0.605 0.00101
H2 G T * * 0.259 0.330 0.00311
H1 * G G * 0.509 0.438 0.00421
H2 * T C * 0.263 0.329 0.00414
H1 * * G G 0.508 0.437 0.00472
H2 * * C A 0.323 0.402 0.00120
TIMP2
1s4789936  rs7211674 1s7502916 rs6501266
H1 C A A T 0.407 0.478 0.00518
H1 C A A * 0.402 0.480 0.00168°
H1 * A A T 0.409 0.474 0.00886
H1 * * A T 0.425 0.496 0.00436
H2 * * C C 0.481 0.415 0.00892

“Likelihood ratio test for SNP1-3 sliding-window block haplotype effect: x* = 16.47
(3 df); P =0.0009

°Likelihood ratio test for SNP1-3 sliding-window block haplotype effect: y* = 14.55
(3 df); P =0.0022

“Likelihood ratio test for SNP1-3 sliding-window block haplotype effect: x* = 13.69
(5 df); P=0.018

The strongest associations with CL/P were found for the second most
frequent haplotype rs250092-rs34010 GT and the most frequent haplotype
1s34002-rs250092-rs34010 TGT in the FGFI gene (P = 5.01 x 10 and 5.42 x
10, respectively). Additionally, several common core haplotypes (HI) in
FOXE1 were associated with higher risk of CL/P, whereas the most frequent
haplotypes in TIMP2 were associated with lower risk of CL/P. The lowest P-
values were revealed for common core haplotypes GG in FOXE! (P =0.00101)
and CAA in TIMP2 (P = 0.00168), and for the second most frequent (H2)
haplotype CA in FOXE1 (P = 0.00120).
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Table 11 shows the results from haplotype-phenotype association analysis
for common haplotypes with P < 0.01 in the WNT9B, PVRL2, LHXS, and
MMP9 genes.

Table 11. Case-control association analysis of haplotypes in four candidate genes

Haplo-— o\p | SNP 2 SNP 3 Frequency P
type cases  controls
WNT9B
rs17603901  rs4968282 rs1105127
H1 C A * 0.776 0.705 0.00134*
H2 * G G 0.223 0.294 0.00155
MMP9
rs13038175  rs6094237 rs17576
H2 G A A 0.451 0.387 0.00969
PVRL2
rs519113 rs2075642 *
H3 G G * 0.188 0.251 0.00260
LHXS8
rs17565565  rs6593568 *
H1 C A * 0.077 0.046 0.00610

“Likelihood ratio test for SNP1-2 sliding-window block haplotype effect: > = 11.55
(2 df); P =0.0031

The strongest signals of association in other candidate genes were found for
WNT9B CA (P = 0.00134) and LHXS8 CA (P = 0.00610) haplotypes, which were
associated with an increased risk of CL/P. The WNT9B GG (P = 0.00155) and
PVRL2 GG (P=0.00260) haplotypes were associated with a decreased risk of CL/P.

Gene-gene interaction
The best results from the SNP x SNP epistasis analysis of all pairwise
combinations between 587 individual SNPs are presented in Table 12.

The most significant results were found between SNPs rs1859443 located
~2.5 kb telomeric of the COL2A1 gene and rs3933652 located in intron 1 of the
WNT3 gene, 157703976 located ~10 kb centromeric of the MSX2 gene and
rs12373066 located ~10 kb centromeric of the MMP2 gene, and between
rs3732253 within 3’UTR of the TGFA gene and rs4673990 located ~19 kb
centromeric of the FNI within the ATIC gene. An interaction between COL2A41

and WNT3 revealed a trend towards significance after Bonferroni correction
(Peorr=0.056).
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Table 12. SNP x SNP epistasis analysis in Baltic CL/P sample

Chr Gene SNP 1 Chr Gene SNP 2 OR P

12 COL2A1 1s1859443 17 WNT3 133933652 3.023 9.644x 107
5 MSX2 157703976 16  MMP2 1s12373066 2.006 1.072x 107"
2 TGFA  1s3732253 2 FNI 154673990 1.843 1.231x10*

2 FNI rs17518731 14 TGFB3 157156293 0.4295 1.453 x 10
16  MMP25 12239301 19  PVRL2 15387976 1.838  1.509 x 10
4 FGF2 15308434 5 FGFI 1517208908  2.885 1.947x10™*
2 TGFA  1s3771514 5 FGFI rs11167785  2.033 1.977x10™*
4 MSXI  rs10002530 17 WNT9B 1512952746  3.040 2.564x10°*
8 FGFRI 156474354 19  PVRL2 15387976 1.981 2.653x10°*
14  TGFB3 153917158 20  BMP2 rs235770 0.4669 2.771 x 10™*

3.4. GWAS replication study (Ref. 1V, V)

In the course of the first GWAS, performed in an extended German and a mixed
European replication sample, three novel CL/P susceptibility loci that attained
genome-wide significance (8q24.21, 17q22 and 10qg25.3) were reported, and
three loci (13g31.1, 15q13.3, 2p21) showed suggestive evidence of association
(Birnbaum et al., 2009; Mangold et al., 2010). To investigate whether these six
loci confer similar effects in North-East European population(s), the six most
significantly associated SNPs (rs987525, rs227731, rs7078160, rs7590268,
rs9574565, and rs1258763) were genotyped in CL/P patients and unrelated
controls from Estonia and Lithuania. ~ Genotype distributions among controls
and cases were consistent with HWE expectations for all six SNPs. The results
of the single-marker association analysis for rs987525 are summarized in Table
13.

A highly significant result was observed for rs987525 (P = 5.97 x 107) in
Estonian CL/P sample. The OR was 1.58 (95% CI 1.02 — 2.44) for the
heterozygous genotype and 5.56 (95% CI 2.52 — 12.30) for the variant
homozygous genotype, values which are similar to those reported for the
German CL/P patients. A highly significant result (P = 1.6 x 107) was also
observed in Lithuanian CL/P sample, where the OR was 1.89 (95% CI 1.17 —
3.04) for the heterozygous genotype and 11.13 (95% CI 3.00 — 41.36) for the
variant homozygous genotype. The risk allele frequency in Estonians and
Lithuanians (~16%) was found to be lower than in the previously reported
German control sample.

