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Abstract

Orofacial clefts (OFCs), which include non-syndromic cleft lip with or without cleft palate (CL/P), are among the most common
birth defects in humans, affecting approximately 1 in 700 newborns. CL/P is phenotypically heterogeneous and has a complex
etiology caused by genetic and environmental factors. Previous genome-wide association studies (GWASs) have identified at least
15 risk loci for CL/P. As these loci do not account for all of the genetic variance of CL/P, we hypothesized the existence of
additional risk loci. We conducted a multiethnic GWAS in 6480 participants (823 unrelated cases, 1700 unrelated controls and
1319 case-parent trios) with European, Asian, African and Central and South American ancestry. Our GWAS revealed novel asso-
ciations on 2p24 near FAM49A, a gene of unknown function (P=4.22 x 10"8), and 19q13 near RHPN2, a gene involved in organizing
the actin cytoskeleton (P =4.17 x 10~%). Other regions reaching genome-wide significance were 1p36 (PAX7), 1p22 (ARHGAP29),
1932 (IRF6), 824 and 17p13 (NTN1), all reported in previous GWASs. Stratification by ancestry group revealed a novel association
with a region on 17q23 (P =2.92 x 10 ¥ among individuals with European ancestry. This region included several promising candi-
dates including TANC2, an oncogene required for development, and DCAF7, a scaffolding protein required for craniofacial devel-
opment. In the Central and South American ancestry group, significant associations with loci previously identified in Asian or
European ancestry groups reflected their admixed ancestry. In summary, we have identified novel CL/P risk loci and suggest new
genes involved in craniofacial development, confirming the highly heterogeneous etiology of OFCs.
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Introduction

Orofacial clefts (OFCs) are a heterogeneous group of craniofacial
malformations that comprise a significant fraction of all hu-
man birth defects, occurring in approximately 1 in 700 individ-
uals worldwide (1). The prevalence of OFCs varies widely across
populations as Native American and Asian populations have
the highest rates (~1/500 live births), whereas African and
African-American populations have the lowest rates (~1/2500
live births). European-derived populations have intermediate
rates at approximately 1/1000 live births. Populations from
Central and South America also have intermediate prevalence
rates that vary regionally, possibly reflecting their mixed
ancestries.

Non-syndromic OFCs, which occur in the absence of other
cognitive or structural abnormalities, have a complex etiology
that reflects the combined actions of multiple genetic and envi-
ronmental risk factors. The focus of much of the genetics re-
search has been on the common forms of OFCs: cleft lip alone
(CL), CL with palate (CLP) and cleft palate alone (CP) (2). As is
true for many complex traits, substantial progress in gene iden-
tification has occurred for OFCs, owing to multiple successful
genome-wide association studies (GWASs). To date, there have
been six OFC GWASs (3-8), a meta-analysis (9) and several repli-
cation studies (10-12). A major finding from this work is that
OFCs have significant genetic heterogeneity; collectively, these
studies have identified at least 15 genetic loci with compelling
statistical and biological support. However, these loci account
only for a modest portion of the genetic variance of CL/P, sug-
gesting that additional genetic risk factors are likely involved.

In addition, some of these loci appear to have far stronger ef-
fect sizes in some populations (3,9), which may contribute to
the variability in prevalence rates. For example, the 89g24 locus
shows strong evidence of association in populations with
European ancestry, whereas the 1q32 (IRF6) and 20q12 (MAFB)
loci show stronger effects among Asian populations (3,13).
However, the majority of GWASs to date have focused on popu-
lations with European ancestry; only two included Asian popu-
lations (3,8,10), and none focused on Hispanic/Latino or African
populations. In order to identify additional risk loci in diverse
and understudied populations, we conducted a large multi-
ethnic GWAS comprising unrelated cases, unrelated controls
and trios of European, Asian and African ancestry, as well as ad-
mixed populations from Central and South America.

