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Abstract

Background—Orofacial clefts (OFCs), including nonsyndromic cleft lip with or without cleft
palate (NSCL/P), are common birth defects. NSCL/P is highly heterogeneous with multiple
phenotypic presentations. Two common subtypes of NSCL/P are cleft lip (CL) and cleft lip with
cleft palate (CLP) which have different population prevalence. Similarly, NSCL/P can be divided
into bilateral and unilateral clefts, with unilateral being the most common. Individuals with
unilateral NSCL/P are more likely to be affected on the left side of the upper lip, but right side
affection also occurs. Moreover, NSCL/P is twice as common in males as in females. The goal of
this study is to discover genetic variants that have different effects in case subgroups.

Methods—We conducted both common variant and rare variant analyses in 1,034 individuals of
Asian ancestry with NSCL/P, examining four sources of heterogeneity within CL/P: cleft type,
sex, laterality, and side.

Results—We identified several regions associated with subtype differentiation — cleft type
differences in 8g24 (p=1.00x1074), laterality differences in /RF6, a gene previously implicated
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with wound healing (p=2.166x10~%), sex differences and side of unilateral CL differences in
FGFR2 (p=3.00x1074, p=6.00x10"4), and sex differences in VAXZ (p<1.00x10~%) among others.

Conclusions—Many of the regions associated with phenotypic modification were either
adjacent to or overlapping functional elements based on ENCODE chromatin marks and published
craniofacial enhancers. We have identified multiple common and rare variants as potential
phenotypic modifiers of NSCL/P, and suggest plausible elements responsible for phenotypic
heterogeneity, further elucidating the complex genetic architecture of OFCs.
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INTRODUCTION

Orofacial clefts (OFCs) are common birth defects, affecting approximately 1 in 800 births
worldwide (Leslie and Marazita, 2013). Approximately 30% of OFCs are syndromic,
occurring in combination with some other structural, cognitive, or developmental anomalies.
The remaining 70% of OFCs occur as isolated (i.e. nonsyndromic) defects. Nonsyndromic
OFCs have complex etiology with multiple genetic and environmental factors interacting to
influence risk.

Nonsyndromic OFCs are highly heterogeneous with multiple phenotypic presentations
(Dixon et al., 2011). OFCs are most commonly divided into three major subtypes: cleft lip
(CL), cleft palate (CP), and cleft lip with cleft palate (CLP). CL and CLP share a defect of
the lip and are commonly combined for analyses as cleft lip with or without cleft palate
(CL/P) (Fogh-Andersen, 1942; Fraser, 1955). CL/P and CP have historically been
considered distinct disorders with separate etiologies because of the different developmental
origins of the lip and palate and markedly different prevalence rates in males and females
(CP is twice as common in females as in males, while the opposite is true for CL/P (Mossey
et al., 2009)). However, they occasionally occur within the same family, an even known as
“mixed clefting” commonly observed in syndromic OFCs, including Van der Woude
syndrome (Leslie and Marazita, 2013).

The CL/P subgroup itself is quite heterogeneous and can be further subdivided into bilateral
and unilateral clefts, affecting either the left or right side of the upper lip. Of these, left sided
unilateral clefts are the most common and bilateral clefts are the least common (Gundlach
and Maus, 2006). The causes of variability in phenotype are largely unknown, and may arise
due to underlying genetic factors, different environmental exposures, or other unknown
factors. There have been many studies investigating the genetic architecture of NSCL/P,
most collapsing cleft subtypes into one larger group (primarily CL/P) for analysis (Dixon et
al., 2011; Leslie and Marazita, 2013). While this approach is powerful to identify sources of
genetic variation that contribute to overall NSCL/P, any signal from genetic variation
specific to only one subtype or that differentiates subtypes will be masked. Very few studies
have explored genetic associations for clefting phenotypes beyond CL and CLP. There is
some evidence that the 13931 locus near SPRYZ has a stronger effect in CLP (Jia ef a/.,
2015; Ludwig et al., 2012). Similarly, variants in /RF6 are more strongly associated with CL
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than CLP (Marazita et al.,, 2009; Rahimov et a/., 2008). Recent evidence suggests that
GREM!1 is associated with clefts in the lip and soft palate (Ludwig et a/., 2016).
Furthermore, variants in GRHL 3 are associated with CP and not with CL/P (Leslie et al.,
2016b; Mangold et al,, 2016; Wang et al., 2016). Examining CL/P subtypes may elucidate
more of the complex genetic architecture of OFCs by identifying genetic mechanisms that
modify cleft subtype.

