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Abstract
Identifying Genetic Modifiers for Left and Right Sided Orofacial Clefts

By Daniel Chang

Orofacial clefts (OFC) are a common congenital malformation that affect 1 in 700 births
globally. Affected individuals are also impacted by other health conditions, increased
mortality at all ages, and face additional financial burdens associated with years of treatment.
OFCs are classified by sub-type, including cleft lip, cleft lip with palate, and cleft lip with or
without palate. Additionally, OFC can present as either bilateral, occurring on both sides of
the lip/palate, or unilateral, affecting only a single side. The current paradigm in OFC
research and treatment is to group unilateral left and unilateral right clefts together for
research studies without accounting for subtypes. However, the non-random distribution of
OFC sub-types suggests that these subtypes may be pathogenetically distinct and subtype-
specific analyses should be considered. One approach to identify genetic factors contributing
to OFC subtypes is to compare cases of OFC sub-types against cases of a different OFC
sub-type in a genome-wide association study (GWAS). This approach identifies genetic
modifiers that distinguish two subtypes and allows us to develop a better understanding of
genetic factors that contribute to differences between OFCs. We analyzed a multi-ethnic
dataset comprised of singleton 702 cases, 1293 case-parent trios, and 1626 controls using
this modifier approach and identified a candidate 4q28 region with suggestive evidence of
association (p=8.4x10-s) and opposite direction of effect between right-sided cleft lip
(OR=0.64, 0.45-0.90) and left-sided cleft lip (OR=1.84, 1.43-2.37).



Identifying Genetic Modifiers for Left and Right Sided Orofacial Clefts

Daniel Chang

Master of Health Science
Johns Hopkins University
2016

Bachelor of Science
Johns Hopkins University
2014

Thesis Committee Chair: Jennifer Mulle, Ph.D., MHS

A thesis submitted to the Faculty of the
Rollins School of Public Health of Emory University
in partial fulfillment of the requirements for the degree of
Master of Science in Public Health
in Epidemiology
2020



Acknowledgements

I would like to use this opportunity to thank the various individuals who have helped
me through my time at Emory University. I would like to thank Dr. Jennifer Mulle for her
guidance throughout the thesis process, as well as her advisement through the GME
program. I also wish to thank Dr. Elizabeth Leslie for all of the opportunities and
mentorship she provided from the very beginning of my time at Emory University. This
study was only possible with her support. I also wish to acknowledge all the members of the
Leslie lab for their help and advice, especially Kim and Courtney for their continued
friendship. I would also like to thank Lili, Yijin, and David for their moral support during
our time in the Department of Epidemiology. Finally, I would also like to thank my family
for the support they have shown while I pursued the MSPH program, without them I would
not have been able to accomplish all that I have during my time at Emory.



Table of Contents

INTRODUCGTION.c...couueuuiirereuisirsensissssessisssssssssssssssisssssssisssssssisssmsssssssmssssses 1
METHODS .....ooueeeuuesiiirrieeeesiisiiireeissssiiisisissssssssiiiiisssssssssiiiismsmsssssiiens 7
RESULTS ..ooveueiirietiiiirieuiiiininsiiirisssiiissessiiissessiissmsssiissssssiissssssssssssssssssssssses 10
DISCUSSION......cvveuuiirieurierienssiirinsssensensssisiemsiiimsssssiemssssisssssssiemssssssosssssses 13
REFERENCES ....ccuuuoivvieuiiiireeeiiirriesiiirisssiiismessiississiiissssssiissssssismsssssssmssses 18

TABLES & FIGURES .........uucovvivveveuuiissiiirrevenssissiissssssssssssisssssssssssssssssssseees 22



INTRODUCTION
Background on OFC:

Orofacial clefts (OFC) are common congenital craniofacial anomalies that affect 1 in
700 births globally. In the U.S., cleft lip with or without palate affects 10.5 per 10,000 live
births while 6.4 per 10,000 live births are affected by cleft palate only (1). In addition to early
childhood complications, affected individuals are at a higher risk for dental (2-4) and speech
problems (5, 6), ear infections (5, 7), various forms of cancer (8, 9), and mental health
concerns (10), and these individuals have an overall higher rate of mortality throughout all
ages (11). Beyond its impact on the health of affected individuals, OFCs also incur additional
financial burdens, where lifetime costs for cleft related surgeries, hospital stays, orthodontic
treatments, and speech therapy can exceed $200,000 (12).

OFCs are categorized based on various characteristics, such as the location and
severity of the cleft and the presence or absence of other features. OFCs can be categorized
as either syndromic, where clefting is accompanied by other cognitive or physical
abnormalities, or nonsyndromic, classified by an absence of additional accompanying
conditions (12). OFCs are also classified by the affected structures, which include cleft lip
only (CL), cleft lip with palate (CLP), cleft lip with or without palate (CL/P), and cleft palate
only (CPO). Additionally, OFCs can be grouped by the side of the lip and/or palate where
the clefting occurred. Bilateral cases of CL/P (BCL/P), CLP (BCLP), and CL. (BCL) are
defined as when the cleft occurs on both sides of the face, whereas unilateral cases are when
clefting affects only one side of the face. More specifically, unilateral left CL/P (LCL/P),
CLP (LCLP), and CL (LCL) refer to when clefting occurs on the left side of the face, while
unilateral right CL/P (RCL/P), CLP (RCLP), and CL. (RCL) are classified as such when

clefting occurs on the right side.