Results

We performed tests of association in the two subsets of our
multi-ethnic sample. The first was a set of 1319 case-parent
trios in which the probands had CL/P, and the second was an in-
dependent case-control set consisting of 823 unrelated cases
with CL/P and 1700 unrelated controls (Supplementary Material,
Fig. S3). The 293,633 genotyped single nucleotide polymor-
phisms (SNPs) and 33,669,354 imputed SNPs were analyzed sep-
arately in each subset and combined by meta-analysis. Here, we
focus on the results of the meta-analysis, but we note that simi-
lar results were obtained in both the case-control and case-par-
ent trio analyses, indicating that the meta-analysis results are
not driven by only one of the analyses. In the combined multi-
ethnic sample, 316 (imputed) and 113 (genotyped) SNPs from
seven loci were associated with CL/P at genome-wide signifi-
cance (Fig. 1A, Table 1). Five of these loci were previously re-
ported in GWASs of CL/P (1p36, near PAX7, 1p22 near
ARHGAP29, 1g32 near IRF6, 8924 at a gene desert and 17p13.1

near NTN1). Associations for two novel loci were observed on
chromosome 2q24.2 near FAM49A (lead SNP rs7552, P=4.
22x10°% Fig. 2A) and 19913.11 near RHPN2 (lead SNP
1573039426, P=2.92 x 10~8, Fig. 2B).

Seven additional regions approached genome-wide signifi-
cance with P-values <5 x 10~’. All genotyped SNPs with P-values
<1x 10> are available in Supplementary Material, Tables S4-
S7. One of these was a previously reported locus on 8g21 near
DCAF4L2 and MMP16. Four novel loci had multiple SNPs ap-
proaching genome-wide significance: 5p12 near FGF10 (lead SNP
1559569344, P=4.75 x 10~7), 8q22 in VPS13B (lead SNP rs1788160,
P=9.52x 10’8), 10926.3 in MGMT (lead SNP rs7922405, P=4.
60 x 107) and 15q24.1 in ARID3B (lead SNP rs28689146, P=5.
4x10°%. Regional plots for these four novel loci are in
Supplementary Material, Figure S4. At the two remaining novel
loci (2p22 and 9q21.3), single SNPs approached genome-wide
significance.

To explore population-specific associations, we stratified our
sample into genetically defined continental ancestry groups
and used the same analysis approach (i.e., meta-analysis of re-
sults from the trio and case-control subsets) in European, Asian
and Central/South American groups. Stratified analysis was not
performed separately in the African group due to small sample
size. Manhattan plots for case-control and transmission dis-
equilibrium test (TDT) analyses in the subpopulations are pre-
sented in Supplementary Material, Figures S5-S7.

In the European group, two loci on 8924 and 17923 showed
genome-wide significant associations (Fig. 1B, Supplementary
Material, Table S5). The most significant SNP at the 8g24 gene
desert was 1s72728734 (P=7.33 x 10 ™). At the novel 17g23 lo-
cus, the most significant SNP was rs1588366 (P=1.41x 1075
near TANC2 (Fig. 2C). Three loci approached genome-wide sig-
nificance: 1p36 (PAX7), 17p13.1 (NTN1) and a novel locus on 6p21
at the HLA-B locus (lead SNP rs79411602, P=2.92 x 1077).

In the Asian group, no significant associations were ob-
served (Fig. 1C). However, the previously reported region on
1932 near IRF6 (lead SNP rs1044516; P=1.01 x 10 °) and several
SNPs on 17p13 (lead SNP rs12451139; P=4.20 x 10~ ’) showed
‘suggestive’ evidence of association, represented by multiple
SNPs with P-values in the order of magnitude range 10 7 to 10 °
(Supplementary Material, Table S6). SNPs on 1g32 and 17p13
have shown association with CL/P in Asian populations in prior
studies and were observed in our multi-ethnic analysis.
However, the most significant SNPs on chromosome 17 in the
present study are located nearly 800 kb centromeric to the pre-
viously reported 17p13 region overlapping NTN1 and may repre-
sent a novel region unrelated to NTN1.

