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Identification of functional non-coding
variants associated with orofacial cleft

Priyanka Kumari 1, Ryan Z. Friedman 2,3, Sarah W. Curtis4, Lira Pi 5,
Kitt Paraiso6, Axel Visel 6,7,8, Lindsey Rhea9, Martine Dunnwald9,
Anjali P. Patni1,10,11, Daniel Mar11,12, Karol Bomsztyk11,12,13, Julie Mathieu11,14,
Hannele Ruohola-Baker 1,10,11,15,16,17, Elizabeth J. Leslie-Clarkson 4,
Michael A. White 2,3, Barak A. Cohen 2,3 & Robert A. Cornell 1,11,17

Oral facial cleft (OFC) comprises cleft lip with or without cleft palate (CL/P) or
cleft palate only. Genome wide association studies (GWAS) of isolated OFC
have identified common single nucleotide polymorphisms (SNPs) in many
genomic loci where the presumed effector gene (for example, IRF6 in the 1q32
locus) is expressed in embryonic oral epithelium. To identify candidates for
functional SNPs at eight such loci we conduct a massively parallel reporter
assay in a fetal oral epithelial cell line, revealing SNPswith allele-specific effects
on enhancer activity. We filter these SNPs against chromatin-mark evidence of
enhancers and test a subset in traditional reporter assays, which support the
candidacy of SNPs at loci containing FOXE1, IRF6, MAFB,TFAP2A, andTP63. For
two SNPs near IRF6 and one near FOXE1, we engineer the genome of induced
pluripotent stem cells, differentiate the cells into embryonic oral epithelium,
and discover allele-specific effects on the levels of effector gene expression,
and, in two cases, the binding affinity of transcription factors FOXE1 or ETS2.
Conditional analyses of GWAS data suggest the two functional SNPs near IRF6
account for the majority of risk for CL/P at this locus. This study connects
genetic variation associated with OFC to mechanisms of pathogenesis.

Oral facial cleft (OFC) is a multifactorial disorder that can present as a
cleft lip with or without cleft palate (CL/P) or a cleft palate only (CP)
and has a genetic predisposition. More than one hundred syndromes
include OFC as a phenotype, and overall, about 30% of CL/P cases are

syndromic1. Such syndromes are generally caused by mutations in
single genes and follow a Mendelian inheritance pattern. The remain-
ing cases are non-syndromic or isolated. The etiology of
non-syndromic OFC is partially genetic, as the concordance of non-
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syndromic OFC is 50% in identical twins but just 3–5% in other first-
degree relatives2–4. Multiple independent genome-wide association
studies (GWAS), and meta-analyses thereof, have identified more than
40 loci where alleles of common single-nucleotide polymorphisms
(SNPs) are over-represented in cases versus in controls with the same
ancestry (reviewed in ref. 5). Importantly, however, most of the heri-
table risk for isolated OFC has not been assigned to any gene or locus.
Moreover, GWAS results alone do not illuminate the mechanisms of
pathogenesis attributable to genetic variation at each locus. Under-
standing these mechanisms may point to additional genes in which
mutations will contribute risk for non-syndromic OFC and may guide
the design of preventative therapies.

Identifying functional (causal) SNPs among those in linkage dis-
equilibrium with them is challenging. Most SNPs lie in non-coding
DNA, and the functional subset of them presumably disrupt cis-reg-
ulatory sequences (i.e., enhancers and promoters). However, the
sequence constraints of cis-regulatory sequences remain poorly
understood.We andothers have usedmachine learning tomine sets of
tissue-specific enhancers for sequence patterns6–8, and there are in
silico tools for inferring variants that affect enhancer function9,10, but
currently there is no tool that can robustly identify non-coding variants
that alter enhancer activity. An alternative approach is the massively
parallel reporter assay (MPRA).MPRAshavebeenwidely used todetect
elements with enhancer activity, and in some cases to detect the effect
of variants on enhancer activity11–20. A challenge in deploying MPRA to
identify functional SNPs is that, because the results are dependent on
the cellular context15, it may be necessary to use a cell line thatmodels
the embryonic cell type in which the SNPs affect disease risk.

The 1q32/IRF6 locus is associated with OFC in multiple ethnic
groups21–32. IRF6, encoding the transcription factor Interferon Reg-
ulatory Factor 6, is strong candidate for the risk-relevant gene (i.e., the
effector gene) in this locus because mutations in IRF6 are found in
about 70% of patients with Van der Woude syndrome, the most com-
mon syndromic form of OFC (VWS1, OMIM # 119300). Finding the
functional SNPs at this locus would yield insight into the regulation of
IRF6 gene expression during morphogenesis of the face and, if the
transcription factors whose binding is affected by those SNPs are
identified, would identify new candidate genes for OFC. However, a
meta-analysis of several GWAS identified more than 600 SNPs at this
locus with P values indicating at least a suggestive association with
OFC23. One of these SNPs, rs642961, resides in an enhancer of IRF6 and
alters the binding of the transcription factor AP2-α (TFAP2A) in an
electrophoretic mobility shift assay, suggesting it is functional33.
However, this conclusion is uncertain because this SNP did not have
allele-specific effects in a standard reporter assay33 or in an MPRA34.
The large number of OFC-associated SNPs at this locus, and others,
makes it difficult to determine which are functional.

Here, we deployed an MPRA in a fetal oral epithelium cell line to
nominate candidate functional SNPs among those associatedwithOFC

and within loci where the presumed effector gene is expressed in oral
epithelium.We validated a subset of theMPRA results using traditional
luciferase reporter assays in the cell line and in primary keratinocytes.
For two promising SNPs near IRF6 and one near FOXE1, we engineered
the genotype of the SNPs in induced pluripotent stem cells, differ-
entiated the cells into embryonic oral epithelium, and then assessed
allele-specific effects on gene expression and transcription factor
binding. These studies support six SNPs as being functional, with
varying levels of support, and two of these SNPs as accounting for
most of the heritable risk for CL/P phenotype attributed to the IRF6
locus in the cohort analyzed here.