To estimate the contribution of rs987525 to CL/P risk in the investigated
populations, the population attributable risk (PAR) was calculated for rs987525.
The PAR was 0.204 for the Estonian CL/P dataset and 0.283 for the Lithuanian
CL/P dataset, both lower than the PAR calculated from the German CL/P
sample.
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As described for the German sample, the observed genotype distributions for
rs987525 in NSCL/P cases and controls are compatible with a multiplicative
(y1 =195, y, = y,* = 3.80, P = 0.138 in Estonians; y; = 2.324, y, = ;> = 5.40,
P =0.119 in Lithuanians) mode of inheritance.

There was no evidence for a sex-specific component in the association
between 1s987525 and CL/P. The genotype distributions in male and female
cases were nearly identical for this SNP in Estonians (P = 0.889) and similar in
Lithuanians (P = 0.503). The result in the Estonian sample remained essentially
unchanged after excluding the four CL/P patients with a positive family history
from the analysis (P=3.40 x 107).

No statistically significant association was observed between rs987525 and
CP in the Estonian sample (P = 0.502).

In the further analysis of rs227731 (Chr 2: 43393629), rs7078160 (Chr 10:
118817550), 157590268 (Chr 13: 79566875), 1s9574565 (Chr 15: 30837715),
and rs1258763 (Chr 17: 52128237), the Estonian patient sample comprised 101
CL/P patients. The results of the single-marker association analysis are shown
in Table 14.

An association for rs7078160 CL/P sample remained significant after
Bonferroni correction (P, = 0.008). The OR was 1.64 (95% CI 0.97-2.75) for
the heterozygous genotype and 4.68 (95% CI 1.60-13.69) for the variant
homozygous genotype. The risk allele frequency in Estonian controls (14.5%)
was similar to that in the previously reported German controls (16.3%). To
address the question whether the 10q25 locus possesses a larger impact in
Estonian CL/P sample, we tested the hypothesis that the genotype-specific
relative risks are identical between the German and the Estonian population. No
significant differences in relative risks were observed (P = 0.41).

The other four SNPs showed no statistically significant association with
CL/P in the Estonian sample. However, point estimates of genotypic relative
risks for markers rs9574565 and rs1258763 were similar to the ORs observed in
the previous German study. The power of the present sample to demonstrate a
genotypic effect of the size reported for markers rs9574565 and rs1258763 was
calculated as 0.59 and 0.67, respectively. This indicates that the present sample
may have lacked sufficient power to demonstrate such effects at the required
level of significance.
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4. DISCUSSION

Recent years have witnessed remarkable success in expanding the knowledge of
genetic component contributing to orofacial clefts. As a general model, both
genetic factors and environmental triggers, acting either independently or in
combination, are contributing to the pathogenesis of nonsyndromic clefting. The
available databases of variations in human DNA sequence and recent
developments in genotyping technologies have enabled in-depth association
analyses between genetic markers and disease phenotypes. A classical strategy
in searching for genetic susceptibility factors of the disease of interest is relying
on the comprehensive knowledge of underlying biological pathways combined
with the candidate gene approach. Data from animal models, in which clefts
arise either spontancously or as a result of mutagenesis experiment, combined
with an analysis how expression patterns correlate with gene function and
examining the effects of gene-environment interactions have proven themselves
as powerful tools for identifying candidate genes for complex traits, such as
nonsyndromic clefts. Importantly, they also contribute to our knowledge of
normal craniofacial development and the molecular pathogenesis of CL/P,
taking into account that facial development in mice mirrors human craniofacial
development. Several recent studies have also provided strong evidence that
syndromic forms having Mendelian patterns of inheritance may provide insights
into genetic etiology of nonsyndromic forms of clefting.

Furthermore, hypothesis-driven candidate gene studies can be complemented
with hypothesis-free GWA studies, and the rapidly increasing number of
GWAS provides an unprecedented opportunity to investigate the potential
impact of common genetic variants on complex traits. The GWA approach
represents an important advance compared to candidate gene studies, in which
selection of variants to be analyzed often suffers from imperfect understanding
of biological pathways, yielding associations that are difficult to replicate
(Manolio et al., 2009). To date, GWA studies have provided hundreds of
common susceptibility variants for human diseases and continuous traits of
biomedical importance, and have provided valuable insights into the underlying
genetic architecture of common complex diseases. However, common genetic
variants have typically explained only a small fraction of the inherited risk, and
therefore, further deep sequencing studies which include also rare single
nucleotide variants, CNVs and other structural variants are required to identify
additional genes or loci that may be implicated in complex traits.

On the basis of multiple reports on association between markers and
haplotypes in various genes and orofacial clefts, we analyzed the role of 40
candidate gene regions on 17 chromosomes, previously suggested as risk factors
for orofacial clefts, to determine their role in the etiology of CL/P and CP in a
new clefting sample representing three populations from the Baltic region —
Estonians, Latvians and Lithuanians. The genetic relatedness of Estonians,
Latvians and Lithuanians, sharing the same geographic origin, has been recently
confirmed using the principal component analysis, according to the pairwise

57



inflation factor A and pairwise Fst values between samples (Nelis et al., 2009).
We found no evidence of systematic bias due to population stratification as
indicated by the genomic control inflation factor (Agc~1) and the quantile-
quantile plots, which confirmed the high degree of homogeneity between all
three population samples, allowing us to summarize the data of three Baltic
countries to increase the study power.

4.1. Genetic susceptibility loci for CP

Results from this association analysis suggest that several regions contain genes
predisposing to the development of CP. Among the 40 candidate genes
analyzed, 35 SNPs in 17 genes showed nominal P values < 0.05. The strongest
evidence of association was found for SNPs rs17389541 in the /RF6 gene and
rs1793949 in COL2A1. These associations were not significant after Bonferroni
correction, but remained significant after correction by the number of genes
evaluated. Haplotype analysis of the aforementioned genes supported these
findings. Additional evidence from haplotype analysis demonstrating the
possible involvement of COLI1A42, FGFRI, CLPTMI, and WNT3 variants in
predisposition to CP was revealed. We can assume that the described
polymorphisms are not functionally significant variants that actually contribute
to disease susceptibility, and our findings need confirmation by replication in
other independent cohorts or by resequencing the selected candidate genes in
patients to identify the causal variants.