We hypothesized that genetic components of phenotypic heterogeneity, including any
contribution of rare variants, can be found for recognized clefting loci. We performed
association tests for four sources of phenotypic heterogeneity within CL/P: cleft type (CL
vs. CLP), sex (male vs. female), laterality (unilateral vs. bilateral), and side (right unilateral
vs. left unilateral) in targeted sequencing from the CleftSeq study (Leslie et al., 2015).

METHODS

Sample

We compared subtypes within clefting cases from the CleftSeq study to investigate the
potential genetic contribution to clefting heterogeneity. CleftSeq is a targeted sequencing
study of 13 previously reported loci associated with NSCL/P (Leslie et a/., 2015). These 13
regions, totaling 6.3 Mb, were comprised of 9 “high-priority” candidates from previous
GWAS and/or genome-wide linkage studies and 4 regions containing candidate genes with
prior evidence of rare variants contributing to NSCL/P (Table 1). Sequencing was performed
on 1,498 case-parent trios from Europe, the United States, China and the Philippines.

From the 1,489 trios, we extracted 1,034 probands with NSCL/P of Asian (i.e. Chinese or
Filipino) ancestry for analysis and cross-classified them using the four clefting subtype
definitions (Table 2). Among the 1,034 cases, 33 with unknown laterality were excluded
from the analysis of laterality and side of cleft lip groups.

Common Variant Analysis

For each factor (i.e. cleft type, sex, laterality, and side), we performed a case vs. case
analysis, directly comparing allele frequencies at each SNP between the two groups (e.g. CL
vs. CLP, male vs. female, etc.). This type of analysis has very high power to find genetic risk
factors that differ between the two groups, but it has no power to find factors that are
important in both groups. Thus this design is strictly a test for heterogeneity in the genotype/
phenotype relationship, not an overall test of genetic effect. Ideally, this test will discover
new loci for which there is an effect in only one subgroup; such loci may be masked in an
overall scan when groups are combined.

We analyzed the association between the four cleft subtype phenotypes and 19,982 — 20,089
common SNPs (MAF > 0.01) in the thirteen candidate regions by directly comparing the
two case subtypes using traditional Chi-Square tests for association. Each Asian population
(Chinese and Filipino) was analyzed separately to account for any population stratification.
Low-quality SNPs (missing genotypes > 5% or HWE p < 0.0001) were excluded from
analyses.
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Inverse-variance effects-based meta-analysis of the two population-specific scans was
performed on 13,183 — 13,427 SNPs to detect any signal common to Asian populations.
SNPs were excluded from the meta-analyses if they were flagged as low-quality in at least
one population-specific analysis, or if effects were heterogeneous between populations
(Cochran’s Q p < 0.05). Statistical significance was determined using a Bonferroni threshold
adjusting for four scans of thirteen regions of 9.615 x 107 (i.e. 0.05/52). This threshold
allows for the generation of hypotheses regarding the genetic mechanisms of clefting
subtypes and thus is not as strictly conservative as a Bonferroni correction for the number of
markers tested (5200 tests, p-value threshold of 1 x 107> (Leslie et a/,, 2015)). Thus, the
suggestive associations found in this study should be followed up rigorously. Common
variant analyses were performed using PLINK software (Purcell et a/., 2007).

Rare Variant Analysis

Rare variants (MAF < 0.01) were also interrogated for association with subtype
differentiation using the same phenotype definitions as in the common variant analysis.

First, variants within exons of canonical transcripts of each gene were examined using gene-
based versions of the Collapsed Multivariate and Combining (CMC) test (Li and Leal, 2008)
and the Sequence Kernel Association Test (SKAT) (Wu et al., 2011).

Secondly, two window-based approaches were used to investigate burdens of all rare
variants. SNPs were combined into regions using two window-based methods — 2,662
windows using a fixed window size of 5Kb with 2.5Kb overlap between windows, and
14,232 windows using exactly 20 SNPs per window with 10 SNP overlap between windows
(windows at the end of each region contained at least 14 SNPs). Each window was
comprised of SNPs from only one of the candidate regions. Windows are highly correlated
within each candidate region, so statistical significance was again determined using a
Bonferroni threshold of 9.615 x 1074, Rare variants were analyzed with the SKAT option in
RVTESTS software (Zhan et al., 2016).

