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Abstract

We have conducted the first meta-analyses for nonsyndromic cleft lip with or without cleft palate
(NSCL/P) using data from the two largest genome-wide association studies published to date. We
confirmed associations with all previously identified loci and identified six additional
susceptibility regions (1p36, 2p21, 3p11.1, 8g21.3, 13g31.1 and 15g22). Analysis of phenotypic
variability identified the first specific genetic risk factor for NSCLP (nonsyndromic cleft lip plus
palate) (rs8001641; AyscLp = 6.51 x 10711; homozygote relative risk = 2.41, 95% confidence
interval (Cl) 1.84-3.16).

Nonsyndromic cleft lip with or without cleft palate is one of the most common birth defects
in humans. Formal genetic and epidemiological studies have indicated a multifactorial
etiology, with both genetic and environmental factors contributing to disease risk.

Four genome-wide association studies (GWAS) of NSCL/P have been published to datel.
These identified five new susceptibility loci, thus adding to the previously identified
susceptibility gene /RF6 (ref. 2). To further elucidate the genetic architecture of NSCL/P,
we combined data from the two largest GWAS34. Data from the Baltimore study3 were
retrieved from the database of Genotypes and Phenotypes (dbGaP) after approval was
obtained for data access. After quality control (Supplementary Methods), 666 complete
European trios (including European Americans) and 795 complete Asian trios from that
study were combined with 399 cases and 1,318 controls of Central European origin (Bonn-II
study)?. This combined sample represents approximately 95% of all previously reported
individuals with NSCL/P. A likelihood ratio test (LRT; Supplementary Methods) was
performed on 497,084 SNPs.

First, we combined all European case-control data with the subset of European-American
trios. This meta-analysisgro Yielded 47 SNPs from six chromosomal regions that were
associated with NSCL/P with genome-wide significance (Fig. 1a and Table 1). Three of
these regions have been identified in previous reports (8g24, 10925 and 17g22). Notably, 36
SNPs mapped to the key locus at 8q24 (lowest Pvalue for rs987525, A= 3.94 x 10734). Of
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the three new regions that were associated with genome-wide significance, two (2p21:
rs7590268, P= 4.05 x 1078; 13q31: rs8001641, P = 6.20 x 10719) were implicated in the
Bonn-11 study, with subsequent replication of these associations in the independent
EuroCran sample®. The third locus (15¢22: rs1873147, P=2.81 x 1078) was also implicated
in the initial sample of the Bonn-I11 study, although an attempt at independent replication was
unsuccessful*. The present independent evidence obtained from the Baltimore European trio
sample (PrpT_guro = 2.37 % 1073; Table 1) again suggests that this locus contributes to
NSCL/P.

In a second step, we added the Asian trios (meta-analysisyj) to determine which of the loci
identified in the European population also confer risk in Asian populations and to identify
susceptibility regions that are common to European and Asian ancestry groups but which
may have escaped detection in meta-analysisgyo due to limited power. Fifty SNPs showed
associations that reached genome-wide significance (Fig. 1b). Five of the six loci identified
in meta-analysisgo had even smaller association P values in meta-analysisg;, suggesting
that they contribute to NSCL/P in both European and Asian populations (Table 1). One
locus (at 15922) showed association that did not reach statistical significance, suggesting
that it may only be implicated in cases from a defined ancestry group. Notably, inclusion of
the Asian sample yielded six additional regions that associated with genome-wide
significance (Table 1), including three previously reported regions (1p22.1: rs560426, P =
3.14 x 10712; 19432.2 (/RF6): rs861020, P= 3.24 x 10712; 20q12: rs13041247, P=6.17 x
1079). In addition, three new loci that associated with NSCL/P with genome-wide
significance were detected. The locus at 1p36 (rs742071, P=7.02 x 1079 was implicated at
a suggestive level of significance in the Baltimore study. The other two new loci (3p11.1:
rs7632427, P=3.90 x 1078; 821.3: rs12543318, £=1.90 x 1078) have not been reported
previously. For each of the newly identified loci associated with genome-wide significance,
data for the Asian trios only are presented in Supplementary Table 1.

To exclude genotyping errors as a confounding factor in the identification of new loci, we
subsequently imputed the six genomic regions using IMPUTE2 (see URLS) and performed
locus-specific meta-analyses based on the best-guess genotypes (Supplementary Methods).
We observed highly significant association Pvalues for both imputed and genotyped SNPs
in high linkage disequilibrium (LD) in meta-analysisg,ro and meta-analysisall, respectively
(Supplementary Table 2). This suggests that the single markers shown to associate in the
GWAS are true positives. Association results within the respective genomic contexts are
shown in Supplementary Figure 1.

Several lines of evidence support the hypothesis that these newly identified loci contribute to
orofacial clefting. The associated single SNP at 1p36 is located in an intron in the PAX7
gene (encoding paired box 7). PAX7 has already been functionally implicated in craniofacial
development®. A further study investigated seven PAX7 variants in NSCL/P case-parent
trios from various populations®, and two of these variants showed a strong parent-of-origin
effect. Analysis of rs742071 in the trio data from the Baltimore study provided no support
for a parent-of-origin effect (data not shown).