The most common syndromic form of orofacial clefts is Van der Woude
syndrome (VWS), an autosomal dominant disorder characterized by the
presence of CL/P or CP and/or lower lip pits. VWS is caused by mutations in
the /RF6 gene, which belongs to a family of transcription factors that share a
highly conserved winged-helix DNA-binding domain and a less conserved
protein interaction domain (Kondo et al., 2002). IRF6 is expressed in the medial
edge epithelia of the palatal shelves immediately before and during fusion
(Knight et al., 2006). Interestingly, VWS is an example of an orofacial
syndrome in which cases of CP and CL/P can occur in the same pedigree,
suggesting that /RF6 is likely involved in the fusion process that occurs in both
primary and secondary palatogenesis. However, /[RF6 mutations are rare in
families with nonsyndromic orofacial clefts (Jehee et al., 2009). Recently, it has
been demonstrated that /RF6 is essential for oral epithelial differentiation and
that /RF6 plays a key role in the control of palatal adhesion and fusion
competence (Richardson et al., 2009). In the present study, the /RF6 SNP
rs17389541 showed evidence of association, supported by analysis of
haplotypes including this polymorphism, which is a novel implication of /RF6
in CP susceptibility. HapMap data from the CEU reference sample indicate that
rs17389541 is not in strong LD with the common polymorphism /RF6 rs642961
(r* = 0.057) that was significantly associated with CL/P and particularly with
cleft lip in Europeans, but not with cleft palate (Rahimov et al., 2008). It is
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likely that association between common variants in the /RF6 locus and the risk
of CP can be identified in other European populations and that the /RF6 locus
represents an important genetic modifier for this multifactorial malformation.
Recently, a combination of experimental strategies has demonstrated that /RF'6
is a direct target of p63, and that p63 and IRF6 function within a regulatory loop
to coordinate epithelial proliferation and differentiation during normal palate
development, where p63 activates [/RF6 transcription through the I[RF6
enhancer element, variation within which increases susceptibility to cleft lip.
Mutations in 7P63 or IRF6 cause disruption of this loop and lead subsequently
to several congenital malformations that include clefting as a hallmark feature
(Thomason et al., 2010; Gritli-Linde et al., 2010).

Mutations in genes coding for cartilage collagens II and XI, COL2A41,
COLI1IAI, and COLI11A42 cause syndromes that are often associated with
Pierre-Robin sequence, cleft palate, or micrognathia, but it seems possible that
sequence variations in collagen II and XI genes can cause or predispose to
nonsyndromic conditions in some instances (Melkoniemi et al., 2003). A variety
of mutations in the COL2A1 gene have been identified in families with Stickler
syndrome type 1 with systemic features involving Pierre-Robin sequence,
severe myopia and/or vitreoretinal phenotype, and osteoarthritis later in life.
This study presents the first report describing associations between CP and
several common SNPs together with multiple risk and protective haplotypes in
LD blocks spread throughout the entire COL241 gene, with the strongest
association signals found for the rs12822608-rs6823 GC haplotype downstream
of the 3’UTR region and the intronic SNP rs1793949. Epistatic interactions
were identified between SNPs in COL2A1 and in FGF2, FGFRI, and MMP2
genes. In addition, our data showed an association between CP and certain
haplotypes in COLI1A42, supporting recent findings describing the haplotype
effect found for the COL11A42 gene in a Norwegian sample of CP case-parent
trios (Jugessur et al., 2009). Epistatic interactions were observed between SNPs
in COLIIA2 and both FGF2 and TGFB3 genes. Moreover, one of the
chromosomal regions for clefting in mice encompasses the H2 locus, which is
homologous to the human HLA locus on 6p21 and includes susceptibility for
both corticosteroid-induced and vitamin A-enhanced cleft palate (Murray,
1995).

The Wnt signaling pathway genes are involved in craniofacial development
and upper lip fusion and are therefore plausible candidates for an etiologic role
in nonsyndromic clefting. Wnt expression is observed in the upper lip and
primary and secondary palates, and Wnt signaling mediates regional specifi-
cation in the vertebrate face (Brugmann et al., 2007). In our study, the WNT3
SNP rs11653738 and two risk haplotypes within different LD blocks showed
evidence of association with CP. In addition, epistatic interactions were
identified between SNPs in WNT3 and both FGFRI and MTHFR genes. WNT3,
a human homologue of the Drosophila spp. wingless gene, encodes a member
of the WNT family known to play key roles in embryonic development, and
WNT3 is required at the earliest stages of human limb formation and for
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craniofacial development. Furthermore, the clfl locus mapped in clefting
susceptible mice contains two Wnt genes, Wnt3 and Wnt9b (Juriloff et al.,
2005). In a recent study, the strongest association signals were found between
SNPs and haplotypes in WNT34 and CL/P, as well as evidence of gene-gene
interaction between WNT3 and WNT3A4 (Chiquet et al., 2008). These findings
were extended in a Norwegian sample of CP case-parent trios where a
haplotype effect was reported for the WNT34 gene (Jugessur et al., 2009).

Several members of the fibroblast growth factor (FGF) and FGF receptor
(FGFR) families are expressed during craniofacial development and can rarely
harbor mutations that result in human clefting syndromes. In a study of
Kallmann syndrome patients, CP and dental agenesis were exclusively found
associated with FGFRI loss-of-function mutations (Albuisson et al., 2005).
Animal models also support the involvement of FGFs and FGFRs in the
pathogenesis of oral clefting; for example, Fgfrl hypomorphic mice have cleft
palate (Trokovic et al., 2003). We found associations between CP and SNPs
rs7829058 in FGFRI and rs308434 in FGF2 gene. Association with FGFRI
was supported by haplotype analysis. Epistatic interaction was identified
between SNPs in FGFI and PVRL2 genes. Recently, borderline significant
association between SNPs in several FGF/FGFR genes (including FGFR1) and
CL/P was demonstrated, and it was suggested that impaired FGF signaling
contributes to 3 to 5% of CL/P (Riley et al., 2007a). FGFRI encodes a trans-
membrane receptor tyrosine kinase that transduces signals from secreted FGFs,
and insufficient FGFRI-mediated signaling during embryonic development
may affect palatogenesis in humans and/or mice.

Mutations in the T-box transcription factor gene 7BX22 are found in familial
and sporadic patients with X-linked cleft palate (CPX) and ankyloglossia, which
is inherited as a semidominant X-linked disorder affecting male patients and
approximately one third of female carriers (Braybrook et al., 2001). The
phenotypic variability in CPX ranges from a mild submucous cleft palate to a
severe, complete cleft of the secondary palate. In addition to familial CPX
cases, mutations in 7BX22 have been identified in approximately 5 to 8% of all
patients with CP, and TBX22 has been proposed to contribute significantly to
the prevalence of CP across different populations (Margano et al.,, 2004;
Suphapeetiporn et al., 2007). In a recent study, a functional haplotype variant in
the TBX22 promoter was significantly associated with CP and ankyloglossia
(CPA), but association was not significant between patients with cleft palate
only (CPO) and controls (Pauws et al., 2009). Likewise, our results do not
support an involvement of common 7BX22 variants in CP predisposition.