The prevalence of OFC varies by both subtype and classification. 70% of all CL/P
cases are classified as nonsyndromic, while 50% of CPO cases are classified as such (13).
Additionally, cases of CLP are twice as common as cases of CL (14). In terms of OFC
distribution by laterality, among CL cases, unilateral clefting comprises 75% of all cases.
Even among unilateral cases, the distribution of laterality is not balanced, with unilateral left
cases having twice the frequency of unilateral right cases (15). The prevalence of OFCs also
differs by sex and subtype: thete are twice as many CL/P subtypes in males than females,
while the reverse has been found in CPO cases, with females having twice the frequency
(16). The non-random distribution of OFC between syndromic vs nonsyndromic cases, the
various subtypes, and the side by which clefting manifests suggests the presence of
underlying genetic factors contribute to the differentiation between OFC cases.
Genetics & OFC

Although the exact causal mechanism of OFC is unknown, OFC pathogenesis is
multifactorial. There have been evidence for both environmental factors, such as maternal
smoking (17), alcohol consumption during pregnancy (18-20), and folate exposure 2 utero
(21), and genetic factors contributing to OFC development. Seasonal factors have also been
suggested to affect OFC pathogenesis, with seasons affecting the differing prevalence of
different sub-types affecting OFC pathogenesis (22, 23). With regards to the genetic
components, eatly consideration originated from segregation analysis (24) and twin studies
(25, 206). Studies on patterns of OFC in families supported the concept of genetic pathways,
with evidence of increased risk for CL for individuals with a family history of CL (27), as
well as findings that monozygotic twins have higher concordance for OFC than dizygotic
twins (26). To further study the complex origins of non-syndromic OFCs, large-scale

genomic studies employed methods such as genome-wide association studies (GWAS) (28-



32), linkage analysis (33), and candidate gene approaches (34). These genetic approaches
have identified an association between heritability with OFC classification and subtypes. The
differences in the genetic pathway between syndromic OFCs and non-syndromic OFCs
highlight such distinctions. The genetic pathway of syndromic OFCs can be attributed to a
single genetic origin, such as a single genetic locus or chromosomal abnormalities (12). On
the other hand, non-syndromic OFCs are genetically complex and involve interaction of
multiple genetic and environmental risk factors (12). Given OFC’s nature as a complex
disease, many studies focus on identifying the genetic pathways of nonsyndromic OFCs.
GWAS approaches have been able to identify approximately 40 candidate risk loci
for OFC, such as the association between OFC and the 8q24 loci in a European
population(29) or the 1q32 loci in an Asian population in a stratified GWAS (28). Specific
genes have also been identified to be associated with non-syndromic OFCs, such as IRF6
(28, 29), MAFB (28, 35), and ARHGAP29 (28, 30) through GWAS methods. Although
GWAS approaches and other study methods have identified potential genetic variants that
are associated with OFCs as a whole, OFC sub-types are often are grouped together during
analyses. Despite this, the genetic components contributing to each OFC sub-types may
differ. Grouping sub-types together could potentially overlook factors that are unique to
sub-type pathogenesis. This is especially the case regarding for right- and left-sided OFC,
which have not been a focus of genetic studies and are usually grouped together into the
umbrella category of unilateral CL, CLP, or CL/P. Given the variations obsetved in body
asymmetry, insight may be gained by studying genetic factors that contribute to lateral

asymmetry in OFCs as well.

Non-OFC Laterality



Common non-OFC examples of laterality include left/right handedness, facial
asymmetry, and asymmetry in the left/right brain hemispheres. The differences in body
asymmetry have also been proposed to have clinical implications. There has been evidence
of differential schizophrenia prevalence among those with increased directional asymmetry
(36) as well as increased facial asymmetry among children with autism spectrum disorder
(37). To better understand left/right asymmetry, both environmental and genetic causal
paths have been proposed. Multiple genetic analyses have been used to study handedness,
including whole exome sequencing (38) and GWAS approaches (39, 40). Direction of
handedness has also been connected with non-laterality outcomes, where studies have also
identified specific genes associated with handedness and behavioral disorders (41). Given the
potential association between genetic risk factors and body sidedness, there may be
underlying genetic causal pathways for the differences between right-sided and left-sided
OFCs as well.