In the Central and South American group, three loci showed
genome-wide significant evidence of association (132, 824 and
17p13) (Fig. 1D, Supplementary Material, Table S7). Five loci ap-
proached genome-wide significance on chromosomes 1p22,
6p12, 8p23, 16p13 and 21q22.3 (Table 1). We further scrutinized
the peaks with suggestive evidence of association (P < 1.0 x 107°),
among which were a combination of signals originally observed
in both European and Asian groups including 8921 near MMP16
(lead SNP rs111608481, P = 3.43 x 10~°), and 17922 near NOG (lead
SNP rs227727, P=5.73 x 10~7). The combination of signals origi-
nally observed in both European and Asian groups likely reflects
the admixture and population history of the region.

We performed conditional analyses on each of the genome-
wide significant peaks within the case-control subset to deter-
mine whether these peaks represent multiple independent
association signals. We identified two independent signals at
the 8g24 locus in Europeans (Fig. 3). One signal was observed in
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Figure 1. Manhattan plots of -log10(P-values) from meta-analysis of case-control and TDT results in a multiethnic CL/P cohort. Results are shown for the combined
multiethnic sample (A) and groups with (B) European ancestry, (C) Asian ancestry and (D) Central and South American ancestry. Colored lines denote suggestive (blue)
and genome-wide (red) thresholds for significance. The genomic inflation factors, 4, are 1.088, 1.01, 0.979 and 1.045, for the multiethnic, European, Asian and Central/
South American scans, respectively, indicating minor inflation in p-values consistent with the observation of multiple strongly associated loci.
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Figure 2. Regional association plots showing -log10(P-values) for genotyped (filled squares) and imputed (open circles) SNPs for novel genome-wide significant peaks.
(A) Results at the 2p24 locus from the meta-analysis in the multi-ethnic cohort. (B) Results at the 19913 locus from the meta-analysis in the multiethnic cohort. (C)
Results at the 17923 locus from meta-analysis in the European ancestry group. Plots were generated using LocusZoom (52). The recombination overlay (blue line, right
y-axis) indicates the boundaries of the LD block. Points are color coded according to pairwise LD (r?) with the index SNP.