Multiple lines of evidence have implicated one or more genes at 19q13 in the
etiology of nonsyndromic clefting. A study of a multiplex family in which CL/P
segregated with a balanced translocation between 2q11.2 and 19q13.3 suggested
that CLPTM1 (cleft lip and palate transmembrane 1) gene, localized to this
breakpoint might play a role in clefting (Yoshiura et al., 1998). A previous
metaanalysis of 13 genome scans, involving combined datasets from multiple
populations, supported the role of 19q13 in clefting (Marazita et al., 2004). In
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our independent sample, haplotype TTC showed evidence of association,
suggesting the involvement of CLPTMI in CP etiology. In addition, further
evidence that the 19q13 region contributes to isolated clefting in heterogeneous
populations of European descent has been found (Warrington et al., 2006).

The present study is the first to demonstrate an association between common
SNPs and haplotypes in IRF6, COL2A1, and WNT3 and nonsyndromic CP.
Moreover, our analysis contributes to the evidence that variation in the
COL11A42, FGFRI, and CLPTM1 genes may influence the risk of cleft palate.
The relatively small number of genes associated with this birth defect suggests
the presence of causal variants not genotyped in this study. Our selection of
haplotype-tagging SNPs was based on the HapMap Phase II data, and although
analysis of haplotypes may protect against the loss of power to detect an
association signal, insufficient SNP resolution may be a concern in the current
study. Likewise, this finding may be a consequence of interactions with genetic
variants in candidate genes overlooked in our selection and/or with
environmental factors. It can be assumed that LD-based approach may have
insufficient power to detect rare variants (e.g., CNVs) that could also be
functionally relevant, and further studies are warranted to confirm reported
associations.

The results of this study provide evidence that variation in cartilage collagen
IT and XI genes, /RF6, and the Wnt and FGF signaling pathway genes are likely
involved in the etiology of CP in Northeastern European populations.

4.2. Genetic susceptibility loci for CL/P

Data from Estonian study provided further evidence implicating MSXI and
MTHFR in the etiology of nonsyndromic CL/P across different populations.
Methylenetetrahydrofolate reductase (MTHFR) is an important enzyme
involved in folate metabolism. Many studies have been undertaken to verify the
association between two functional polymorphisms — C677T (Ala222Val) and
A1298C (Glu429Ala) — in the MTHFR gene and an increased risk of CL/P.
However, these studies have provided inconsistent results because of
differences in the studied populations, including diverse genetic backgrounds
and different exposure to varying environmental risk factors. It has been
proposed that low periconceptional folate intake increases the risk of CL/P in
offspring, and this risk is even more pronounced in mothers with MTHFR
677TT or 1298CC genotypes (van Rooij et al., 2003). In our study, the MTHFR
SNPs 1rs1994798, 151476413, and rs1801131 (A1298C), together with multiple
risk and protective haplotypes within the same LD block, showed evidence of
association with CL/P. In addition, we found evidence suggestive of an epistatic
interaction between the SNPs rs1801131 and rs3760629 in the CLPTM1 gene. It
has been suggested that rs1801131 is not directly connected to the risk of
developing CL/P, but this may be a result of near-complete LD between
A1298C and C677T or disequilibrium with another mutation responsible for the
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malformation (Pezzetti et al., 2004). Confirmation of an association or linkage
between A1298C and CL/P risk, either separately or in combination with
C677T, has not been found (Beaty et al., 2002; van Rooij et al., 2003). An
association between A1298C and CP patients or mothers was not found in a
previous study (Jugessur et al., 2003). Likewise, the A1298C variant was not
found to be a risk factor for CL/P or CP (Mills et al., 2008). In conclusion, it
appears likely that A1298C and the two other polymorphisms described here are
not independent risk factors for CL/P, but our data do not exclude a possible
involvement of the folate pathway in the development of CL/P.

MSX]I has been a plausible candidate gene for clefting. During palatogenesis,
MsxI is a downstream target of BMP signalling in a number of embryonic
tissues and Msx!I is necessary for expression of Bmp4 and/or Bmp2 (Zhang et
al., 2002). The complete sequencing of the MSX/ gene demonstrated that rare
point mutations in this gene appear to contribute to approximately 2% of all
cases of CL/P (Jezewski et al., 2003). Association studies of CL/P (Lidral et al.,
1998; Vieira et al., 2003; Beaty et al., 2002; Fallin et al., 2003; Suazo et al.,
2004) and CP (Lidral et al., 1998) have supported a role for MSXI in
nonsyndromic clefting in different populations. In our study, the most
significant association with CL/P among all screened candidate genes was
found for SNP rs6446693 in the MSXI region. Taken together with several
other SNPs and haplotypes demonstrating an association with CL/P, it can be
concluded that we have successfully replicated previous findings, showing an
association between MSX! variants and CL/P. It has been suggested that an
interaction between the MSX1 and TGFB3 loci is involved in the pathogenesis
of CL/P (Lidral et al., 1998), and both genes have been reported as contributors
to clefting (Vieira et al., 2003). Our data from 7GFB3 SNPs and haplotype
association analyses yielded only borderline significance and no significant
evidence of interaction between MSX! and TGFB3 was found; therefore, our
data do not support the involvement of 7GFB3 as a major locus predisposing to
CL/P. However, our data provide the first evidence suggestive of an interaction
between /IRF6 and MSX1 which may be involved in the pathogenesis of CL/P.
Significant evidence of an interaction between /RF6 and MSXI has been
reported in a study of human tooth agenesis, suggesting also that the described
interaction may be relevant to CL/P (Vieira et al., 2007).

Baltic study

Results from this association analysis suggest that several regions may contain
genes predisposing to the development of CL/P. Among the 40 candidate genes
analyzed, 33 SNPs in 16 genes reached the 5% significance level. The most
significant associations were found for SNPs in the FGFI, FOXEI and WNT9B
genes. The strongest evidence of association was found for SNP rs34010 in the
FGFI gene. This association remained significant after correction by the
number of haploblocks evaluated. Conditional haplotype analysis of the
aforementioned genes supported these findings. Additional evidence from
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haplotype analysis demonstrating the involvement of TIMP2, PVRL2, LHXS,
and MMP9 variants in CL/P predisposition was revealed. The association
findings in Estonian sample which did support common SNPs and haplotypes in
MSXI and MTHFR as susceptibility factors for CL/P were not confirmed to be
significant in all-Baltic dataset. Our approach allowed to detect only relatively
common variants associated with CL/P. Efforts to find other etiologic variants
in these genes will require in depth sequencing to characterize the possible
regulatory function within the regions encompassing our putative disease
haplotypes.