OFC laterality

The distribution of clefting between unilateral left, unilateral right, and bilateral
clefting is non-random, suggesting that specific factors could be identified that influence
laterality differences in OFC. Understanding these factors may yield insights into craniofacial
development but also has potential to elucidate the relationship between OFC laterality and
associated clinical outcomes. For example, the association between non-OFC laterality with
behavior may extend to OFCs as studies have explored academic achievement differences
with clefting laterality. One study found that children with left-sided cleft had worse
academic performance measured by standardized test scores than those with right-sided cleft
(42); however, this result has been inconsistent as a follow-up study with a larger cohort by

the same group found that, based on clinical evaluations, RCL/P was associated with a



higher risk of requiring academic support when compared to LCL/P (43). This same study
also found evidence of varying health outcomes by laterality, with cases of nonsyndromic
CL/P associated with a higher risk of additional malformations, such as heart lesions (43).
Some preliminary evidence has been shown for differing health outcomes between BCL and
UCL following cleft lip repair as well, with BCL being associated with higher prevalence of
comorbidities related to pulmonary, gastrointestinal, neurologic, and cardiac diseases when
compared to UCL cases (44). Despite evidence of differences between left- and right-sided
clefting, there have been no genome-wide studies to determine possible genetic origins for
left, right, and bilateral subtypes of nonsyndromic OFC. Studies thus far have examined
genetic risk factors for differences between CL, CLP, and CL/P subtypes, yet modifiers for
laterality have not been studied. This thesis project could help develop a better
understanding of factors that could modify laterality, which could shed valuable insight into
overall OFC etiology. Especially with recent findings of the genetic association of other
OFC subtypes, we hope to develop a better understanding of genetic variants of laterality
modifiers.

We will use genome-wide association studies to identify possible genetics factors that
contribute to laterality subtypes of OFCs. The current paradigm in OFC research and
treatment is to group unilateral left and unilateral right clefting together to identify genetic
factors that increase risk for OFCs in a general sense, without accounting for subtypes.
However, increasing evidence suggests these subtypes should be considered pathogenetically
distinct (45). Given that OFCs of different laterality have difference rates of prevalence and
affect gender and different populations disproportionately, we could also potentially extend
this argument to laterality as well and attempt to identify an underlying factor for these

subtypes. For example, OFC asymmetry has been studied for association with other health



outcomes and even academic performance (42, 43). By studying whether there are genetic
factors associated with the subtypes, we may be able to further define disease etiology, and
hopefully learn about the genetic pathways responsible for the variation in subtypes. Because
laterality could be seen as a measure of clefting severity, with bilateral OFC being a more
severe case than unilateral OFC, understanding the underlying genetic factors and predicting
OFC outcomes could provide better clinical responses. For example, cleft lip/palate surgical
procedures differ depending on bilateral or unilateral, and a better understanding of the
variants could help identify appropriate treatment, ultimately reducing both medical and cost
burdens for patients. Thus far, studies have been done to show the underlying genetic

differences between CL & CLP, but none have focused on laterality.



METHODS

Study population

Samples were obtained from a multi-ethnic cohort from the Pittsburgh Orofacial
Cleft (POFC) study, with recruitment occurring in 18 sites in North, Central, and South
America, Asia, and Europe. These recruitment sites were comprised of OFC treatment
centers, with many of these centers being a part of genetic studies by the University of
Pittsburgh Center for Craniofacial and Dental Genetics and the University of Iowa (46, 47).
Recruitment was approved by the IRB of each recruiting site, as well as the IRB of the
University of Pittsburgh and University of lowa, and informed consent was obtained for
each research subject (46, 47). Eligibility was determined on whether or not the individual
had OFC. Cases for analyses were selected from unrelated individuals who have cleft lip
either with or without palate. Controls were defined as individuals unrelated to cases who
have no known history of OFC or other craniofacial anomalies. The final analysis cohort
consisted of a total of 702 cases, 1293 trios and 1626 controls.
Genotyping

Samples were genotyped for a combination of 580,000 SNPs using the Illumina
HumanCore+Exome platform. An additional 15,980 SNPs were also genotyped to include
candidate genes and loci that previous studies have found to be associated with OFCs (406).
The dataset analyzed in this dataset underwent quality control using pipelines developed by
the University of Washington Genetics Coordinating Center (48). This process involved
examining samples for duplicates, batch effects, chromosomal anomalies, familial
relatedness, Mendelian errors among relatives, and population structure (46). SNP probe
quality was also inspected by examining inter-sample comparisons, missing call rates,

separation of clusters during genotype calling, and deviations from the Hardy-Weinberg



equilibrium. After quality control, the final number of genotyped SNPs was 539,473, with
293,633 SNPs having a minor allele frequency 1% or greater (46, 47).

Additionally, unobserved genetic polymorphisms were imputed using the IMPUTE2
software in conjunction with the 1000 Genome Projects (phase 3) as the reference panel,
with haplotypes created using the SHAPEIT?2 software to “pre-phase” genotyped SNPs that
have passed quality control (46, 47). After imputation, masked variant analysis was done to
assess imputation accuracy. This resulted in a mean concordance of 0.955 when MAF <0.05
but a mean concordance of 0.960 for SNPs with MAF = 0.05, indicating high-quality
imputation (406, 47). Incorporating the final list of imputed SNPs with the genotyped data
resulted in 34,985,077 SNPs for analysis.