Functional Annotation of Rare Variant Windows

RESULTS
Cleft Type

The CleftSeq project sequenced 6.3Mb of largely noncoding DNA around these GWAS and
OFC candidate genes. We failed to identify significant associations in analyses of coding
variants (results not shown), so we hypothesized that functional variants would be
regulatory. We examined intervals containing overlapping windows for functional elements
based on ENCODE chromatin marks (Consortium et al., 2011; Rosenbloom et a/., 2013) and
published craniofacial enhancers (Attanasio et al., 2013; Brinkley et al., 2016; Rada-Iglesias
et al., 2012).

In the common variant meta-analysis, 20 SNPs from 4 loci were significantly associated
with CL v. CLP differentiation (Figure 1A). These associations were seen in SNPs on 9922
near PTCHI and FOXEI, on 17p22 near NOG, and on 20q12 near MAFB. Specifically, a set
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of variants in and near PTCH1 were more strongly associated with CL than with CLP (lead
SNP: 15202111971 p = 6.484 x 1074, Figure 1B). A neighboring set of variants did not show
formally significant differences by cleft type, but tended to be more strongly associated with
CLP (Figure 1B). In the 9922 region, a set of SNPs downstream of the FOXEI transcription
start site were more strongly associated with CLP than with CL (lead SNP: rs73492791 p =
1.138 x 1074, Figure 1C). Moreover, minor alleles in the 17p22 regions and 20q12 regions
were more strongly associated with CLP (lead SNPs: rs7208145 p = 9.041 x 1074,
rs6129626 p = 5.039 x 1074, Figure 1D-E). Notably, none of these SNPs associated with
cleft type differentiation (CL vs. CLP) was significantly associated with risk of OFC overall
(Leslie et al., 2015).

Twenty-five windows of rare variants in the PAX7, ARHGAPZ29, 8924, FOXE1, VAXI,
NTNI, and NOG sequencing regions were significantly associated with cleft type
differentiation (CL vs. CLP) (Supplementary Material, Table S1). Of these, two sets of three
overlapping windows (8:129790677-129795772 [min p = 4.50 x 10~4] and
8:130298273-130305772 [min p = 1.00 x 1074]) on 8q24 are particularly interesting because
they contain SNPs that individually show strong association with NSCL/P in Europeans.
Furthermore, one of these intervals (8:129790677-129795772) consisting of three
overlapping windows was located adjacent to a putative regulatory element as defined by
H3K27Ac marks in multiple cell types from ENCODE (Figure 4A).

In the common variant meta-analysis, 27 SNPs from 2 loci were significantly associated
with laterality differences (Figure 2A). These associations were seen for 26 SNPs on 1932
near /RF6 (lead SNP: rs6540559 p = 2.166 x 1074, Figure 2B) and a single SNP on 17p22
near NOG (rs184942776 p = 5.262 x 107>, Figure 2C). SNPs in /RF6 were associated with
differentiation between bilateral and unilateral CL/P. Specifically, minor alleles of SNPs in
IRF6 were associated with unilateral CL/P. The minor alleles at these SNPs also are
significantly protective against overall OFC risk (Supplementary Material, Table S5).

Differences in CL/P laterality were observed in 17 windows of rare variants (Supplementary
Material, Table S2). Despite having many overlapping windows of rare variants, there was
no evidence of known regulatory or enhancer elements within these intervals.

While no significant associations for sex differences were observed in the common variant
analysis (Figure 3A), 28 windows of rare variants were significantly associated with sex
differences (Supplementary Material, Table S3).

Eight windows defining three larger intervals (10:118624030-118629029 [min p = 5.00 x

1074], 10:118638519-118644029 [min p < 1.00 x 1074], and 10:118851530-11885725 [min
p < 1.00 x 1074]) near VAXI were significantly associated with sex differences in Filipinos.
One of these intervals (10:118851530-11885725), comprised of three windows near VAXZ,
overlapped a craniofacial regulatory element identified from p300 ChIP-Seq in craniofacial
tissue in mouse embryos (Attanasio et al., 2013; Visel et al., 2009) (Figure 4B). It is unclear
what gene is regulated by this element, as the activity pattern of the enhancer resembles the
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endogenous expression of both adjacent genes VAXZ and SHTNI (Armit et al., 2012; Diez-
Roux et al., 2011). Interestingly, other significant windows in this region occurred
immediately downstream of SHTNJ1.
Two non-overlapping windows near FGFR2 (10:123368869-123373868 [p = 3.00 x 1074]
and 10:123479803-123483275 [p = 8.00 x 1074]) were also significantly associated with sex
differences in Filipinos. The first of these windows overlapped multiple regulatory
annotations including a binding site for p63, a transcription factor known to regulate FGFR2
(Ferone et al., 2012; Fomenkov et al., 2003) (Figure 4C). The second window overlaps more
regulatory annotations characteristic of epithelial enhancers (Figure 4C).