The FGF signaling pathway is known to have an important role in
craniofacial development, and perturbation of the FGF signal is critical to
palatogenesis (Nie et al., 2006). A systematic analysis of genes encoding
different fibroblast growth factor (FGF) proteins and their receptors have
highlighted the importance for FGF signaling in nonsyndromic CL/P, and it was
suggested that impaired FGF signaling may contribute to 3—5% of CL/P (Riley
et al., 2007a). In addition, FGF pathway has been suggested to be involved in
interactions with environmental risk factors for CL/P (Pauws & Stanier, 2007).
Recently, FGF12 haplotypes were shown to be significantly associated with
CL/P in two Scandinavian samples (Jugessur et al., 2009). In the present study,
the FGFI SNP rs34010 showed evidence of association, supported by analysis
of haplotypes including this polymorphism, which is a novel implication of
FGFI in CL/P susceptibility. Epistatic interactions were observed between
SNPs in FGFI and both FGF2 and TGFA genes. Our results give additional
evidence that disruptions in FGF signaling pathway contribute to the
pathogenesis of CL/P, also suggesting that association between common
variants in the FGFI locus and the risk of CL/P can be found in other European
populations.

Fine mapping studies of the 9q22-q33 linkage region have implicated
FOXE1I on 9921 as the third major locus along with /RF6 and 8q24.21 in which
common variants have a significant impact on the occurrence of CL/P in diverse
populations (Marazita et al., 2009; Moreno et al., 2009). The forkhead box El
gene (FOXEI) is a member of a transcription factor family that contains a
DNA-binding forkhead domain and regulates diverse developmental processes
in eukaryotes. Foxel is expressed in the secondary palate epithelium in humans
at embryonic week 11, and the specific expression pattern of Foxel at the point
of fusion between the medial nasal and maxillary processes strongly suggests
FOXE] as an important player in primary palatogenesis (Trueba et al., 2005;
Moreno et al., 2009). Twelve coding variants — missense or silent — in FOXE]
have been described as rare causes of nonsyndromic CL/P (Vieira et al., 2005).
Recent studies have implicated SNPs and/or haplotypes clustering in or near
FOXE] as highly significant risk factors of CL/P, and the described association
signals indicated the presence of causal mutations in nearby noncoding regions
that regulate FOXE expression (Jugessur et al., 2009; Marazita et al., 2009;
Moreno et al., 2009). The three associated SNPs from the current study —
rs7860144, rs874004 and rs973473 — are located within a 70 kb haplotype block
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including SNPs rs3758249 and rs4460498, which were the most significantly
associated with CL/P in multiple populations (Moreno et al., 2009). Our results
support a substantial role for the FOXE! in the development of CL/P and it’s
likely that the FOXE1 locus represents an important genetic modifier for this
multifactorial malformation.

Wnt expression is observed in the upper lip and primary and secondary
palates during craniofacial development and genes in the Wnt signaling
pathway are therefore plausible candidates to have an etiologic role in
nonsyndromic clefting. WNT9B lies ~32 kb telomeric from the start codon of
WNT3, which is required at the earliest stages of human limb formation and for
craniofacial morphogenesis. Furthermore, both Wnt9b and Wnt3 are mapped in
the clfl locus in clefting susceptible mice (Juriloff et al., 2005). The gene
alterations outside WNT9B coding sequence are expected to cause reduced
WNT9B gene or protein function in CL/P cases, and WNTY9B has been
suggested as a strong candidate gene for CL/P (Juriloff et al., 2006). This
hypothesis has found further support from the observation that canonical WNT
signaling is activated during midfacial morphogenesis in mice (Lan et al.,
2006). In addition, genetic inactivation of low density Lrp6 (lipoprotein
receptor-related protein 6), a co-receptor of the WNT—B-catenin signalling
pathway, causes CL/P. Moreover, both Msx/ and Msx2 are downstream targets
of WnT—f-catenin signaling pathway during lip formation and fusion (Song et
al., 2009). In the present study, the WNT9B SNP rs4968282 and two haplotypes
including this polymorphism showed evidence of association with CL/P.
Epistatic interaction was identified between common SNPs in WNTYB and
MSXI genes. The SNP rs197915 downstream of WNT9B showed association
with CL/P in the European American sample subgroup having positive family
history, whereas the strongest association signals in entire dataset were reported
for SNPs in WNT3A, WNT5A, and WNTI1 (Chiquet et al., 2008). In contrast,
association with rs197915 was not replicated in Brazilian CL/P sample of
Caucasian ancestry, while significant association with WNT3 rs142167 was
found (Menezes et al., 2010). Our data support an involvement of the Wnt
signaling pathway in orofacial development, also suggesting that the 1721
locus, containing WNT9B and WNT3 genes, contributes to nonsyndromic
clefting in populations of European descent.

Matrix metalloproteinases (MMPs) have been shown to be expressed in the
developing secondary palate, associated with extracellular matrix (ECM)
breakdown required for palatal fusion (Brown et al., 2002). MMPs are
counteracted by the tissue inhibitors of metalloproteinases (TIMPs), which
inhibit MMP activity and thereby reduce excessive proteolytic ECM
degradation (Verstappen & von den Hoff, 2006). During embryonic craniofacial
development, MMPs and TIMPs expression is temporally and spatially
regulated to control tissue remodeling, and disruption of their balance can lead
to occurrence of malformations, such as CL/P (Blavier et al., 2001). In this
study, associations with CL/P were found for several SNPs and haplotypes in
TIMP2, supporting initial findings in a Norwegian sample of CL/P case-parent
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trios where a haplotype effect was reported for the TIMP2 gene (Jugessur et al.,
2009). The inactivation of MMPs by TIMP2 leads to a failure of palatal fusion
in mice (Blavier et al., 2001). Therefore, strict regulation of MMP activity is
necessary for a complete fusion of the palatal shelves, and an imbalance in
favor of TIMP2 may increase the risk of a cleft palate (Verstappen & von den
Hofft, 2006). The link between CL/P risk and variants in MMP and TIMP genes
seems to rely also on alterations in ECM homeostasis and functions.