Table 1. Summary of GWAS meta-analysis results for loci with P <5 x 10~/

GWAS analysis population Locus SNP Risk allele TDT OR CCOR Meta OR 95% CI P-value
Multi-ethnic 1p36.13 154920524 G 1.33 1.34 1.34 1.21-1.47 3.72E-09
1p22.1 154147882 T 1.49 1.33 1.42 1.28-1.58 5.59E-11
1932 1511119345 G 1.78 1.85 1.81 1.57-2.07 2.52E-17
2p22 15372148350 AT 1.37 1.80 1.49 1.28-1.74 2.50E-07
2p24.2 157552 G 1.36 1.18 1.28 1.17-1.40 4.22E-08
5p12 1559569344 G 1.31 1.39 1.34 1.19-1.50 4.75E-07
5q13.1 15831227 T 1.24 1.26 1.25 1.15-1.36 5.34E-07
8g21.3 1512543318 C 131 1.16 1.25 1.15-1.36 2.11E-07
8q22.2 151788160 G 1.35 1.20 1.29 1.17-1.41 9.52E-08
8q24 1555658222 A 2.08 191 2.00 1.78-2.26 5.63E-30
9g21.31 156559624 T 145 1.19 1.34 1.20-1.50 1.72E-07
10926.3 157922405 A 1.24 1.25 1.25 1.14-1.36 4.60E-07
15924 1528689146 A 1.24 1.35 1.28 1.17-1.40 5.40E—-08
17p13.1 1511273201 AACCCAAAACCCAC 1.44 143 1.44 1.29-1.59 7.84E-12
19q13.11 rs73039428 A 1.65 1.31 1.50 1.30-1.73 2.92E-08
European 1p36.13 159439714 C 1.62 1.38 1.52 1.30-1.89 1.91E-07
6p21.33 1579411602 C 1.67 1.31 1.52 1.29-1.78 2.92E-07
8q24 1572728734 G 2.22 1.84 2.04 1.70-2.44 7.33E-15
17p13.1 157406226 A 1.50 1.73 1.59 1.33-1.89 2.16E-07
17923.2 151588366 A 1.63 2.09 1.78 1.46-2.17 1.41E-08
Asian 1932 151044516 G 1.63 2.04 1.71 1.38-2.11 1.01E-06
17p13.1 1511078735 C 2.62 1.52 2.27 1.65-3.12 4.20E-07
Central/ South American 1p22.1 154147882 T 1.55 141 1.48 1.27-1.73 3.99E-07
1p32 1511119345 G 1.85 1.77 1.81 1.55-2.13 3.40E-13
2921 154850293 G 2.56 3.55 2.94 1.95-4.44 2.87E-07
6p12.3 156918746 A 1.27 1.59 1.40 1.23-1.59 1.65E-07
8p23.1 1510780175 T 1.38 141 1.39 1.22-1.59 4.90E-07
8q24 1555658222 A 1.92 1.92 1.92 1.62-2.27 3.98E—-14
16p13 15111698437 T 2.33 3.39 2.74 1.86-4.03 3.67E-07
17p13.1 157406226 A 1.60 1.28 1.45 1.28-1.65 1.46E—-08
17922 15227727 T 141 1.37 1.39 1.22-1.58 5.73E-07
21922 154920143 T 1.52 1.38 1.46 1.26-1.68 2.04E-07

previous studies (3-5); our lead SNP, rs72728734 (P =6.60 x 10~°)
was in high linkage disequilibrium (LD) with rs987525 (r*=0.81),
the lead SNP identified previously. The second emerged after
conditioning on our lead SNP (rs184216519, P =9.57 x 10~%). We
similarly observed two independent signals in the multi-ethnic
meta-analysis but did not find evidence of two signals at this

locus in the Central/South American analyses (data not shown).
Conditioning on lead SNPs at 1g32 (IRF6) and 17p13 (NTN1) in
the multiethnic analysis (Supplementary Material, Fig. S8) and
1932 in the Central/South American analysis (Supplementary
Material, Fig. S9) suggested the presence of multiple indepen-
dent signals.
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Figure 3. Conditional analysis results for the 8924 locus in European cases and controls. (A) Regional association plot showing -log10(P-values) for genotyped (squares)
and imputed (circles) SNPs. The lead SNP in the European meta-analysis, 1s72728734, is indicated by the large red diamond. (B) Regional association plot after condi-
tioning on rs72728734. The lead SNP for the residual signal, rs184216519, is indicated by the large red diamond. The arrow indicated the located of the conditioned SNP.
(C) Regional association plot after conditioning on rs184216519 and rs72728734. Arrows indicate the positions of the conditioned SNPs.

Our replication efforts focused on 10 SNPs in five loci: 2p24 (2 ancestry. The strongest evidence of association was with SNPs
SNPs), 10926.3 (2 SNPs) and 19q13 (3 SNPs) from the multi-ethnic on 2p24 (rs7552, P=2.68 x 10 7; Table 2). Nominal P-values were
analysis and 6p21 (1 SNP) and 17923 (2 SNPs) from the European observed for SNPs at the 17q23 locus (P =0.02). Although none of
analysis. We genotyped 607 cases with CL/P and 1685 controls the three 19913 SNPs were significant for CL/P, nominal P-values
from three population-based case-control cohorts of European were observed for the CLP subgroup when stratified by cleft type