Results
Amassively parallel reporter assay reveals candidate functional
SNPs at eight OFC-associated loci
For analysis by MPRA, we picked 887 SNPs from eight loci associated
with OFC and in which the currently presumed effector gene is
expressed in oral epithelium, although not necessarily only there, and
which regulates differentiation of an epithelial tissue35–60 (1q32/IRF6,
2p21/THADA, 3q28/TP63, 6p24.3/TFAP2A, 9q22.2/GADD45G, 9q22.33/
FOXE1, 12q13.13/KRT18, and 20q12/MAFB) (Table 1 and Supplementary
Data 1, 2). At seven of the loci, we picked SNPs based on their sig-
nificance in a genome-wide meta-analysis of two prior OFC studies24,30

(Table 1 and Supplementary Data 2). We additionally included SNPs at
the TFAP2A locus identified in an independent GWAS of CL/P in Han
Chinese26. At an eighth locus (9q22.33/FOXE1), we picked SNPs in
strong linkage disequilibrium with the GWAS lead SNP (rs12347191)
and annotated as being within regulatory elements23 (Table 1 and
Supplementary Data 2). As outlined in Fig. 1a, we synthesized a library
of reporter plasmids containing 161 base-pairs (bp) genomic test ele-
ments each centered on anOFC-associated SNP; OFC risk and non-risk
alleles of each SNP were represented in four replicate constructs with
distinct barcodes (Supplementary Data 3, 4). We performed theMPRA
in GMSM-K cells (Supplementary Data 5), a cell line derived from
human fetal oral mucosa61. The results were strongly correlated
(R2 ≥0.876) across four replicate experiments (Supplementary Fig. 1a).

In the MPRA results we assessed the enhancer activity of each
element and whether the SNP allele affected it. Of the 887 elements
evaluated, one or both variants of 480 (54.1%) had activity significantly
different from that of the basal promoter (false discovery rate (FDR)
<0.01); 180 (20.3%) of them exhibited higher activity than that of the
basal promoter (Supplementary Data 6 and Supplementary Fig. 1b). As
expected, the average activity of 84 scrambled genomic test elements
was very close to that to the basal promoter (Supplementary Fig. 1c
and Supplementary Data 7). Unexpectedly, the enhancer activities of
the test elements were only weakly correlatedwith levels of histoneH3
lysine 27 acetylation (H3K27Ac), amark of active enhancers, in primary
normal human epidermal keratinocytes (NHEK) (Pearson correlation
coefficient r =0.1126) (Supplementary Fig. 1d). Further, the enhancer

Table 1 | The number of SNPs tested, and the number with allele-specific effects, in the MPRA at each locus

Locus Tested in
MPRA
(887 total)

Allele-specific
effects in MPRA
(65 total)

Further supported by
chromatin evidence in
embryonic faces and/or NHEK

Tested in luciferase
reporter assays in
HEKn and GMSM-K

Tested by genome
engineering in induced
oral epithelium

1q32/IRF6 608 46 9 rs11119348, rs661849 rs11119348, rs661849

2p21/THADA 40 1 -

3q28/TP63 14 1 1 rs75436877

6p24.3/TFAP2A 112 8 2 rs201265

9q22.2/
GADD45G

36 2 -

9q22.33/FOXE1 9 1 1 rs10984103 rs10984103

12q13.13/KRT18 14 2 -

20q12/MAFB 54 4 1 rs4812449
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activities of four elements from within a known oral epithelium
enhancer (IRF6 MCS9.76,33,62) were not higher than that of the basal
promoter (Supplementary Fig. 1c). These unexpected findings may
reflect the semi-epithelial phenotype of this cell line, discussed below.
Nonetheless, 65 (7%) of the SNPs tested had allele-specific enhancer
activity in the MPRA (Fig. 1b and Supplementary Data 6) (FDR <0.05),
nominating these SNPs as candidates to be functional. These SNPs
were enriched among elements whose activity was different from that
of the basal promoter (P <0.0001, one-sided Fisher’s exact test). Each
of the eight loci had at least one of the 65 MPRA-nominated SNPs;
notably, at the 1q32/IRF6 locus, there were 46 such SNPs (Figs. 1b, 2a,
Table 1, and Supplementary Data 6).

Filtering candidate SNPs for those present in annotated
enhancers
We filtered MPRA-nominated SNPs for those lying within enhancers
active in embryonic oral epithelium. In one approach to identify such
enhancers, we used NHEKs as a model for embryonic oral epithelium
and the activity-by-contact (ABC)method to identify enhancers for the
presumed effector genes63. This method incorporates cell type-
specific RNA-seq, DNAse hypersensitivity, and H3K27Ac ChIP-seq
datasets, all of which are available for NHEKs, and averaged HiC
chromatin-contact data from ten ENCODE cell types63,64. Two apparent
enhancers for IRF6 and one for FOXE1 contained MPRA-nominated
SNPs (i.e., rs11119348 and rs661849 near IRF6, rs10984103 near FOXE1)
(Fig. 2a–c). The first candidate SNP near IRF6, rs11119348, lies within
IRF6 MCS9.7. This element is the site of a rare single-base-pair dupli-
cation that appears to cause Van der Woude syndrome65. It also con-
tains three other common SNPs (i.e., in addition to rs11119348) that are
associated with non-syndromic OFC, including rs642961, the focus of
an earlier study33. We tested all four of these common SNPs (sepa-
rately) in the MPRA but only rs11119348 had allele-specific effects in it
(Supplementary Fig. 1c). We will refer to this as the “IRF6 −10 kb SNP”
(Fig. 2b).