Our analysis contributes to the evidence that common haplotypes in LHXS,
MMP9 and PVRL2 may influence the risk of CL/P. Members of the LIM
homeobox gene family encode transcription regulators that are required for the
specification and differentiation of different cell types during embryonic
development, and point mutations in LHXS8 have been suggested as rare causes
of CL/P (Vieira et al., 2005). MMPs have been shown to be expressed in the
developing secondary palate, associated with ECM breakdown required for
palatal fusion (Brown et al., 2002). Despite the recently reported lack of
association between MMP9 and CL/P (Letra et al., 2007), MMP9 has been
demonstrated to be selectively expressed in the ossification centres of the
maxilla during palatal fusion (Blavier et al., 2001) and could be considered as
candidate gene for clefting.

A previously performed meta-analysis of 13 genome scans was suggestive
for the role of 19q13, containing PVRL2, in nonsyndromic clefting (Marazita et
al., 2004). Interestingly, both rare and common mutations within PVRLI,
closely related to PVRL2, have been reported to make a minor contribution to
nonsyndromic CL/P by disrupting the initiation and regulation of cell-to-cell
adhesion and downstream morphogenesis of the embryonic face (Avila et al.,
2006; Scapoli et al., 2006). Mutations in PVRLI cause CLPEDI (Margarita
Island ectodermal dysplasia and clefting) syndrome (Suzuki et al., 2000). An
association study involving five populations did not find any association
between CL/P and variations in the PVRL2 gene. However, a significant
association with an allelic variant in PVR, a gene homologus to PVRL2, was
found (Warrington et al., 2006). In the same study, 16 PVRL2 variants — 5
common and 11 rare — were identified in cleft patients. In the Baltic sample, the
PVRL2 SNP 15519113 showed evidence of association, supported by analysis of
haplotypes including this polymorphism. In this study, no association signals
were observed for markers or haplotypes in the PVRLI gene. Previous studies
have provided inconclusive evidence for the BCL3 gene, located on 19q13, to
be implicated in the etiology of nonsyndromic clefting. In Estonian sample, we
described associations between CL/P and BCL3 markers and haplotypes,
including SNP rs8100239, for which excess maternal transmission has been
previously reported in patients with CL/P, probably reflecting an imprinting
effect or a maternal genotype effect (Park et al., 2009). The association findings
in Estonian sample were not confirmed to be significant in all-Baltic dataset,
and the contribution of BCL3 in the etiology of nonsyndromic clefts remains
controversial.

65



GWAS replication study

Our follow-up study has successfully replicated the previously reported
genome-wide significant association between rs987525 on chromosome
8q24.21 and CL/P in German discovery study in two independent samples —
Estonians and Lithuanians. The risk allele frequency for rs987525 in Estonian
and Lithuanian controls (~16%) was found to be lower than in the German
discovery sample (~20%) and HapMap CEU reference population (~22%). The
population attributable risks (PAR) for rs987525 calculated for the Estonian
(0.204) and for the Lithuanian (0.283) CL/P datasets were both lower than the
PAR calculated from the German CL/P sample (0.413). This reflects the lower
frequency of the risk-associated genotypes in the two investigated populations.

No statistically significant association was observed between rs987525 and
CP in the Estonian sample. This finding is in accordance with the findings from
295 German CP families (Birnbaum et al., 2009a).

Additionally, we have successfully replicated the previously reported
genome-wide significant association between rs7078160 on chromosome
10g25.3 and CL/P in Estonian sample. The relative risks calculated in Estonian
sample were higher than those reported for the German CL/P patients.
However, there was no significant statistical evidence for heterogeneity of
genotype-specific relative risks between the German and the Estonian
population. Therefore, it may be premature to speculate about a different impact
of the 10925.3 locus in these populations.

The other four CL/P susceptibility loci (1722, 13q31.1, 15q13.3, 2p21)
were not replicated. This might reflect a true finding, however, we cannot
exclude that the effect size of these four loci in Estonians may not be large
enough to be detected given our sample size.

As reported previously, Estonians, the HapMap CEU reference population
and several other European populations (including population-based samples
from Germany) share a relatively common genetic background (Mueller et al.,
2005; Montpetit et al., 2006). This could partially explain the similar results
found in Estonians and Germans for both rs987525 and rs7078160. Further
studies for above-mentioned SNPs in populations with a more distant genetic
background are warranted.

No known genes have been reported within the 640-kb region of association
on 8q24.21. According to the UCSC browser, the nearest flanking gene is
CCDC26, which has been mapped approximately 420 kb telomeric of rs987525.
CCDC26 encodes a retinoic acid-dependent modulator of myeloid
differentiation (Hirano et al., 2008). Because exposure to retinoic acid is known
to induce orofacial clefts, CCDC26 could be considered as a potential candidate
gene. Two explanations have been proposed to describe the biological
mechanism by which rs987525 exerts its effect on the development of CL/P.
First, the observed association may mediate its effect by as-yet-unknown
transcripts mapping within this region, while an alternative explanation is that
the disease-associated region contains regulatory elements controlling the
expression of more distant genes (Birnbaum et al., 2009a).
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Two genes are located in close vicinity to the marker rs7078160: KIAA41598
(40 kb centromeric) and V4XI (ventral anterior homeobox 1; 53 kb telomeric).
VAXI encodes a transcriptional regulator with a DNA-binding homeobox
domain. Mouse knockouts for Vax/ display craniofacial malformations
including cleft palate, and this gene is expressed widely in developing
craniofacial structures (Hallonet et al., 1999), rendering variants in VAXI as
strong candidates for contributing to CL/P.

The present study is the first to demonstrate an association between CL/P
and common SNPs and haplotypes in FGFI, and provides new evidence that
variation in the TIMP2 and WNTY9B genes contributes to nonsyndromic CL/P.
Additionally, we have successfully replicated previous findings implicating
FOXE] as a susceptibility locus for CL/P across different populations.
Moreover, we identified associations between common SNPs and/or haplotypes
in the PVRL2, LHXS, and MMP9 genes. We emphasize that further studies in
populations of different ethnic background are warranted to confirm reported
associations. However, we could not demonstrate convincing evidence of an
association between CL/P and IRF6, the candidate gene most consistently
replicated. A recent collaborative study has identified a functionally relevant
variant rs642961 in [/RF6, which confers significant risk for CL/P, and the
association was strongest in the cleft lip subgroup (Rahimov et al., 2008). This
association was confirmed in the Central European CL/P sample (Birnbaum et
al. 2009b). On the contrary, ethnic heterogeneity among populations was
illustrated in a recent study where strong evidence of association with the
rs2235371 was found, whereas very modest association with rs642961 was
reported (Blanton et al., 2010). It is generally accepted that nonsyndromic clefts
are caused by complex interactions between genetic and environmental
variables, while it’s becoming gradually more clear that these variables may
have a different impact in distinct populations.