2868 | Human Molecular Genetics, 2016, Vol. 25, No. 13

Table 2. Association results for replication study in independent
European CL/P cases and controls

Region SNP Minor allele  P-value OR  95%CI
2p24.2 157552 G 2.68E-07 147 1.27-1.71
151465614 C 9.69E-06 141 1.21-1.64
6p21.33 152523554 C 0.21 1.09 0.95-1.26
10g26.3 154751113 C 0.91 1.01 0.88-1.16
157922405 G 0.89 0.99 0.86-1.14
17923.2 1516946713 G 0.03 0.82 0.68-0.98
151588366 G 0.02 0.82 0.69-0.97
19q13.11 rs11881514 A 0.16 113 0.95-1.33
1s73039426 T 0.13 0.78 0.56-1.08
158112217 G 0.23 0.81 0.57-1.15

(P <0.01). A limitation of this study is that the replication cohort
is European, reducing our ability to replicate multi-ethnic sig-
nals like 19q13.

Overall, the results of our multi-ethnic study corroborate
findings from previous GWAS. Fifteen loci had reached genome-
wide significance in the previous six GWASs or meta-analysis
(3-6,8,9). Supplementary Material, Table S8 lists the P-values
from the present study for the previously published SNPs. As
discussed above, five of these loci reached genome-wide signifi-
cance in this study. Five additional loci showed suggestive evi-
dence of association (8921 near MMP16, 10925 near VAX1, 13g31
near SPRY2, 17922 near NOG and 20q12 near MAFB). Weaker evi-
dence for association was observed at three loci: 2p21 near
THADA, 3p11 near EPHA3 and 16p13 near CRBBP. In aggregate,
our results support a majority of the previously reported risk
loci and implicate additional novel loci, indicating that the etiol-
ogy of CL/P is highly heterogeneous.

Discussion

GWASs have allowed for the identification of risk loci for com-
plex diseases and traits. For CL/P, six GWASs and a meta-analy-
sis have identified 15 loci with genome-wide significance,
confirming the multifactorial nature of this disease (3-6,8,14). In
addition, these efforts have revealed population specificity of
several loci (3,9). The current study adds to this body of litera-
ture by identifying new risk loci (some with population specific-
ity), by confirming the previously nominated loci in European
and Asian populations, and by expanding the GWAS approach
to African and Central/South American populations.

Insights into population differences

As has been seen in other OFC GWASs, there are several peaks
that are much more statistically significant in certain popula-
tions. Two such regions that have been consistently replicated,
1932 (IRF6) and 8q24 (gene desert), were associated with CL/P in
the current study’s Asian and European groups, respectively, as
expected. Interestingly, both regions were also genome-wide
significant in our Central/South American group. As summa-
rized in Supplementary Material, Table S1, the Central/South
American group comes from a variety of locations, with the ma-
jority of study subjects in this group from Colombia (276/449
cases and 405/601 trios). The Colombian families were ascer-
tained from Paisa region with Medellin as the largest city (15).
Paisas who speak a ‘pure’ dialect of Spanish comprise the ma-
jority of the population; previous genetic studies have shown
that the Paisas are admixed including Caucasian (made up of

Spaniards, Basques and to a small degree Sephardic Jews),
Amerindians and African (15,16). Notably, data from mitochon-
drial and Y chromosome markers suggest that the population is
an admixture of immigrant men and native women (17,18). The
principal components of ancestry (PCA) analyses for ancestry
were consistent with this admixture history for the Colombians
and also for the other Central/South American study subjects.
Therefore, it is particularly notable that the Central/South
American group showed evidence of association with both OFC
GWAS peaks previously identified with either European or
Asian ancestry.