Side of Lip
We did not observe any significant associations with right unilateral vs. left unilateral CL/P
in the common variant analysis (Figure 3B). However, 13 windows of rare variants were
significantly associated with side of cleft lip differentiation (Supplementary Material, Table
S4). Interestingly, one window near FGFRZ2 (10:123431369-123436368 [p = 6.00 x 1074])
was significantly associated with side of cleft lip differentiation in Filipinos and was
adjacent to active enhancers from human neural crest cell lines and a putative palate
enhancer from p300 ChlIP-seq of mouse palatal tissue (Figure 4C).

DISCUSSION

NSCL/P is a complex disorder with many different anatomical forms. GWASs have
identified dozens of genetic associations with NSCL/P (Beaty et al., 2010; Leslie et al.,
2016a; Ludwig et al.,, 2012; Mangold et al., 2010); however, a small number of studies have
identified cleft subtype specific associations, most of which are reflect differences between
CL and CLP (Ludwig et al., 2012; Marazita et al., 2009; Rahimov et al., 2008). The current
study adds to these findings by identifying both common and rare variants that are
associated with subtype differentiation in cleft type, laterality, sex, and side of unilateral CL.
We performed common and rare variant association testing with four cleft subtypes (cleft
type: CL vs. CLP; laterality: unilateral vs. bilateral; sex; and side: right vs. left CL/P) to
further interrogate OFC-associated regions from the CleftSeq targeting sequencing study.
We identified several regions associated with cleft subtype differentiation — common
variants in /RF6 and rare variants in 8924, FGFRZ, and VAX1 among others. Notably, these
associations are found with both previously known clefting-associated variants and variants
that were not significantly associated with overall clefting (CL/P). Multiple associations
with regulatory (non-coding) elements and differences in clefting subtypes, contributing to
the evidence that non-coding variants have a significant role in the genetic causes of
NSCL/P (Leslie and Marazita, 2013; Leslie et al., 2015; Rahimov et al., 2008). However, it
is not clear from the association results which alleles are relevant to these phenotypes;
systematic studies in model systems will likely be required to identify functional SNPs and a
possible mechanism.

We identified 26 SNPs within /RF6 associated with differences between unilateral and
bilateral CL/P. Specifically, individuals with unilateral CL/P had higher frequencies of minor
alleles in these 26 variants than did bilateral CL/P individuals. /RF6 has been previously
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implicated in wound healing (Biggs et al., 2014; Biggs et al., 2012; Jones et al., 2010), so
these cleft laterality differences are particularly interesting. The same alleles showing a
protective effect for overall cleft risk were more strongly associated with unilateral CL/P
than bilateral. If we consider unilateral CL/P as a less severe presentation of clefting than
bilateral CL/P, our finding that OFC-protective variants are associated more strongly with
unilateral CL/P and previous evidence that IRF6 is associated with CL (Rahimov et a/,
2008) together suggest that the IRF6 locus is associated with decreased risk of severe
clefting.

Rare variants on 8924 were found to significantly differ between CL and CLP, including an
interval adjacent to a putative regulatory element. This provides strong evidence for a
regulatory role of variants within 8q24 on the presentation of NSCL/P. Furthermore, SNPs
on 8g24 have previously shown very strong association with cleft risk in European GWAS
(Beaty et al., 2011; Birnbaum et al., 2009; Grant et al., 2009; Murray et al., 2012), but are
not associated with cleft risk in Asian GWAS(i.e. in common variant analyses). This may be
due to population-specific differences in SNP informativeness within 8q24, which reflects
haplotype diversity (Murray et al., 2012). SNPs within 8g24 have markedly higher
heterozygosity in Europeans than Asians, making common-variant associations within this
region far more powerful among Europeans. We hypothesize that this region also is
associated with clefting risk in other populations although the statistical evidence from
analyses of common variants is lacking. The association with cleft type differentiation
within windows of 8g24 rare variants observed in the Filipino population here may be
evidence that some SNPs within 8q24 have with clefting risk in Asian populations.