The rs7632427 SNP at 3p11.1 is located approximately 3 kb downstream of the EPHA3
gene (encoding ephrin receptor A3). Members of the ephrin receptor family are involved in
the regulation of cell shape and cell-cell contacts’. A strong methylation site was detected
approximately 200 bp downstream of rs7632427 (ref. 8). This represents a starting point for
investigations into the role of methylation patterns in craniofacial development.

For three additional regions, possible regulatory functions can be hypothesized. The single
associated marker at 2p21 is located within the 7HADA gene (encoding thyroid adenoma
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associated). Reported THADA functions® are not implicated in craniofacial development.
However, variants within 7HADA have been associated with a range of diseases. This may
be related to the large size of THADA (370 kb) or to the effects of regulatory elements. The
latter hypothesis is supported by the presence of transcription factor-binding sites described
in the Encyclopedia of DNA Elements (ENCODE; see URLS). We also propose a regulatory
effect for the 13g31.1 markers mapping to an intergenic region. Adjacent genes include
SPRY?Z2 (encoding sprouty homolog 2), which is an excellent candidate for orofacial clefting
according to animal models10-11, The SNP associated with genome-wide significance at
15¢22.2, which was not associated in Asians but was strongly associated in Europeans, is
located approximately 20 kb upstream of the 7PM1 gene (encoding tropomysin 1). The
associated variant maps to a regulatory region containing both strong enhancer and promoter
signatures and multiple transcription factor—binding sites, as predicted by ENCODE. For the
associated marker at 8g21.3, which maps to an intergenic region, no functional annotation
related to orofacial clefting is currently available. All SNPs associated with 2 of <1 x 1074
in meta-analysisgro OF in meta-analysisy are listed in Supplementary Table 3.

Orofacial clefts show considerable phenotypic variabilityl. Epidemiological and
embryological data support the hypothesis that NSCL/P can be subdivided into NSCLO,
where only the lip is affected, and NSCLP, where both the lip and palate are affected!2.
Despite a substantial etiological overlap between these two anatomical malformations,
epidemiological studies suggest that distinct genetic factors may be involved in their
respective development3,

To address these etiological differences for the first time on a systematic, genome-wide
level, we performed separate analyses of individuals with NSCLO and NSCLP
(Supplementary Fig. 2 and Supplementary Methods). In total, 38 SNPs had associations that
reached genome-wide significance. All of these 38 SNPs were among the SNPs that
associated with genome-wide significance in at least one of the two meta-analyses on the
combined NSCL/P group (Supplementary Table 4). For the 13g31.1 locus, association P
values in the NSCLP group were lower than those obtained in both meta-analysisg,q and
meta-analysisy, suggesting that this locus has a particularly strong effect on the
development of a cleft palate following the development of a cleft lip. This finding was
exclusive to NSCLP (Supplementary Table 5). To account for a possible bias secondary to
the different sample sizes of the two subgroups, we tested the hypothesis that estimated
relative risks for each of these 38 SNPs were identical in the NSCLO and NSCLP subgroups
using heterogeneity LRT (Supplementary Methods). In the European analysis, a statistically
significant difference in genotypic relative risk was observed between the two groups for
two SNPs in the 13g31.1 region (Supplementary Tables 5 and 6). For the top marker
rs8001641 (PyscLp = 6.51 x 1071: AyscLo = 0.163), the homozygous relative risk was
2.41 (95% CI 1.84-3.16) in the NSCLP group compared to 1.33 (0.89-1.99) in the NSCLO
group. Similar data were obtained in the combined European and Asian analysis
(Supplementary Table 6). Two SNPs in the 13931 region were associated in the replication
step of the Bonn-11 GWAS. Reanalysis of these data by NSCLO and NSCLP subgroups
revealed even stronger association results when only NSCLP cases were considered
(Supplementary Table 7). These data suggest that the 13931 locus is the first identified
genetic risk factor to contribute exclusively to the NSCLP subphenotype of clefting. This
finding is different from previous reports on subgroup-specific contributing factors, such as
IRF6 (ref. 2). Although these reports showed stronger association in one subgroup,
association of at least nominal significance was also found in the second subgroup. Thus,
our data now provide support for recent epidemiological observations at the molecular level.

The associated region at 13931 maps downstream of SPRYZ2 (Supplementary Fig. 3).
Although Spry2-knockout mice frequently have cleft palatel4, the incidence of this anomaly
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is even higher in mice carrying a larger deletion of a region including Spry2 (ref. 11). This
suggests that regulatory elements around SPRYZ2 contribute to palatal defects. Furthermore,
a resequencing study of individuals with NSCL/P suggested the presence of rare and
possibly detrimental variants in SPRY2 (ref. 15).

In conclusion, the present meta-analyses conclusively implicate six novel loci, associated
with genome-wide significance, in the etiology of NSCL/P, five of which seem to be
involved in both European and Asian populations. Future studies are warranted to identify
specific causal variants for these associations. Furthermore, the present study is the first to
our knowledge to identify a genetic locus that contributes exclusively to cleft palate in the
presence of a cleft lip.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Manhattan plots for meta-analyses. (a,b) Genome-wide meta-analyses for NSCL/P in
Europeans (a) and combined European and Asian samples (b). Negative logig P values are
shown for all SNPs that passed quality control. Genome-wide significance (P< 5 x 1078) is
indicated by the red line. SNPs surpassing this threshold are shown in green.
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