Madifier GWAS G on Co

SNPs associated with differences between OFC sub-types were identified by
conducting GWAS using a modifier approach. In this approach, cases of an OFC sub-type
were compared against cases of another sub-type. Initial analysis was conducted on BCL/P
cases against unilateral CL/P cases (defined as all cases of either unilateral right or unilateral
left cleft lip). Subsequent analyses were conducted separately for BCL against unilateral CL
as well as BCLP and unilateral CLP. Similarly, unilateral left and right-sided clefts were
compated to assess sidedness differences. Among the CL/P cases, the following groups
were analyzed: LCL/P against BCL/P, RCL/P against BCL/P, and LCL/P against RCL/P.
The same set of analyses were conducted for CLP, with LCLP analyzed against RCLP,
RCLP against BCLP, and LCLP against RCLP. Analysis was done with the CL cases as well,

with LCL against BCL, RCL against BCL, and LCL against RCL.



Case-control GWAS Approach

After candidate SNPs were identified in the modifier analyses, additional association
tests were conducted using the traditional case-control method to ascertain the direction of
effects for each SNP using a common reference group. For the case-control analysis, we
examined case groups as previously defined against the 1626 controls.
GWAS Parameters

Given the multi-ethnic nature of the data and to account for the population structure
within the dataset, a principal components of ancestry (PCA) analysis was conducted, which
resulted in 18 principal components of ancestry (46, 47). Incorporating these PCs as
covariates in the model allows us to adjust for the allelic distribution of SNPs resulting from
ancestry-specific variations within the population. For each of comparison groups, including
the modifier approach and case-control approach, GWAS was conducted using an additive
logistic regression and adjusting for both sex and principal components of ancestry using
PLINK v1.90b5.3 (49). For an association with a SNP to be considered to be genome-wide
significant, the association must meet the p-value threshold of 5x10-s. Associations were also
considered suggestive if p-value < 1x10.s. SNPs were excluded from analysis if they had a
with a minor allele frequency less than 0.05, were not in Hardy—Weinberg equilibrium in
controls, or had an imputation information score less than 0.5. Data cleaning, analysis of
GWAS results, and generation of figures were done on R v3.6.1 (50-52). Regional
association plots were created using LocusZoom (53).
FEATL Cone E o1 Analysi

To determine biological relevance of the 4q28 locus, the Lipinski lab at the
University of Wisconsin conducted analyses to characterize the expression of the F.AT4

candidate gene by 7 situ hybridization of mouse embryos using standard protocols.
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RESULTS

Population Cl. e

The distribution of OFC cases in our analysis population was consistent with
patterns described in the literature. We observed a greater number of OFC cases in males
than in females and a greater number of unilateral cases overall. Among the unilateral OFC
cases, there were a greater number of unilateral left cases than unilateral right. This trend was
observed for each of the CL/P, CL, and CLP sub-types. Additionally, within our dataset, the
majority of OFC cases were male (Table 1). This remained the case after stratifying samples
by each sub-type, consistent with the reported male-bias of cleft lip in population-based
epidemiological studies of OFCs. We also observed the number of unilateral left cases was
approximately 1.5 times the number of unilateral right cases in CL/P, CL, and CLP. When
examining distribution by ethnicity, there was uneven distribution of cases by ancestry
groups, Among the CL/P and CLP cases, the majority of our cases were of Latin/South
American ancestry, followed by the Caucasian, and the Asian ancestry groups having the
fewest number of samples. In the CL sub-type, there was an even distribution of cases
between the ancestry groups.
Modifier GWAS Results

GWAS was conducted on this multi-ethnic cohort by comparing sub-types of OFC
cases against sub-types. A total of 1995 cases were analyzed across all GWAS conducted.
The comparison between bilateral clefting against unilateral clefting did not result in any
associations at the genome-wide significance level, only SNPs at the suggestive level of
significance. The GWAS results for the bilateral against unilateral comparison among CL/P
resulted in 57 SNPs across 19 loci that meeting the suggestive threshold for association. In

the bilateral against unilateral analysis of the CLP cases, 54 SNPs across 15 loci were found
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to be suggestive, while the bilateral against unilateral comparison among CL cases yielded 10
SNPs across 7 loci as suggestive.

We next compared left-sided OFCs against right-side OFCs. In this series of
analyses, 29 SNPs across 10 loci were at suggestive significance among CL/P cases, 56 SNPs
across 10 loci among the CLP cases, and 31 SNPs across 13 loci among CL cases. Again, we
did not identify any associations at genome-wide significance in this analysis (Fig 1, Table 3),
however, in the LCL vs. RCL modifier analysis, a locus on chromosome 4q28 approached
genome-wide significance, with the lead SNP rs6855309 (p-value = 8.4x10-s; OR = 3.5; 95%
CI: 2.21-5.55) (Figure 2C, Table 3).