The second candidate SNP in this locus, rs661849, resides within
an evolutionarily conserved sequence 21.7 kb upstream of the IRF6
promoter and within the UTP25 promoter (Fig. 2b). There are no other
OFC-associated SNPs within this element. We will refer to rs661849 as
the “IRF6 −22 kb SNP”. This SNP is an expression QTL (eQTL) in GTEx
for several genes and tissues in the region, including IRF6 in cerebellum
(P value = 1.5e-8), and is a splicing QTL (sQTL) for IRF6 in sun-exposed

skin (P value = 8.3e-9) and for neighboring gene TRAF3IP3 in whole
blood66,67. Of note, rs642961, mentioned above, is in linkage dis-
equilibriumwith the IRF6 −22 kb SNP (R2 = 0.769) but not with the IRF6
−10 kb SNP (R2 = 0.033) (based on data from the 1000 Genomes pro-
ject) (Supplementary Fig. 2 and Supplementary Data 8). The candidate
SNP within a FOXE1 enhancer, rs10984103, lies within a predicted
enhancer 23.8 kb downstream of the FOXE1 transcription start site
(Fig. 2c). This SNP is an eQTL for FOXE1 in multiple tissues, including
the testis, esophagealmucosa, nerve, and cerebellum66.Wewill refer to
this SNP as the “FOXE1 24 kb SNP”.

In a second, broader approach to identify potential embryonic oral
epitheliumenhancers that is agnostic to the identity of the effector gene
we used chromatin-mark evidence of enhancers active (1) in NHEK
(ENCODE), (2) in human immortalized oral epithelial cells (HIOEC),
which are potentially a better model of embryonic oral epithelium than
NHEK68,69, or (3) in human embryonic faces70.Within elementsmarked as
enhancers in one or more of these contexts there were fourteen MPRA-
nominated SNPs, including the three discussed above (Fig. 2b, c); the
additional SNPs were detected in the 1q32/IRF6, 6p24.3/TFAP2A, 3q28/
TP63, and 20q12/MAFB loci (Supplementary Data 9 and Supplementary
Figs. 3–9). In summary, intersecting MPRA-nominated SNPs with pre-
dicted enhancers strengthened the candidacy of 14 SNPs as being
functional (Table 1 and Supplementary Data 9).

MPRA results tested with luciferase reporter assays
We next tested a subset of the MPRA results in traditional luciferase
reporter assays in GMSM-K cells, using reporter elements arbitrarily
chosen to be 701 bp long and centered on the SNP (Fig. 3a and Sup-
plementary Data 10, 11). For these tests, we picked six SNPs with allele-
specific effects in theMPRA and seven SNPs without them. The former
were all among the fourteen candidates discussed above and included
IRF6 −10 kb, IRF6 −22 kb, FOXE1 24 kb, rs4812449 (near MAFB),
rs201265 (near TFAP2A), and rs75436877 (near TP63); the latter inclu-
ded rs642961 within IRF6 MCS9.7. All six SNPs with allele-specific
effects in the MPRA also had them in the luciferase reporter assays,
although in two cases, FOXE1 24 kb and rs201265 (near TFAP2A), the
direction of effect was reversed (Fig. 3a and Supplementary Data 11,
12). Discordance in the direction of effects of SNP alleles between
traditional reporter assays and MPRA has been reported in other
studies12,71 and presumably reflects that the short elements used in
MPRAs are not full-sized enhancers (addressed below). Among the
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seven SNPs that did not have allele-specific effects in the MPRA, five
also did not have them in the luciferase reporter assays. These five
included rs642961 within IRF6 MCS9.7, in agreement with a previous
report33. In summary, for eleven of thirteen SNPs tested, luciferase
reporter assays agreed with MPRA regarding whether enhancer activ-
ity was affected by a SNP allele; this rate of concordance between
luciferase and MPRA results is significant (P =0.0163, one-sided Fish-
er’s exact test) and matches or exceeds that of other studies using
MPRAs to detect functional non-coding SNPs12,13.

We found that the length of the element tested, and whether it
matched the extent of open chromatin of an endogenous enhancer,
affected a SNP’s direction of effect in reporter assays. First, for the two
SNPs with opposite directions of effect in MPRA and luciferase
reporter assays (FOXE1 24 kb and rs201265), we repeated the latter
using shorter elements that matched the lengths used in the MPRA
(i.e., 161 bp). In these luciferase reporter assays, the directions of effect
concorded with those from the MPRA (Supplementary Fig. 10a and
Supplementary Data 12). Second, for three promising SNPs (IRF6 −10
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associated genes. a Bar chart of MPRA and luciferase reporter activities for the
indicated SNPs at various loci in GMSM-K using elements of the indicated length
centered on the SNP. MPRA data are represented as mean± standard error of the
mean (SEM) from the indicated number of replicates. Statistical significance
(P value, two-tailed) of the difference between major and minor allele’s reporter
activity is determined by Welch’s t-test, followed by Benjamini–Hochberg false
discovery rate correction. P (MPRA) = 0.0452 (rs11110348), 0.0057 (rs661849),
0.9097 (rs642961), 0.6942 (rs4844939), 0.4487 (rs12104876), 0.0238
(rs75436877), 0.7100 (rs79482068), 0.0734 (rs79792381), 0.0125 (rs201265),
0.1206 (rs10124184), 0.0067 (rs10984103), 0.0458 (rs4812449), 0.2945
(rs57369620). For luciferase reporter activities, data are represented as mean ±
standard deviation (SD) from four independent experiments. Statistical sig-
nificance (P value, two-tailed) is determined by Student’s t-test. P (luciferase) =
0.0006 (rs11110348), <0.0001 (rs661849), 0.3822 (rs642961), <0.0001
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***P <0.001, ****P <0.0001, NS non-significant. b–d Scattered dot plots of relative
luciferase activity (using the longer elements described in Results) for non-risk and
risk alleles of rs11119348, rs661849 and rs10984103 in primary neonatal keratino-
cytes (HEKn). Value of 1 is that of the empty pGL3 promoter vector. Data are
represented as mean± standard deviation (SD) from four independent experi-
ments. Statistical significance (P value, two-tailed) is determined by Student’s t-test
and P value is indicated on the plot. e–g Scattered dot plot of relative levels of e, f
IRF6 or g FOXE1mRNA in edited induced oral epithelium (iOE) cells homozygous
for the non-risk or risk alleles of each SNP, as indicated, assessed by qRT-PCR.
Expression levels are normalized against those of ACTB, GAPDH, HPRT1, UBC and
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determined by Student’s t-test and P value is indicated on the plot. Source data are
provided as a Source Data file.
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kb, IRF6 −22 kb and FOXE1 24 kb) with allele-specific effects in the
MPRA and in the luciferase reporter assays, we repeated the latter
using slightly longer elements (936 bp to 1.1 kb) that alignedwith open
chromatin (i.e., ATAC-seq peaks) in HIOEC and in NHEK (Supplemen-
tary Fig. 10b–d and Supplementary Data 10). Remarkably, for all three
SNPs the directions of effect were reversed relative to those using
701 bp elements: in the assays with the longer elements, the risk alleles
of IRF6 −10 kb and IRF6 −22 kb SNPs reduced the activity, and the risk
allele of FOXE1 24 kb elevated the activity, of the enhancers in which
they reside (Supplementary Fig. 10b–d). To summarize, in reporter
assays, the length of the element tested affected a SNP’s direction of
effect but not whether there was an effect.