Furthermore, we replicated the recently reported significant associations
between rs987525 and rs7078160 and CL/P in an independent Estonian case-
control sample. Further studies are required to elucidate the biological
mechanism by which the 8q24 and 10g25 loci exert their effect in the
pathogenesis of CL/P.

The issue of multiple testing is tentative when a large number of SNPs in
many genes is analyzed with multiple methodologies. However, most of the
tests performed here are not independent in the context of multiple comparisons
considering that strong LD between SNPs within inferred haplotype blocks
generates significantly correlated P values, therefore applying Bonferroni
correction as an adjustment strategy would be highly conservative and may
result in too many false-negative findings. Our sample had 80% power to detect
a disease-associated variant with an odds ratio > 1.4 at the 5% significance
level, assuming a frequency of > 20% in healthy controls. Therefore, we elected
to report empirical P values, and a stringent Bonferroni correction was applied
only for epistasis analysis results. Previous studies have used the number of
evaluated genes as independent analyses to adjust significance levels (Chiquet
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et al.,, 2008), and such approach was adopted for single-marker association
analysis performed in CP sample using a correction factor of 40 (0.05/40 =
0.00125) to account for the number of analyzed genes as independent analyses.
Furthermore, for single-marker association analysis in CL/P sample we
employed a correction factor of 82 (0.05/82 = 0.00061) to take the number of
haploblocks in candidate genes as independent analyses into account.

4.3. Concluding remarks

The occurrence of nonsyndromic oral clefts seems to be influenced by the
multifactorial combinations of genetic and environmental risk factors that can
differ between CL/P and CP. The genetic mechanisms underlying lip and palate
development may be due to the perturbation in important signaling pathways at
consecutive levels that are required for the formation of specific anatomical
structures. The studies of genes — and their molecular pathways — implicated in
syndromic forms of these birth defects have been informative to improve our
understanding of human craniofacial pathology, and have recently demonstrated
an overlap between syndromic and nonsyndromic CL/P. Taking into account
that similar developmental processes occur during the both primary and
secondary palatogenesis, we cannot exclude a possibility that some genes may
contribute to both types of clefting. Studies of the genetic etiology of clefts
allow us to move beyond the attitude that CL/P and CP are only structural birth
defects, and may further extend our understanding of other common complex
diseases.

Numerous candidate gene studies have mostly failed to identify either major
gene involvement or mutations exerting a major influence on risk of of
developing nonsyndromic oral clefts. The failure to expound the molecular
events leading to clefting in humans probably arises from imperfect knowledge
of gene networks and regulation of gene expression during palatal development.
More recently, association studies using LD-based approach have been more
effective in detecting associations with multiple common variants that confer
relatively small increments in risk, and analysis of haplotypes increases the
potential to capture association signals from variants that have not been directly
typed. The presence of true allelic heterogeneity, in which multiple mutations
occur on different background haplotypes, would make it much more difficult
to identify causal genes through association studies, and findings from recent
GWA studies are increasingly demonstrating that allelic heterogeneity is a
frequent feature of polygenic traits.

We acknowledge that study design based on LD between markers and
unobserved etiological variant(s) will have limited power to detect multiple rare
variants (e.g. copy number variants) that could also be functionally relevant.
When investigating the association of single genes with the risk of a complex
trait, likely to be governed by a considerable number of genes, ORs are almost
always low to moderate. This reflects that a specific phenotype results of a
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combination of different genes, each contributing only a small effect, and
environmental factors. Therefore, it is appropriate to take in consideration the
epistasis and gene-environment interactions to explain the remaining genetic
risk to be identified for the nonsyndromic forms of orofacial clefts.

In conclusion, the results of this study suggest that several genes known to
be involved in craniofacial morphogenesis and/or palatogenesis, each of which
has a minor individual effect, may contribute to the incidence of orofacial clefts,
but only few genes have a major role in the development of nonsyndromic
clefts. The results of this study provide further evidence that variation in
FOXEI, TIMP2, and the FGF and Wnt signaling pathway genes are likely
involved in the development of nonsyndromic CL/P in North-Eastern European
populations. Additionally, we replicated the recently reported genome-wide
significant associations between 8q24 and 10g25 loci and CL/P in an
independent Estonian case-control sample and this finding underlines that GWA
studies are important mapping tools to highlight genomic regions and providing
biological insights for further studies. Moreover, we have demonstrated that
variation in cartilage collagen II and XI genes, IRF6, and the FGF and Wnt
signaling pathway genes (both being different compared to CL/P) are likely
involved in the etiology of CP in Northeastern European populations. The
challenge is now to perform fine-mapping in these regions and identify genetic
variants which are more likely to increase the susceptibility to clefting.
However, the estimations of the total genetic contributions to the disease
indicate that additional genetic factors involved in CL/P and CP remain to be
identified, and both the functional effects of associated variants and the
molecular mechanisms behind different pathways must still be ascertained.
Further research using large, multicenter, collaborative studies is necessary to
identify both genetic and environmental (including lifestyle) risk factors for
nonsyndromic clefts and interactions between them.
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CONCLUSIONS

Following conclusions can be drawn from the current PhD thesis:

e We have demonstrated that variation in FGF1, FOXEI, TIMP2, and WNT9B
genes contributes susceptibility to nonsyndromic CL/P in North-Eastern
European populations (Estonians, Latvians, Lithuanians).

e The genome-wide significant association between 8q24.21 locus and CL/P,
reported in German population, was replicated in both independent Estonian
and Lithuanian case-control samples.

e The genome-wide significant association between 10g25.3 locus and CL/P,
recently reported in Central European populations, was replicated in an
independent Estonian case-control sample.

e We have demonstrated that variation in COL2A1, COLIIA2, IRF6, and
WNT3 genes contributes susceptibility to nonsyndromic CP in North-Eastern
European populations (Estonians, Latvians, Lithuanians).

e Our results show that genetic variants in MSX/ and MTHFR genes contribute
risk to nonsyndromic CL/P in Estonians.

e The results of this study underline the importance of the FGF and Wnt
signaling pathway genes in the etiology of both CL/P and CP.