Opverall, the analyses for CL. and CLP appeared to differ but comparisons based on
p-values alone are confounded by differences in sample size. In order to fairly compare the
results of the CL and CLP analyses, we plotted the effects (log odds ratios) of several lead
SNPs from the CLP modifier against the effects of the same SNPs in the CL analyses and
vice versa (Figure 3) Interestingly, SNPs that were suggestive for significance in the CL.
analysis had no modifier effect in the CLP analysis and similarly, the most significant SNPs
from the CLP had no modifier effect in the CL analysis. Therefore, these loci identified in
the CL analysis are truly specific to a subtype and differences in the association results are
not likely due to sample size. Given the specificity of the 4q28 locus, we further explored the
region by plotting the odds ratio of rs6855309 resulting from the unilateral right against
unilateral left analyses for the CL, CLP, and CL/P sub-types. This plot reveals an association
is observed only in the CL sub-type (Figure 4A). No associations were found for rs6855309
for the CL/P and CLP analyses (Figure 4B, 4C). Even within the CL sub-type, an association

was present only when comparing unilateral left against unilateral right, but not in the
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bilateral against unilateral combined analysis nor the bilateral against unilateral right or
bilateral against unilateral left analysis (Figure 4D).
Case-Control GWAS Results

To better understand the 4q28 region, we conducted a case-control GWAS with
unilateral right cases vs control and unilateral left cases vs control in both CL and CLP sub-
types. A total of 546 right-sided OFCs and 854 left-sided OFCs were compared against 1626
controls. GWAS of right-sided CL case-control analysis resulted in an odds ratio of 0.64
(95% CI: 0.45, 0.90) for rs6855309, while the left-side CL analysis resulted in an odds ratio
of 1.84 (95% CI: 1.43, 2.37). GWAS of the unilateral left CLP case-control results in an odds
ratio of 1.05 (95% CI: 0.89, 1.23) while the unilateral right CLP analysis resulted in an odds
ratio of 1.21 (95% CI: 0.99, 1.46). These results are plotted on Figure 5 to highlight the
opposite direction of effect. We then examined the LocusZoom regional association plot to
further examine the 4q28 loci (Figure 6). The regional plot indicated that presence of the

FAT4 gene proximate to the 4q28 region.
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DISCUSSION
GWAS Qutcome

OFCs are a heterogeneous group of disorders that share various sub-types. To better
understand the underlying genetic factors that may result in OFC sub-types, we conducted a
modifier-based approach to GWAS in a multi-ethnic cohort. Our analysis identified a
candidate genetic locus with evidence of suggestive association at the 4q28 region, which was
specific to the CL sub-type while having opposite direction of effect between RCL and LCL.
Additionally, we identified a gene in proximity of the 4q28 locus which may be a candidate
gene.

Traditional approaches to GWAS compare cases with a given disease against
controls; however, in order to better understand genetic risk factors that underlie the OFC
sub-types, we conducted GWAS using a modifier-based approach, which cannot detect loci
associated with both subtypes and therefore highlights the modifier loci that distinguish two
subtypes. By using this strategy, we hoped to identify potential genetic differences that
underlie the laterality and sidedness types of OFCs. To do this, we examined bilateral and
unilateral OFC as well as left- and right-side clefting. These analyses were conducted on the
CL, CLP, and CL/P sub-types.

Because both CL and CLP have the same 2:1 bias toward unilateral left cleft lip, we
initially expected that the CL/P modifier analysis would have the most power to uncover
modifying loci. However, no evidence of association was observed at genome-wide
significance, given a threshold of p-value < 5x10- (Table 2) in either the laterality or
sidedness modifiers. We considered the possibility that potential associations may be lost by
combining both CL and CLP groups and conducted analysis separated by these subtypes,

revealing the 4928 locus reached near genome-wide significance in the LCL versus RCL
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analysis (Table 2). Additional comparisons of the effect sizes of several lead SNPs from the
CL and CLP analyses mostly indicated that the effects of the regions were specific to their
respective analysis (Figure 3), with SNPs that were suggestive for significance in the CL.
analysis (in red in Figure 3) found to have nearly no effect in the CLP analysis and vice versa.

The increased effect size of the 4q28 region was observed only in the CL analysis
(Figure 4A), with the lead SNP resulting in a statistically significant odds ratio of 3.51 (95%
CI: 2.2, 5.4) (Figure 2, Table 3), reinforcing the possibility that the effect of the 4q28 region
is specific to the CL sub-type. To determine the direction of effect of the 4q28 region, a
traditional case-control GWAS approach was taken, which revealed an opposite direction of
effect for the rs6855309 SNP between left-sided and right-sided CL (Figure 5).

Previous studies focused mainly on studying OFC as a whole, but some previous
studies have focused on identifying loci associated with individual sub-types. For example,
the CLP sub-type has been associated with the 13q31 (54) and 15q13 loci (55). Additionally,
there have been evidence of differential effect modification by a gene on different OFC sub-
types, where IRFG carries a stronger risk for the CL sub-type compared to the CLP sub-type
(56). By identifying a candidate region that is both specific to CL and has an opposite
direction of effect between LCL and RCL, we have found suggestive evidence for genetic
factors that underlie a mechanism contributing to the differentiation of right-side and left-
side CL. By doing so, we provide support for the consideration of analyze unilateral right
and unilateral left CL as distinct disorders and warrants a more detailed examination of the
4928 locus.