Additionally, rare variant associations with potential regulatory elements were observed
when examining sex differences and markers near VAXZ and FGFRZ2and those near FGFR2
and the left vs. right side of unilateral CL/P. While it is not immediately clear how VAX1
and FGFRZ2 specifically contribute to sex differences in NSCL/P, biological hypotheses
regarding sex differences in other disorders (e.g. autism) involve a multiple-threshold
multifactorial liability model in which females have a higher threshold than males. In other
words, affected females are hypothesized to carry a higher mutational burden than affected
males. The same would hold for NSCL/P, where there are more affected males than females.
Under this hypothesis, relatives of affected females are at increased risk for CL/P, which is
supported by population-based recurrence risk estimates from Denmark (Grosen et al.,
2010). A similar threshold model may also pertain to differences in laterality and severity of
NSCL/P.

Contrary to the common disease-common variant hypothesis, we observed clear
contributions from both common and rare variants in this study of the genetic underpinnings
of NSCL/P and the potential differences within NSCL/P subtypes. This work adds to a
growing body of evidence implicating rare variants in risk of NSCL/P (Al Chawa et al.,
2014; Leslie and Murray, 2012; Leslie et al., 2015). Importantly, this work highlights the
impact of rare variants as potential phenotypic modifiers, an area that needs larger studies in
additional populations that are expanded to the entire genome. As costs of whole genome
sequencing decrease, these studies will be more feasible for NSCL/P and will continue to
improve our understanding of the genetic architecture of NSCL/P.
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Figure 1. CL vs. CLP cleft type modifiers
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A) Cleft type (CL vs. CLP) association results from the common-variant meta-analysis of
Filipino and Chinese populations. (B) — (E) Regional association plots for 9922 (x2), 17922,
and 20qg12 showing —logqg(P-values) for SNPs with stronger association with CL (squares)
and stronger association with CLP (circles) based on the direction of the odds ratio. Plots
were generated using LocusZoom (Pruim et al., 2010). The recombination overlay (blue
line, right y-axis) indicates the boundaries of the LD-block. Points are color coded according
to pairwise linkage disequilibrium (r2) with the index SNP.
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Figure 2. Unilateral vs. bilateral CL/P modifiers
(A) Laterality (unilateral vs. bilateral) association results from the common-variant meta-

analysis of Filipino and Chinese populations. (B) — (C) Regional association plots for 1932
and 1722 showing —logyo(P-values) for SNPs with stronger association with unilateral
CL/P (squares) and stronger association with bilateral CL/P (circles) based on the direction
of the odds ratio. Plots were generated using LocusZoom (Pruim et al., 2010). The
recombination overlay (blue line, right y-axis) indicates the boundaries of the LD-block.
Points are color coded according to pairwise linkage disequilibrium (r2) with the index SNP.
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Figure 3. Sex-specific and side modifiers of CL/P
(A) Sex (male vs. female) association results from the common-variant meta-analysis of

Filipino and Chinese populations. (B) Side (right unilateral vs. left unilateral) association
results from the common-variant meta-analysis of Filipino and Chinese populations.
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Figure 4. Significant rare variant windows with potential regulatory effects
(A) 8q24 for cleft type, (B) VAX1 for sex, and (C) FGFR2 for sex and side.
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CleftSeq regions.

Table 1

Candidate Size
Region Genein Target Region (GRCh37) (kb)
Region
1p36 PAX7 chrl: 18,772,300 — 19,208,054 435.8
1p22 ARHGAP29  chrl: 94,324,660 — 95,013,109 688.4
1932 IRF6 chrl: 209,837,199 — 210,468,406  631.2
8024 - chr8: 129,295,896 — 130,354,946  1059.1
previous GWAS hits
10925 VAX1 chr10: 118,421,625 — 119,167,424  745.8
17p13  NTNI chrl7: 8,755,114 — 9,266,060 510.9
17p22  NOG chrl7: 54,402,837 — 54,957,390 554.6
20912  MAFB chr20: 38,902,646 — 39,614,513 711.9
previouslinkage hit 9922 FOXE1 chr9: 100,357,692 — 100,876,841 519.1
4pl6 MSX1 chré: 4,825,126 — 4,901,385 76.3
candidate gene regions 14922  BMP4 chrl4: 54,382,690 — 54,445,053 62.4
(evidencefor rare
variants) 10926  FGFRZ2 chr10: 123,096,374 — 123,498,771  402.4
9922 PTCHI chr9: 98,133,647 — 98,413,162 279.5
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Table 2

Sample used for modifier analyses by population.

Cleft Type Sex Laterality Sideof CL

Right Left

CL CLP Female Male Unilateral Bilateral unilateral  unilateral

China 117 284 126 275 278 101 112 166
Philippines 171 462 219 414 440 182 147 293
Total 288 746 345 689 718 282 259 459
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