These findings, together with previous studies have importance for enhancing
our understanding of craniofacial development and will promote introduction of
new approaches in the efforts to predict the regions in human genome
implicated in genetic predisposition to nonsyndromic orofacial clefts. The
majority of genetic variants predisposing to nonsyndromic oral clefts are to be
discovered and larger samples from different ethnicities and precisely
phenotyped cohorts of patients are required for comprehensive sequencing-
based studies, which are targeting in addition to common SNPs also rare single
nucleotide variants, CNVs and other structural variants, to account for more of
the ‘missing’ heritability. The most benefitial approach in these studies, parti-
cularly in populations of European descent, will be collaboration between
clefting research centers and population-based biobanks.
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SUMMARY IN ESTONIAN

Mittesiindroomsete suulohede
geneetiline eelsoodumus

Suuldhed kuuluvad inimestel kdige sagedamini esinevate kaasaslindinud véér-
arengute hulka ning nende hinnanguline esinemissagedus maailmas on 1/600
elussiinni kohta. SuulShede patogenees tuleneb kraniofatsiaalse morfogeneesi
kdigus tugevasti hdirunud protsessidest molekulaarsel tasandil. Suuldhed
jaotatakse anatoomiliste, geneetiliste ja embriioloogiliste leidude pdhjal kaheks
suuremaks kompleksseks haigusfenotiiiibiks: huulelohe koos huule- ja suu-
laclohega (CL/P) ja suulaelohe (CP).

Mittesiindroomsed suuldhed on multifaktoriaalsed haigused, mille kujune-
misel osalevad omavahel interakteeruvad geneetilised ning erinevad keskkonna-
tegurite ja elustiiliga seostatud riskifaktorid. Mitmete suuldhede siindroomsete
vormidega seostatud geenide uuringud on ndidanud nende olulisust ka mitte-
siindroomsete suuldhede etioloogias. Geneetiliste tegurite oluline osatéhtsus
mittesiindroomsete suuldhede kujunemises on kinnitust leidnud perekondade ja
kaksikute uuringutes, siiski on kéesolevaks ajaks kirjeldatud ainult viiksem osa
iildisest geneetiliste faktorite osakaalust ning kandidaatgeenidel pdhinevate
assotsiatsiooniuuringute ja aheldusanaliiiiside tulemuste véahene kokkulangevus
on olulisel médral pohjustatud ka geneetilisest heterogeensusest ja viikesest
uuringu voimsusest. Olulist lisavéértust suuldhede kui komplekshaiguste
geneetilise eelsoodumuse selgitamisel on paaril viimasel aastal andnud kogu
genoomi assotsiatsiooniuuringud (GWAS) DNA mikrokiipidel.

Kéesoleva doktoritod eesmérgiks oli analiilisida kraniofatsiaalses morfo-
geneesis ja/vOi palatogeneesis osaleva 40 kandidaatgeeni jarjestuse variantide
voimalikku seost mittesiindroomse CL/P ja CP geneetilises eelsoodumuses.
Valitud geenidega teostati ca 590 iihenukleotiidse poliimorfismi (SNP) case-
control assotsiatsioonanaliiiisid iihendatud Eesti, Liti ja Leedu uuringuriihmas
eraldi CL/P ja CP fenotiiiibiga. Kokku genotiipiseeriti 404 patsienti (300 CL/P
ja 104 CP) ja 606 populatsioonipohist kontrollindiviidi. Mainitud kolme
geograafilises aspektis ldhedase populatsiooni geneetiline ldhedus on leidnud
veenvat kinnitust PCA meetodiga. Lisaks viidi l4bi replikatsiooniuuring Eesti ja
Leedu CL/P uuringuriihmades esimeses mittesiindroomse CL/P GWAS
uuringus kirjeldatud uutele genoomselt tihendusrikastele haigusseoselistele
lookustele Kesk-Euroopa populatsioonides.

Uurimistd6 olulisemad tulemused voib kokku votta jargnevalt:

o FGFI, FOXEI, TIMP2 ja WNT9B geenide jarjestuse variandid on seotud
mittesiindroomse CL/P  geneetilise eelsoodumusega Kirde-Euroopa
populatsioonides (Eesti, Léti, Leedu).

e GWAS uuringutes kirjeldatud genoomselt tdhendusrikas assotsiatsioon
8q24.21 kromosoomilookuse ning CL/P vahel replitseerus Eesti ja Leedu
case-control uuringuriihmades ning assotsiatsioon 10g25.3 kromosoomi-
lookuse ja CL/P vahel replitseerus Eesti case-control uuringuriihmas.
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o COL2A1, COLI11A42, IRF6 ja WNT3 geenide jarjestuse variandid on seotud
mittesiindroomse CP geneetilise eelsoodumusega Kirde-Euroopa populat-
sioonides (Eesti, Lati, Leedu).

e MSXI ja MTHFR geenide jirjestuse variandid on seotud mittesiindroomse
CL/P geneetilise eelsoodumusega Eesti populatsioonis.

e FGF ja Wnt signaalrajad ning nendes osalevad geenid omavad olulist rolli
nii CL/P kui ka CP etioloogias.

Kéesoleva uurimistod tulemused niditavad, et paljud kraniofatsiaalse morf-
ogeneesi ja/vdi palatogeneesiga seostatud geenid, sealjuures igaiiks neist
viikese individuaalse riskiefektiga, osalevad suulhede kujunemises, kuid ainult
iiksikutel geenidel ja/voi lookustel on oluline osatihtsus mittesiindroomsete
suuldhede geneetilises eelsoodumuses. Lisaks hiipoteesipdhistele kandidaat-
geenide uuringutele on ka GWAS meetod tdendanud oma tdhtsust suuldhede
geneetilise eelsoodumusega seostatavate senikirjeldamata kromosoomiregioo-
nide ning uute bioloogiliste hiipoteeside esiletoomisel edasisteks uuringuteks.
Suurem osa mittesiindroomsete suulGhede geneetilisest taustast on siiani
avastamata ning uueks viljakutseks on ldbi viia eelpoolkirjeldatud regioonide
detailne geneetiline kaardistamine tegelike haigusseoseliste variantide funkt-
sionaalsete efektide kindlakstegemiseks ning kraniofatsiaalses patoloogias
osalevate erinevate signaalradade molekulaarsete mehhanismide tépsemaks
selgitamiseks. Sellised suuremahulised resekveneerimisuuringud annavad
parimaid tulemusi uurimiskeskuste ja biopankade rahvusvahelises koostods, kus
on kaasatud tdpselt méddratletud fenotiilibiga patsientide kohordid ning suured
kontrollindiviidide rithmad erineva etnilise taustaga populatsioonides.
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