At this point in the study, we conducted RNA-seq on our stock of
GMSM-K cells and compared expression levels of epithelial and
mesenchymal markers to those in primary adult keratinocytes (NHEK)
and in human embryonic palatal mesenchymal (HEPM) cells (Supple-
mentary Data 13 and Supplementary Fig. 11a). As expected, GMSM-K
expressed higher levels of oral epithelium markers PITX1 and FOXE1
transcripts than either NHEK or HEPM, consistent with their origin
from fetal oral keratinocytes61. In addition, they expressed high levels
of epithelial markers KRT8 and KRT18 and low levels of mesenchymal
markers VIM and CDH2, similar to NHEK and unlike HEPM. However,
unexpectedly, they expressed much lower levels of the epithelial
marker CDH1 and keratinocyte markers KRT14, TP63, and IRF6 than
NHEK did; we confirmed three of these markers with immunostaining
(Supplementary Fig. 11a, b). We concluded that our stock of GMSM-K
had lost robust epithelial features without fully converting to a
mesenchymal phenotype. Therefore, we repeated the luciferase
reporter assays in primary neonatal keratinocytes (HEKn). We found
that, again, the results concorded with those from theMPRA at 11 of 13
SNPs regarding whether the SNP had allele-specific effects on activity
(Fig. 3b–d and Supplementary Fig. 12). In summary, although our stock
of GMSM-K lacks robust epithelial features, the results from an MPRA
conducted in GMSM-K and those from luciferase reporter studies in
HEKn largely concorded.

In chromatin of induced oral epithelial cells the IRF6−10 kb and
IRF6 −22 kb SNPs affect IRF6 expression and the FOXE1 24kb
SNP affects FOXE1 expression
To test whether the IRF6 −10 kb and IRF6 −22 kb SNPs affect enhancer
activity in their native genomic contexts we engineered the genotype
of WTC-11 induced pluripotent stem cells (iPSCs), which are hetero-
zygous for both SNPs. For eachSNP,wegenerated twoclones each that
were homozygous for the risk allele or for the non-risk allele (Sup-
plementary Figs. 13a, b, 14a, b). Next, we subjected three replicates of
each clone to a 10-day protocol that induces iPSCs to differentiate into
embryonic oral epithelial cells (induced oral epithelial cells, iOE)72

(Supplementary Fig. 13a, b). Quantitative RT-PCR (qRT-PCR) revealed
that the average level of IRF6 expression in cells homozygous for the
risk allele of either SNP (and heterozygous at the other) was lower than
that in clones homozygous for thenon-risk allele of that SNP (Fig. 3e, f),
consistent with the luciferase reporter assays using the longest ele-
ments. We also engineered the genotype of these SNPs in GMSM-K
cells. Despite themuch lower expression of IRF6 inGMSM-K compared
to in iOE cells, again, cells homozygous for risk alleles had lower IRF6
expression than cells homozygous for non-risk alleles (Supplementary
Fig. 15a–f). These results indicate that the IRF6 −10 kb SNP and the IRF6
−22 kb SNP both directly affect IRF6 expression.

Similarly, we engineered the genotype of the FOXE1 24 kb SNP.
The parental iPSCs were heterozygous, and we engineered three
clones each to be homozygous for the risk allele or the non-risk allele
and differentiated them in triplicate into iOE cells (Supplementary Fig.
16a, b). qRT-PCR revealed that the average level of FOXE1 in cells
homozygous for the risk allelewashigher than that of the homozygous
for the non-risk allele (Fig. 3g), consistent with the luciferase reporter

assays using the longest elements, indicating that the FOXE1 24 kb SNP
directly affects FOXE1 expression.

The IRF6 −10 kb SNP risk allele promotes binding of the OFC-
associated transcriptional repressor FOXE1
Using an online tool73 we predicted that the risk allele of the IRF6 −10
kb SNPdiminishes the affinity for two transcription factors (i.e., AR and
SOX10) and elevated it for POU5F1B plus sixteen members of the FOX
family, including FOXE1 (JASPAR score for FOXE1 site MA1487.1: risk,
14.1; non-risk, 8.6) (Fig. 4a and Supplementary Data 14, 15).Members of
the FOX family can function as transcriptional activators or
repressors74,75. Mutations in FOXE1 cause Bamforth–Lazarus
syndrome76 and SNPs near it are associated with risk for non-
syndromic OFC23,77,78. Using an antibody against FOXE1, we con-
ducted ChIP in iOE cells generated from the parental iPSCs. qPCR
revealed more chromatin precipitated at the IRF6 −10 kb SNP locus by
anti-FOXE1, and by anti-H3K27Ac, than at an intergenic region, con-
sistent with the SNP being in an enhancer bound by FOXE1 (Fig. 4b, c).
While the iOE cells were heterozygous at this SNP, like the parental
iPSCs from which they were derived (Fig. 4d), PCR and sequencing
revealed that chromatin precipitated by the anti-FOXE1 antibody was
enriched for the risk allele (Fig. 4d, two additional replicates in Sup-
plementary Fig. 17a). By contrast, the anti-H3K27Ac antibody pulled
downmore of the non-risk allele (Fig. 4d and Supplementary Fig. 17a),
consistent with higher activity of the enhancer and higher expression
of IRF6 in cells with thenon-risk genotype. Similarly, anti-FOXE1ChIP in
GMSM-K homozygous for the risk or non-risk allele of IRF6 −10 kb SNP
revealed stronger binding of FOXE1 to the risk allele (Supplementary
Fig. 18a). These results indicate that the IRF6 −10 kb SNP risk allele
favors the binding of FOXE1.