EAT4
The associated SNPs in the 428 region reside in an intergenic region. The closest

protein coding gene was 24714, located approximately 400Kb centromeric to the associated
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region (Figure 6). Mutations in F.4T4 have been linked to both Hennekam syndrome (57,
58) and Van Maldergem syndrome(58, 59). Hennekam syndrome is a disorder resulting from
malformations in the lymphatic system and can cause facial dysmorphism (60) while Van
Maldergerm syndrome is characterized by intellectual disabilities, craniofacial abnormalities,
and other skeletal malformations (61). In addition to these syndromes, missense variants in
FAT4 were associated with OFCs in an extended Syrian pedigree (62). We found that FAT4
is expressed in mouse embryos along the medial nasal process at gestational day 10.75 and
gestational day 11.75 (Figure 7). At this developmental stage, the medial nasal process is a
precursor to the upper lip, with previous work having found that disrupting the proliferation
of mesenchymal cell in the medial nasal process results in cleft lip (63). Therefore, although
the two syndromes commonly associated with F.AT4 are not characterized by OFCs, these
data show that F.AT4 is expressed at the proper time and place to be involved in the
differentiation between left-sided and right-sided cleft lip. Further analysis of the expression
and function of F.4T4 in this region could help elucidate possibility of the gene’s
involvement in the development of left/right differentiation in cleft lip.

I imitations/ F: Direction:

Although we identified a promising candidate locus and gene, one limitation of our
analysis was the sample size in our analysis cohort, especially among BCL cases, which is the
rarest of all OFC subtypes. Because of the diversity of the samples, we had to accounted for
population structure by adjusting for a large number of principal components of ancestry,
which can reduce statistical power. Larger samples of each ancestry group could provide
more statistical power and the ability to identify population-specific modifiers. Similarly, we
would like to conduct replication analyses, however, we are limited by the availability of

replication data sets, the sample size in the replication set, and the accuracy/completeness of
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the phenotype data. Finally, there are computational limitations due to the size of genomic
datasets, especially when increasing the sample size; however, newer technologies and
informatics methods can alleviate this concern.
FEuture Direction

The results of the unilateral left versus unilateral right analysis among the CL cases
were at the level of suggestive significance. Expanding the sample size and replicating the
findings in the 4g28 region would strengthen the findings listed here, however, as
mentioned, there are limitations by availability of both genetic and phenotypic data. In
addition to replication studies, utilizing candidate gene approaches could also allow us to
better characterize the association between F.4T4 and unilateral left and unilateral right CL.
Molecular experiments would also help develop a better understanding the potential role of
FAT4. Functional analysis via overexpression or knock-out mouse models would allow us to
determine how the 4q28 SNPs affect F.4T4 expression and would be valuable in developing
a better understanding of association between the 4q28 region, the F.4T4 gene, and OFCs.
Conclusion

To develop a better understanding of the differences of the sub-types underlying
OFCs, we utilized a modifier-based approach to identify any associations underlying the
differences between the comparison groups. This approach allowed us to identify a
candidate region, the 4928 locus, that may be involved in left-side and right-side
differentiation in cleft lip. The results of the analysis indicated that there is opposite direction
of effect in this region between right-sided and left-sided CL. These results highlight the
heterogenous nature of OFCs and how potential genetic mechanisms for OFC pathogenesis
may be overlooked by the current paradigm of analyzing OFC sub-types together. Instead,

approaching the different subtypes as unique disease entities may be required to fully
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character OFC. We also identified the F.AT4 gene in proximity to this region, which may
hold further insight into laterality differences of cleft lip. Potential insight into the varying
health outcomes associated with the different subtypes could ultimately have clinical
implications, such as utilizing genetic markers for screening or genetic counseling, to

improve the public health outcome of those affected by OFCs.
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TABLES & FIGURES

Table 1: Singleton cases, trios, and controls by recruitment site

Population Recr;itment Control Singleton Trio Total
ite Cases Cases
Denmark 0 18 28 46
Hungary 253 23 82 105
E Spain 0 2 31 33
uropean
Turkey 171 57 115 172
United States 411 70 150 220
Total 835 170 406 576
Argentina 30 68 43 111
Colombia 277 276 405 681
Central/South | Guatemala 208 47 55 102
American Puerto Rico 106 33 51 84
United States 5 25 47 72
Total 626 449 601 1050
China 27 32 125 157
Asian India 38 18 32 51
Philippines 96 32 127 159
Total 161 83 284 367
Unspecified Ancestry Group 4 0 2 2
Total 1626 702 1293 1995
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Table 2: Non-random distribution of OFC cases by sub-type that differ by gender &