Insights into new risk loci

19q13. SNPs at the new 19q13 risk locus spanned RHPN2. This
gene encodes the ubiquitously expressed RhoA binding protein,
Rhophilin 2 (19). Although there are few studies devoted to elu-
cidating the function of RHPN2, biochemical assays suggest that
its normal function is to decrease stress fibers, a component of
the actin cytoskeleton (19). RhoA belongs to a family of precisely
regulated molecular switches that modulate a variety of cellular
processes such as cytoskeletal reorganization, cell migration
and cell-cell interactions. Several lines of evidence point to the
critical role of Rho signaling and cell migration in craniofacial
development. First, Irf6-deficient keratinocytes exhibit delayed
migration, prominent stress fibers and increased RhoA activity
(20). In contrast, Grhi3-deficient keratinocytes have decreased
stress fibers and RhoA activity (21). Both IRF6 and GRHL3 are mu-
tated in Van der Woude syndrome, the most common OFC syn-
drome (22,23). Activation of RhoA is required for transforming
growth factor beta 3 signaling during palate formation (24). We
previously investigated the 1p22 GWAS locus with expression
studies and sequencing that implicated ARHGAP29 (a RhoA
GTPase activating protein) as the etiologic OFC gene (25).
Although additional studies into the role of RHPN2 in craniofa-
cial development are needed, these association results are addi-
tional evidence pointing to abnormal regulation of Rho activity
as a pathophysiological mechanism for OFCs.

17923. SNPs in the 415 kb associated region on 1723 span
several genes including TANC2, CYB561 and a hypothetical mi-
cro-RNA. A definitive role for TANC2 in craniofacial develop-
ment is not immediately apparent; however, mice homozygous
for a gene trap allele die prior to embryonic day 12, suggesting
that this gene is required for development (26). In addition,
TANC2 is an oncogene that regulates epithelial cell growth and
survival (27). If future studies confirmed a role in craniofacial
development, TANC2 would join of the growing list of genes in
which allelic variants increase the risk for certain cancers and
also confer risk for OFCs including IRF6 (28), CDH1 (29) and
FOXE1 (30). Another compelling candidate in the 17923 region is
DCAF7, located ~500 kb from the peak signal. DCAF7, also
known as WDR68, encodes a conserved Trp-Asp repeat protein
that is thought to serve as a scaffold to facilitate protein-protein
interactions. In zebrafish, wdr68 is required for craniofacial de-
velopment (31,32). The dys mutant, which harbors an insertion
in this gene, has reduced Meckel’s and palatoquadrate carti-
lages, which serve as the embryonic lower and upper jaws, re-
spectively (31). This phenotype resembled that of endothelin-1
(edn1) mutants leading to the conclusion that wdr68 is required
for all ednl-dependent cartilages of the first arch. Although a
Dcaf7/~ mouse has not been generated, Ednl~/~ mice have
many craniofacial anomalies including auricular and mandibu-
lar hypoplasia and CP (33). Moreover, micrognathia, bifid uvula
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and other oral anomalies have been described in humans with
homozygous EDN1 mutations (34). Together, these data suggest
that DCAF7/WDR68 and endothelin signaling have conserved
roles in craniofacial development in vertebrates. Although this
gene is located far from the peak signal, common etiologic vari-
ants could be located in regulatory elements of DCAF7, as has
been shown for other OFC risk loci (13,25,30).

2p24. The associated SNPs at the 2p24 locus span the 3'-
untranslated region of FAM49A and its downstream region.
Little is known about FAM49A, which is expressed in the brain
in mouse and zebrafish (35,36) and encodes a conserved protein
of unknown function. Another compelling gene in the region is
MYCN, the gene mutated in Feingold syndrome. This syndrome
is characterized by digital anomalies, microcephaly and facial
dysmorphism that can include OFCs.

Among the second tier hits, two loci (5p12 and 15g24) in-
cluded compelling putative OFC risk genes. The 5p12 locus con-
tains FGF9 and FGF10, both of which have been implicated in
palatogenesis in humans and mice (37,38). Our peak signal at
the 15924 locus is within the 1.1-Mb critical region for 15q24
microdeletion syndrome, which includes facial dysmorphism
and CP among the described features (39).