To test the importance of FOXE1 in regulating the IRF6 −10 kb
enhancer we repeated the luciferase reporter assays using the IRF6 −10
kb enhancer (longest version) harboring the risk allele of the IRF6 −10
kb SNP, and compared the results between parental GMSM-K and
those in which we had deleted the FOXE1 using CRISPR/Cas9 reagents
(Supplementary Figs. 18b, 19). The FOXE1 knockout cells were clonal
isolates and therefore entirely ormostly pure for the loss of FOXE1. We
choseGMSM-KoverHEKnbecause the expression of FOXE1 is higher in
GMSM-K than in HEKn (Supplementary Fig. 11c). GMSM-K are homo-
zygous risk for the IRF6 −10 kb SNP, where FOXE1 binds more avidly.
Interestingly, in cells lacking FOXE1 the activity of the IRF6 −10 kb
reporter was higher than in the control cells (Fig. 4e). We saw analo-
gous results in cells transfected with siRNA targeting FOXE1 or a non-
targeting siRNA (Supplementary Fig. 18c, d). Moreover, levels of IRF6
expression were higher in FOXE1-knockout or FOXE1 knockdown
GMSM-K than in the respective controls (Fig. 4f and Supplementary
Fig. 18e). While the binding of other transcription factors may be
affected by the allele of the IRF6 −10 kb SNP, these results suggest its
effect on binding of FOXE1 is sufficient to alter the activity of this
enhancer (Fig. 4g).

The IRF6 -22 kb SNP risk allele promotes binding of the tran-
scriptional repressor ETS2
The risk allele of the IRF6 -22 kb SNP diminished the predicted affinity
for two transcription factors (GATA2 and HSF4) and elevated it for
NFKB2, ZNF454, and ten members of the ETS family, including ETS2
(JASPAR score for ETS2 site MA1484.1, risk: 4.9; non-risk, -4.1) (Fig. 5a
and Supplementary Data 16, 17). ETS family members, particularly
ETS1, regulate differentiation of keratinocytes and other epithelial cell
types79,80. ETS2 can function as a transcriptional repressor81,82. Anti-
ETS2 and anti-H3K27Ac antibodies yielded higher ChIP-qPCR signals in
iOE cells at the IRF6 -22 kb SNP than at an intergenic region (Fig. 5b, c),
indicating ETS2 binds at this SNP and the SNP is within an active reg-
ulatory element. PCR and sequencing of chromatin precipitated by
anti-ETS2 from iOE cells heterozygous for this SNP revealed an
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enrichment of ETS2 binding to the risk allele, while anti-H3K27Ac
pulled down more of the non-risk allele (Fig. 5d, two additional repli-
cates in Supplementary Fig. 17b). These findings are consistent with
higher activity of the enhancer and higher expression of IRF6 in cells
with the non-risk genotype. Similarly, anti-ETS2 ChIP-qPCR in GMSM-K
homozygous for either the risk or non-risk allele of IRF6 -22 kb SNP
revealed stronger binding of ETS2 to the risk allele (Supplementary
Fig. 18f). We found that reporter activity of the IRF6 -22 kb enhancer
harboring the risk allele of the IRF6 -22 kb SNP was higher in ETS2-
depleted HEKn relative to those transfected with a control siRNA (Fig.
5e and Supplementary Fig. 18g); we observed analogous results in
GMSM-K (Supplementary Fig. 18h, i). IRF6 expressionwas alsohigher in
ETS2-depleted HEKn or GMSM-K than in control transfected cells (Fig.
5f and Supplementary Fig. 18j). Together these results support the
model that the risk allele of the IRF6 -22 kb SNP results in lower
expression of IRF6 by promoting the binding of ETS2, potentially
amongeffects on thebindingof other transcription factors (Fig. 5g and
Supplementary Data 16, 17).

Similarly, we observed that the risk allele of the FOXE1 24 kb SNP
diminished the predicted affinity for four transcription factors
(GATA2, FOXH1, GCM2, and NRL) and elevated it for three transcrip-
tion factors (TFAP2A, SP2, and KLF12) (Supplementary Data 18, 19).
While we did not attempt chromatin immunoprecipitation (ChIP) with

antibodies to transcription factors at this locus, ChIP with an anti-
H3K27Ac antibody precipitated more of the risk allele of the FOXE1
24 kb SNP from heterozygous iOE cells (Supplementary Fig. 20a–c),
consistent with higher activity of the enhancer and higher expression
of FOXE1 in cells with the risk genotype.