ancestry.
CL/P: Unilateral vs Bilateral
Bilateral Unilateral Right Left Unls?cllown
(n=522) (n=1400) (n=540) (n=854) (n:Z)
Male (%) | 356 (68.20) | 822 (58.71) | 323 (59.16) K 499 (58.43) 1 (25.00)
Female (%) | 166 (31.80) | 578 (41.29) | 223 (40.84) | 355 (41.57) | 3 (75.00)
Asian (%) 96 (18.39) | 268 (19.14) | 102 (18.68) K 166 (19.44) | 0 (00.00)
Caucasian (%) | 164 (31.42) | 411 (29.36) | 134 (24.54) 277 (32.44) 0 (00.00)
LSA (%) | 261 (50.00) | 720 (51.43) | 310 (56.78) | 410 (48.01) 4 (100.00)
Unspecified (%) 1 (00.19) 1 (00.07) 0 (00.00) 1 (00.12) | 0 (00.00)
CL: Unilateral vs Bilateral
Bilateral Unilateral Right Left Unkircllown
(n=28) (n=340) (n=130) (n=210) (;:Z)
Male %) | 17 (60.71) | 194 (56.07) | 75 (57.69) @ 119 (55.09) 0 (00.00)
Female (%) | 11 (39.29) | 152 (43.93) | 55 (42.31) 97 (4491) 2 (100.00)
Asian (%) | 10 (35.71) | 111 (32.08) | 43 (33.08) 68 (31.48) 0 (00.00)
Caucasian (%) | 10 (35.71) | 118 (34.10) | 40 (30.77) 78 (36.11) | 0 (00.00)
LSA (%) 8 (28.57) | 117 (33.82) 47 (36.15) 70 (32.41) | 2 (100.00)
Unspecified (%) 0 (00.00) 0 (00.00) 0 (00.00) 0 (00.00) # 0 (00.00)
CLP: Unilateral vs Bilateral
Bilateral Unilateral Right Left Unkircllown
(n=494) (n=1054) (n=410) (n=0638) (151:2)
Male (%) | 339 (68.62) 628 (59.58) 248 (59.62) | 380 (59.56) |1 (50.00)
Female (%) | 155 (31.38) | 426 (40.42) 168 (40.38) | 258 (40.44) ' 1 (50.00)
Asian (%) 86 (17.41) | 157 (14.90) 59 (14.18) 98 (15.36) | 0 (00.00)
Caucasian (%) | 154 (31.17) | 293 (27.80) 94 (22.60) | 199 (31.19) | 0 (00.00)
LSA (%) | 253 (51.21) | 563 (53.42) 263 (63.22) 340 (53.29) 2 (100.00)
Unspecified (%) 1 (00.20) 1 (00.09) 0 (00.00) 1 (00.16) | 0 (00.00)
CL/P: Unilateral Left CL: Unilateral Left CLP: Unilateral Left
vs Unilateral Right vs Unilateral Right vs Unilateral Right
Unilateral Unilateral Unilateral Unilateral Unilateral Unilateral
Right Left Right Left Right Left
(n=5406) (n=854) (n=130) (n=216) (n=416) (n=638)
Male ) | 323 (59.16) | 499 (5843) | 75 (57.69) 119 (55.09) | 248 (59.62) | 380 (59.56)
Female (%) | 223 (40.84) | 355 (41.57) | 55 (42.31) 97 (4491) | 168 (40.38) = 258 (40.44)
Asian (%) | 102 (18.68) | 166 (19.44) | 43 (33.08) | 68 (31.48) | 59 (1418) | 98 (15.36)
Caucasian (%) | 134 (2454) | 277 (3244) | 40 (30.77) | 78 (36.11) | 94 (22.60) | 199 (31.19)
LSA (%) | 310 (56.78) | 410 (48.01) | 47 (36.15) | 70 (3241) | 263 (63.22) | 340 (53.29)
Unspecified (%) 0 (00.00) 1 (00.12) 0 (0.00) 0 (00.00) 0 (00.00) 1 (00.16)




Figure 1: GWAS Results Bilateral vs Unilateral (1a: CL/P; 1b: CL; 1c: CLP).
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We see that none of the bilateral vs unilateral analysis identified any SNPs at genome-wide

significance nor any promising candidate SNPs overall.
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Figure 2: GWAS Results Unilateral Right v Left (2a: CL/P; 2b: CL; 2c: CLP)
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Manhattan plots of the GWAS results for unilateral right against unilateral left analysis for
CL, CLP, and CL/P sub-types. Points in red denote three of the most significant regions
from the CL analysis. Points in green indicate three of the most significant regions from the
CLP analysis.



Table 3A: Most Significant Loci per Analysis — Bilateral vs Unilateral

CL/P: Bilateral vs Unilateral
Odds Candidate | # of
CHR = Region Lead SNP Ratio 95% CI P-value Gene SNP
1 1p22.1 | 1571650502 2.022 (1.508, 2.711) | 2.52E-06 EVI5 1
2 2plo rs11407371 1.927 (1.463, 2.537) | 2.99E-06 FOXN2 1
10 10p13 rs143826861 0.685 (0.587, 0.800) | 1.80E-06 FAM107B | 7
10 10921.1 | rs17643564 0.647 (0.539, 0.778) | 3.50E-06 PCDH15 | 27
18 18q21.1 | rs1787328 0.649 ‘ (0.531,0.771) | 2.68E-06 MYOS5B 2
CLP: Bilateral vs Unilateral
# of
CHR | Region Lead SNP Odds Ratio 95% CI1 P-value | SNP
3 3pl2 rs13087163 0.657 (0.553,0.781) | 1.90E-06 2
6 6923.2 | rs7765331 0.405 (0.280, 0.585) | 1.43E-06 15
17 17p13 | rs71358253 0.485 (0.359, 0.655) | 2.32E-06 | 7
18 18q21.1  rs1787328 0.624 (0.512,0.761) | 3.03E-06 |1
20 20q13.1 | rs13045716 1.477 (1.255,1.737) | 2.52E-06 @8
CL: Bilateral vs Unilateral
# of
CHR | Region Lead SNP Odds Ratio 95% CI P-value | SNP
2 2ql2 rs112499595 0.059 (0.017,0.203) | 6.75E-06 1
6 6p21.3 | rs78897911 0.035 (0.008, 0.151) | 7.49E-06 1
18 18q11.2 | 1572890974 0.079 (0.027,0.233) | 4.24E-06 3
19 19p13.2 | 15143383743 0.086 (0.030, 0.249) | 5.83E-06 1
22 22q13.1 | rs113844586 0.192 (0.093, 0.396) | 8.05E-06 1