Conclusion

The goals of this study were to identify novel risk genes for CL/P
and to extend the GWAS approach to understudied populations,
such as admixed populations from Central and South America.
The large sample sizes allowed us to accomplish both of these
goals. In addition to confirming previous findings for nine risk
loci, we identified three new risk loci with genome-wide signifi-
cance and many other loci with compelling statistical support.
We also confirmed the population specificity of some risk loci
(e.g. 8924 in Europeans) and showed that risk loci from both
European and Asian groups were associated in the Central/
South American group although no genome-wide significant
novel risk loci specific to this admixed group were observed.
Taken together, these results advance our understanding of the
genetic architecture of OFCs, highlight the importance of a
multi-ethnic approach to this common birth defect and may ul-
timately prove useful for predicting recurrence and prognosis.

Materials and Methods

Cohort description

The cohort for this study comes from a worldwide sample total-
ing 11,727 participants recruited from 18 sites across 13 coun-
tries from North America, Central or South America, Asia,
Europe and Africa. Most of the sites were a part of ongoing ge-
netic and phenotyping studies led by the University of
Pittsburgh Center for Craniofacial and Dental Genetics; some
sites were also a part of ongoing genetic studies led by the
University of lowa. In general, recruitment and study assess-
ments were done at regional centers for OFC treatment. All sites
had Institutional Review Board approval both locally and at the
University of Pittsburgh or University of lowa as appropriate for
participation after informed consent and for large-scale geno-
mic studies including data sharing.

The overall study cohort includes OFC-affected probands,
their unaffected family members and controls with no known
history of OFC or of other craniofacial anomalies. The specific
affection status included for the current study was CL with or
without CP (CL/P). We partitioned the total sample into two
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mutually exclusive analysis sets for the current study: (1) a sub-
set of 1319 case-parent trios (i.e. 3957 individuals; note, from
each multiplex family only one trio was chosen), and (2) a sub-
set of 823 unrelated CL/P cases and 1700 unrelated controls
(Supplementary Material, Table S1). Note that these unrelated
cases did not have DNA available for one or both parents, and
further that there is no overlap between the trios- and the case-
control group. See the flow chart depicted in Supplementary
Material, Figure S2 showing the process for assigning partici-
pants into analysis subset. A total of 317 individuals (35 cases,
282 individuals in case-parent trios) were previously genotyped
and included in the CL/P GWAS by Beaty et al. (3). All
Guatemalan individuals were previously genotyped and in-
cluded in the GWAS by Wolf et al. (14).

Genotyping, quality control and imputation

Samples were genotyped for ~580K SNPs using an Illumina plat-
form by the Center for Inherited Disease Research (CIDR) at
Johns Hopkins University, and data quality assurance and data
cleaning were performed in collaboration with the CIDR
Genetics Coordinating Center (GCC) at the University of
Washington using analysis pipelines developed by the GCC (40).
A total of 539,473 genotyped SNPs (comprising 96.74% of those
attempted) passed quality filters recommended by the GCC
(Supplementary Material, Table S2). Of these, 293,633 SNPs had
a minor allele frequency (MAF) of >1%.

Imputation of 34,985,077 unobserved genetic polymor-
phisms was conducted using the software IMPUTE2 (41) and
phase 3 of the 1000 Genomes Project (comprising 2504 individ-
uals from 26 populations worldwide) as the reference panel.
SNPs passing quality filters were ‘pre-phased’ to create haplo-
types using SHAPEIT2 software (42) prior to imputation.
Imputation accuracy was assessed by masked variant analysis,
demonstrating high-quality imputation, with mean concor-
dance of 0.995 for SNPs with MAF < 0.05 and 0.960 for SNPs with
MAF > 0.05. The ‘most-likely’ genotypes (i.e. genotypes with the
highest probability (Q)) were selected for statistical analysis if
and only if the highest probability >0.5. Imputed SNPs with de-
viations from Hardy-Weinberg equilibrium in European con-
trols were filtered out of downstream analyses. Further details
regarding the quality assurance, ancestry analyses, imputation,
and data cleaning efforts are available in the Quality Control
Report issued by the University of Washington GCC for this proj-
ect and are available online (http:/www.ccdgpitt.edu/docs/
Marazita_ofc_QC_report_feb2015.pdf, last accessed April 25, 2016).