Conditional analysis of haplotypes containing IRF6 −10 kb and
IRF6 -22 kb SNP
Finally, to assess whether the IRF6 −10 kb (rs11119348) and IRF6 -22 kb
(rs661849) SNPs can explain the heritable risk for CL/P associated with
1q32/IRF6 we conducted conditional analyses. We previously found
evidence for multiple independent signals at IRF6 by LD-clumping, and
different patterns of association with OFC subtypes have been reported
by several studies33,83–85. We therefore performed conditional analyses
separately for cleft lip only (CL) and cleft lip and palate (CLP) cases to
explore the contributions of each SNP to each phenotype (Fig. 6a–h and
Supplementary Data 20, 21). As expected, the IRF6 locus was associated
with CL (lead SNP rs12403599, P value = 3.29 × 10−9) (Fig. 6a) and CLP
(lead SNP rs2076149, P value = 5.24 × 10−10) (Fig. 6e and Supplementary
Data 22). Conditioning on either the IRF6 -22 kb or IRF6 −10 kb SNPs
explained some of the signal at the IRF6 locus for both CL and CLP but
neither SNP alone reduced the association peak fully, as evidenced by
P values and odds ratios indicating residual evidence of association
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Fig. 4 | Risk allele of IRF6 -10 kb SNP (rs11119348) promotes binding of tran-
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database of transcription factor DNA-binding preferences (Matrix ID: MA1847.1)
and alignment of the variant site in several mammals. The risk allele (A) is the
reference allele and has a higher frequency than the non-risk allele (C) in most
populations. b, c Percent input identified by ChIP-qPCR for anti-FOXE1 and anti-
H3K27Ac, respectively, in iOE cells heterozygous for rs11119348 using primers
specific to the IRF6 -10 kb enhancer site or, as a negative control, to a region
103.7 kb upstream of the IRF6 transcription start site that lacked ATAC-Seq and
H3K27Ac ChIP-Seq signals in HIOEC or NHEK. Error bars refer to three ChIP repli-
cates and expressed as mean± SD. Each dot represents three technical qPCR
replicates. Statistical significance (P value, two-tailed) is determined by Student’s
t-test and P value is indicated on the plot. NS non-significant. d Sequencing of anti-
FOXE1 and anti-H3K27Ac ChIP-PCR products from cells heterozygous for

rs11119348 using the indicated antibody. e Scattered dot plot of relative luciferase
activity of the IRF6 -10 kb reporter construct (longest version) harboring the risk
allele of rs11119348, in wildtype (WT) or a clone of FOXE1 homozygous knockout
(KO) GMSM-K cells. Data are represented as mean ± SD from three independent
experiments. Statistical significance (P value, two-tailed) is determinedby Student’s
t-test and P value is indicated on the plot. f Scattered dot plot of relative levels of
IRF6 mRNA in WT and FOXE1-KO GMSM-K cells assessed by qRT-PCR. Expression
levels of IRF6 are normalized againstACTB. Data are represented asmean± SD from
three replicates. Each dot represents three technical qPCR replicates. Statistical
significance (P value, two-tailed) is determined by Student’s t-test and P value is
indicated on the plot. g Model showing binding of FOXE1 to the IRF6 -10 kb
enhancer, which is favored by the risk allele and which reduces IRF6 expression.
Source data are provided as a Source Data file.
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(Supplementary Data 22). Importantly, the impact of conditioning on
either SNP alone was different for CL than for CLP due to differences in
linkage disequilibrium between the functional SNPs and other SNPs at
the locus associated with each phenotype. Neither the IRF6 −10 kb SNP
nor the IRF6 -22 kb SNP, separately or in combination, completely
accounted for the signal tagged by lead SNP rs2076149 in CL, which saw
some increases in P value but only minor changes in effect size in each
analysis. For CLP, the IRF6 −10 kb SNP accounted for more of the signal
than the IRF6 -22 kb SNP and conditioning on both SNPs showed no
remaining evidence of association at the 1q32/IRF6 locus by both P value
and effect size. Together, we conclude that both SNPs account for the
majority of the association signal at 1q32/IRF6 observed in this dataset
for CL and CLP.

Discussion
To understand how common variants predispose individuals to oro-
facial cleft (OFC) here we tested 887 OFC-associated SNPs in a mas-
sively parallel reporter assay (MPRA) as has been done in other studies
seeking to identify SNPs that affect enhancer activity12,13,86. Because
enhancers are often cell type specific, we limited the study to SNPs

from loci where the presumed effector gene is expressed in oral epi-
thelium (as opposed to oral mesenchyme or brain) and used a cell line
model of this tissue for the MPRA. Filtering SNPs with allele-specific
effects in the MPRA for those lying in chromatin with evidence of
enhancer activity in relevant cell types, or in explants of human
embryonic faces, promoted the candidacy of MPRA-nominated SNPs
near FOXE1, IRF6, MAFB, TFAP2A, and TP63. We then used luciferase
reporter assays to confirm the findings of theMPRA at six SNPs. At five
of these six SNPs, either or both variants had activity different from
that of the basal promoter (FDR <0.01), the exception being a SNP at
TP63. Finally, we engineered the genome of iPSCs to be homozygous
for the risk or non-risk allele of the three top-candidate SNPs (sepa-
rately) and differentiated the cells into embryonic oral epithelium. All
three SNPs had allele-specific effects on expression levels of the
respective effector gene. The risk alleles of both functional SNPs at
IRF6 decreased the expression level of IRF6, which is consistent with
loss-of-functionmutations in IRF6 causing VanderWoude syndrome87.
The risk allele of the functional SNP at FOXE1 increased the expression
level of FOXE1. Both gain- and loss-of-function mutations in FOXE1 are
detected in individuals with Bamforth–Lazarus Syndrome (which
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mean ± SD. Each dot represents three technical qPCR replicates. Statistical sig-
nificance (P value, two-tailed) is determined by Student’s t-test and P value is
indicated on the plot. NS non-significant. d Sequencing of anti-ETS2 and anti-

H3K27Ac ChIP-PCR product of cells heterozygous for rs661849 using the indicated
antibody. e Scattered dot plot of relative luciferase activity of the IRF6 −22 kb
reporter construct (longest version) harboring the risk allele of rs661849 in control
versus ETS2-depleted primary neonatal keratinocytes (HEKn). Data are represented
asmean ± SD from three independent experiments. Statistical significance (P value,
two-tailed) is determined by Student’s t-test and P value is indicated on the plot.
f Scattered dot plot of relative levels of IRF6mRNA in control versus ETS2-depleted
HEKn assessed by qRT-PCR. Expression levels of IRF6 are normalized against ACTB.
Data are represented asmean± SD from three replicates. Each dot represents three
technical qPCR replicates. Statistical significance (P value, two-tailed) is determined
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includes OFC)41 and, similarly, both a loss-of-function mutation in
Foxe1 and over-expression of Foxe1 can cause cleft palate in mice46,47.
We identified transcription factors whose binding is affected by the
SNP allele for both SNPs at IRF6, and showed that they regulate the
expression of the enhancers harboring the SNPs, and of IRF6 expres-
sion levels, in the predicteddirection. Finally,we returned to theGWAS
data and found that the haplotypes containing the two SNPs at IRF6
explain most of the CLP association signal at this locus in the cohorts
evaluated. In summary, we found strong evidence for three functional
SNPs and suggestive evidence for three more.