26



Table 3B: Sonif : osis —Unilateral Rioht vs Ustilateral Lef

CL/P: Unilateral Right vs Unilateral Left
# of
CHR | Region Lead SNP Odds Ratio 95% CI P-value | SNP
1 1p22.3 | 156667102 1.599 (1.322,1.935)  1.32E-06 14
12 12q15 | 1557646976 0.582 (0.459,0.738) ' 8.00E-06 @ 4
14 14922 | 154080563 0.506 (0.377,0.681)  6.37E-06 1
15 15g26.1 | 12388015 1.611 (1.308,1.985) | 7.41E-06 @ 2
20 20p12.3 | 156116687 1.625 (1.326,1.991) | 2.91E-06 2
CLP: Unilateral Right vs Unilateral Left

# of
CHR  Region Lead SNP Odds Ratio 95% CI P-value = SNP
6 6q23.2 rs17642884 0.469 (0.340, 0.646) | 3.79E-06 | 1
7 7q21.1 rs2194751 1.556 (1.292,1.873) | 3.20E-06 2
8 8p12 rs56056078 0.318 (0.198,0.511) | 2.12E-06 3
11 11923.3 | rs499804 0.594 (0.478,0.738) | 2.45E-06 27
12 12q24.31 | rs34152756 1.691 (1.352,2.114) ' 4.05E-06 | 1

CL: Unilateral Right vs Unilateral Left

# of
CHR ' Region Lead SNP Odds Ratio 95% CI P-value | SNP
1 1932.1 | rs12732777 0.365 (0.237,0.563) | 4.93E-06 |1
2 2q12 rs139260643 3.309 (2.014,5.438) | 2.32BE-06 |1
4 4q28 r$s3956582 3.507 (2.216, 5.549) 8.40E-08 | 10
8 8q24.2 | rs13267780 0.328 (0.211,0.511) | 8.40E-07 | 4
8 8923 rs62520628 2.919 (1.836, 4.64) 5.91E-06 | 5
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Figure 3: Comparison of the Effect Sizes of Lead SNPs
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significant regions from the CLP analysis. The effect size of these SNPs separate by their
respective analysis group
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Figure 4A: Comparison of the odds ratio of rs6855309 from the unilateral left against
unilateral right analyses only in the CL CL/P, CLP, and CL sub-types

Unilateral Right vs Unilateral Left
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Results from the unilateral right vs unilateral left GWAS reveal a significant increase in the
odds ratio only in the CL sub-type.

Figure 4B: Comparison of the odds ratio of 16855309 resulting from CL/P GWAS
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Results from the CL/P subtype-specific GWAS show that there was no significant change in
the odds ratio of the rs6855309 SNP
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Figure 4C: Comparison of the odds ratio of 156855309 resulting from CL. GWAS
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Results from the CL subtype-specific GWAS indicate a significant odds ratio in the unilateral
right vs unilateral left modifier GWAS

Figure 4D: Comparison of the odds ratio of rs6855309 resulting from CLP GWAS
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Results from the CLP subtype-specific GWAS show that there was no significant change in
the odds ratio of the 156855309 SNP
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Figure 5: Comparison of the s6855309 Odds Ratio by Analysis.
rs6855309 (4q28)
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Examining the odds ratios of the rs6855309 SNP from each GWAS indicate that the
suggestive association between OFCs and 4q28 by laterality is found only in CL cases.
Important to note is that there was an opposite direction of effect between LCL and RCL



Figure 6: Regional Association Plot of 4q28 Reveal Proximity of the F.4T4 Gene.

Plotte SN NN 0 A S O 1 Ly o

10 S
0.8
0.6
8 0.4
rs6855309 0.2
(0]
S 6
E
{ (©)
=
o
>
g a4

FAT4—>

MIR2054—>
T T T T T 1
126.4 126.6 126.8 127 127.2 127.4
Position on chr4 (Mb)

Focusing in on the 4q28 region revealed that the FLAT4 gene lies slightly over 400Kb
upstream of the lead SNP (£rs6855309) and is a candidate gene for further analysis
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Figure 7: FAT4 Expression at the Medial Nasal Process at Gestational Timepoints in
Embryonic Mice.
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Staining for F.4T4 expression at various timepoint of gestational mice demonstrates its
expression in the medial nasal process, a precursor for the upper lip
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