PCA

PCA analysis was used, incorporating identity-by-descent esti-
mates calculated for all pairs of participants (43) to extract the
maximal subset of unrelated participants who were then in-
cluded in PCA (using a pruned set of 67K SNPs chosen to be in
low LD). The resulting eigenvectors were projected onto the re-
maining set of relatives. Supplementary Material, Figure S1
shows plots of the PCs, which strongly tracked global recruit-
ment site and self-reported race/ethnicity. Further, although
PCs of ancestry represent orthogonal information across the to-
tal multi-ethnic sample, individual PCs may be highly collinear
in specific strata. Therefore, in addition to the cosmopolitan PCs
generated across all participants, PCs of ancestry were also gen-
erated within each continental group (European, Central/South
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American and Asian, as defined by cosmopolitan PCs) for use in
stratified analyses.

Statistical analyses

The TDT (44) was used to perform a GWAS in the trio set. In
brief, this test detects evidence of over-transmission of a partic-
ular allele from parents to affected offspring and is robust to
any population stratification. The GWAS in the unrelated case-
control analysis set was performed using logistic regression
while adjusting for the first 18 PCA in order to protect against
genomic inflation due to population structure. Both the TDT
test and the logistic regression analyses were performed as im-
plemented in PLINK (45). The weighted OR method of meta-
analysis (46) was used to combine TDT and case-control results.
We performed a GWAS in the total sample, and also stratified
by continental ancestry group (European, Central/South
American and Asian, but not African due to insufficient sample
size). For stratified analyses, we adjusted for the first five PCs in
European and Central/South American samples and first three
PCs in the Asian sample.

We used the conventional threshold for declaring genome-
wide significance, P-value of 5x 1078 corresponding to the
Bonferroni correction for 1 million tests. Furthermore, as an ex-
ploratory effort we scrutinized ‘suggestive’ associations with
P-values <5x 1077 for nearby (i.e. physically proximal) genes
with known biological functions that may be involved in cranio-
facial development. Calculations of the genomic inflation factor,
&, showed no significant inflation. Results of these analyses will
be available for browsing as a part of the Facebase Consortium’s
Human Genomics Analysis Interface Tool (www.facebase.
sdmgenetics.pitt.edu, last accessed April 25, 2016).

Replication cohort and genotyping

Samples utilized for replication genotyping came from five OFC
case-control population-based studies (two American and three
European): the Danish National Birth Cohort (47), the Iowa
Case-Control Study (Iowa) (48), the Norway Facial Clefts Study
(49), the Norwegian Mother and Child Cohort (MoBa) (50), and
the Utah Child and Family Health Study (Utah) (51)
(Supplementary Material, Table S3). Cases and controls were
identified primarily through national or state-based birth regis-
tries. Ten SNPs were selected for replication. If the best geno-
typed or imputed SNP was not available, a surrogate SNP was
chosen. Genotyping was performed using TagMan SNP
Genotyping Assays (Life Technologies, Carlsbad, CA) on the
Fluidigm microfluidic EP1 SNP Genotyping System and GT192.24
Dynamic Array Integrated Fluidic Circuits (Fluidigm, San
Francisco, CA). We considered replication P-values <0.005 to be
statistically significant (0.05/10 SNPs).

Supplementary Material

Supplementary Material is available at HMG online.
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