An objective in identifying functional SNPs is to determine the
transcription factors whose binding is impacted by the SNPs allele, as
the genes encoding such TFs may be associated with OFC risk. Sup-
porting this possibility, earlier we found that a functional SNP in the
enhancer IRF6 MCS9.7 affects binding of IRF6 itself 88, and here we
found that the IRF6 −10 kb SNP affects the binding affinity of FOXE1,
encoded by a gene implicated in risk for syndromic89 and
nonsyndromic23,26,78,90 OFC. We infer that FOX family members
expressed in oral epithelium are candidates to be OFC risk genes. In
this light, it is intriguing that chromatin immunoprecipitation with
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Fig. 6 | The haplotypes containing rs11119348 and rs661849 together explain
much of the CL association, and most of the CLP association, in Europeans at
the 1q32/IRF6 locus. a–h Locus Zoom plots of a–d cleft lip only and e–h cleft lip
and palate; a, e unconditioned; b, f conditioned on rs661849 (IRF6 −22 kb); c, g
conditioned on rs1119348 (IRF6 −10 kb); d, h conditioned on both SNPs

simultaneously. Two-sided P values are calculated with a logistic regression with
sex without adjustment for multiple testing and ten principal components of
ancestry as covariates (and the genotype of the SNP being conditioned on). Points
are color-codedbasedon linkagedisequilibrium (r2) in Europeans for each SNPwith
rs661849.

Article https://doi.org/10.1038/s41467-025-61734-w

Nature Communications |         (2025) 16:6545 9

www.nature.com/naturecommunications


sequencing (ChIP-seq) revealed binding of FOXA1 and FOXA2 in
bronchial epithelial cells at the IRF6 −10 kb enhancer, and knocking
down expression of either transcription factor led to upregulation of
IRF691. Another implication is that theremay be a greater-than-additive
effect on OFC risk in individuals harboring risk-associated haplotypes
at both IRF6 and FOXE1. Unfortunately, current GWAS data are
underpowered to reveal such gene-by-gene interactions. It would be
interesting to test for genetic interactions between IRF6 and FOXE1 in
model organisms or iPSCs. The risk allele of the IRF6 −22 kb SNP cre-
ates a low-affinity ETS family binding site, and ChIP-qPCR indicated
that the risk allele promotes binding of ETS2. Low-affinity ETS binding
sites are important for the regulation of SHH in the limb92. Mice
embryos homozygous for a strong loss-of-function mutation in ETS2
die by E8.593; heterozygousmutants exhibit craniosynostosis, probably
reflecting a role for ETS2 in osteogenesis within the fibroblast growth
factor (FGF) signaling pathway94. Mutations in ETS2 have been detec-
ted in patients with craniosynostosis94, and with a developmental
disorder that includes cleft palate in some individuals95. It is expressed
in differentiated keratinocytes and glandular epithelium96,97 and reg-
ulates the differentiation of trophoblast stem cells98. We infer that
ETS2 and is paralogs, in particular ETS1, which inhibits differentiation
of keratinocytes99,100, are potential contributors to isolated OFC, and
that genetic interaction between IRF6 and ETS2 in OFC patients and
animal models are worth exploring.

The IRF6 -10 kb SNP is the third example of a SNP with relatively
strong evidence of directly influencing risk for cleft lip, cleft palate, or
both within the same evolutionarily conserved enhancer of IRF6,
MCS9.76,33,50,62,65,88. Of note, this enhancer was identified through
investigation of a non-syndromic CL/P-associated SNP, rs642961, also
with some evidence of being functional33. In stable transgenic mice,
MCS9.7 (from the human genome) drove reporter expression in oral
epithelium33,62; in stable transgenic zebrafish, it drove reporter
expression in periderm in the entire embryo, including in the oral
cavity6. While the risk-associated allele of rs642961 disrupts binding of
the transcription factor AP2-α (TFAP2A) in an electrophoretic mobility
shift assay33, current and previous MPRA and luciferase results33,34 all
did not detect allele-specific effects of rs642961 on enhancer activity. It
is possible that the IRF6 −22 kb SNP, which is in linkage disequilibrium
with rs642961, is the functional SNP underlying the association of
rs642961 with OFC; supporting this notion both IRF6 −22kb SNP and
rs642961 are more strongly associated with CL than with CLP33. By
contrast, a rare, single-nucleotide insertion inMCS9.7 segregating with
cleft palate and other characteristic symptoms in a Brazilian family
with Van der Woude syndrome strongly affected the enhancer activity
of MCS9.7 65. In addition, we recently found that a SNP in MCS9.7,
rs570516915, is associated with CP only in populations from Finland
and Estonia and that the risk allele reduces IRF6 expression level in
engineered inducedoral epithelial cells88. The current study shows that
IRF6 -10 kb (rs11119348), associated with CL and CLP and in the same
enhancer, affects IRF6 expression potentially by altering the binding of
FOXE1. Taken together, these studies emphasize the extraordinary
importance of a single enhancer in genetic predisposition for orofacial
cleft, and raise the question of how different variants in this enhancer
elevate risk for cleft lip with or without cleft palate or for cleft
palate only.

There remains a need for high-throughput methods to screen
functional SNPs in OFC and other common disorders. The MPRA we
performed required the synthesis of a library of oligos. This step was
avoided in an MPRA that used reporter constructs from sheared
chromatin from individuals of distinct genotypes; this study managed
to score more than 50 million SNPs in two cell types15. However, the
success ofMPRAs at identifying functional SNPs atmany loci is likely to
rely on the cell line deployed being a reasonable model of the
embryonic tissue where the SNP affects disease risk in vivo. While
results from anMPRA helped us identify six OFC-associated SNPs that

alter enhancer activity in luciferase reporter assays, we only pursued
three of themwith the in-depth experiments, confirming that they can
alter IRF6 or FOXE1 expression in induced oral epithelium cells. It will
be interesting to assess whether additional MPRA-nominated SNPs
within active enhancers near IRF6 are indeed functional, and if they
affect IRF6 expression in combination. However, the step of engi-
neering the genome in iPSCs and creating induced oral epithelium or
oral mesenchyme remains laborious and expensive. One promising
approach to prioritize non-coding SNPs is chromatin-accessibility QTL
analyses101 but these, too, require appropriate cell line models. It will
also be interesting to assess the effect of functional SNPs on the
expression of genes downstream of the directly affected transcription
factor, and to establish OFC-prone animal models where the pheno-
typic effects of single SNPs might be evident. In many GWAS loci, the
effector gene is unclear, which increases the challenge of identifying
functional SNPs; in addition, validated functional SNPsmay contribute
to disease etiology by directly affecting the expression of genes other
than the apparent effector gene. Despite these challenges, identifying
functional SNPs remains an essential step in translating the findings of
GWAS into an understanding of how common genetic variants con-
tribute to the pathogenesis of OFC and other congenital anomalies.

Methods
Our research complies with all relevant ethical regulations. All GWAS
data used in this study have been previously published24,30 and were
anonymized/deidentified to all authors on this manuscript. The WTC-
11 cell line (UCSFi001-A (RRID:CVCL_Y803)) was ethically derived
(https://hpscreg.eu/cell-line/UCSFi001-A#ethics). The details of the
donor are provided at the human pluripotent stem cell registry, and
the derivation of the cells underwent ethical review by a committee at
the University of California, San Francisco. The IRB protocol and
approval numbers are both 10-02521.

Meta-analysis
We performed a genome-widemeta-analysis of CL/P, CP, and all OFCs,
from European and Asian ancestries from two consortia24,30. The
details of the sample collections, genotyping, and genotype quality
control (QC) procedures have been described previously24,30,83,102.
Briefly, the original studies recruited individuals with OFCs, their
unaffected relatives, and unrelated controls (individuals with no
known family history of OFCs or other craniofacial anomalies;
N = 1626) from18 sites across 13 countries fromNorthAmerica, Central
or South America, Asia, Europe and Africa. Samples from the GENEVA
consortium were genotyped for 589,945 SNPs on the Illumina
Human610-Quadv.1_B BeadChip and imputed to the 1000 Genomes
Phase 1 release (June 2011) reference panel. Samples from the POFC
consortium were genotyped for approximately 580,000 SNPs from
the Illumina HumanCore+Exome array, of which ~539,000 SNPs pas-
sed quality control filters recommended by the Center for Inherited
Disease Research (CIDR) and the Genetics Coordinating Center (GCC)
at the University of Washington24. These data were then phased with
SHAPEIT2103 and imputed with IMPUTE2104 to the 1000 Genomes Pro-
ject Phase 3 release (September 2014) reference panel. Themost likely
imputed genotypes were selected for statistical analysis if the highest
probability (r2) > 0.9. SNP markers showing deviation from
Hardy–Weinberg equilibrium in European controls, a minor allele
frequency or MAF <5%, or imputation INFO scores <0.5 were filtered
out of all subsequent analyses. The information for the genotyped
markers was retained after imputation, and the imputed values for
these variants were only used to assess concordance. Ourmethods for
meta-analysis were previously published23. Case-parent trios were
analyzed with the allelic transmission disequilibrium test (TDT)
implemented in PLINK. Unrelated cases and controls, matched for
population of origin, were tested for association using a logistic
regression under an additive genetic model while including 18
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principal components of ancestry to adjust for population structure.
Within each OFC subtype, the resulting effect estimates for the TDT
and logistic regressionwere combined in an inverse-varianceweighted
fixed-effects meta-analysis.

Selection of SNPs for analysis by MPRA
We selected 887 SNPs from eight loci that include a gene known to be
expressed in oral epithelium and in most cases, regulates differentia-
tion of an epithelial tissue (1q32/IRF6, 2p21/THADA, 6p24.3/TFAP2A,
9q22.2/GADD45G, 12q13.13/KRT18, 20q12/MAFB and 9q22.33/FOXE1)
(Table 1 and Supplementary Data 1, 2). We selected SNPs with P values
suggestive of association from seven loci (IRF6, THADA, TFAP2A,
GADD45G, KRT18, and MAFB) from the meta-analysis (Table 1 and
Supplementary Data 2). We additionally included 59 SNPs at the
TFAP2A locus identified in an independent GWAS of CL/P in Han
Chinese26. Because of the financial constraints on the library size, for
one locus (FOXE1) we instead picked nine SNPs in strong linkage dis-
equilibrium with the lead SNP (rs12347191) in a European population
and annotated by Haploreg as being within regulatory elements23

(Supplementary Data 2).

Reporter library construction
We designed an oligonucleotide library in which each oligo contained
the sequenceof the SNPof interest, a uniquebarcode, andpriming and
restriction sites necessary for amplification and cloning into a pGL-
hsp68 reporter plasmid105. The sequence of human genomic DNA
corresponding to 161 bp windows, centered on each of 887 GWAS-
identified SNPs, was downloaded from the UCSC Table browser tool
(genome build: hg19). Two additional SNPs, absent from all tables,
supplementary data and schematics, were included in the MPRA as
part of a separate preliminary study. We generated two versions of
each cis-regulatory element (CRE) that were identical except for har-
boring the major or minor allele of the SNP, respectively (1774 ele-
ments) (Fig. 1a and Supplementary Data 3). We ordered a pool of 7500
unique 230-mer oligonucleotides (elements) through a limited licen-
sing agreement with Agilent Technologies (Santa Clara, CA). To
establish an empirical null distribution of activity in the assay, we
included 90 sequences that were scrambled versions of the sequences
of other elements (Supplementary Data 4). To account for noise in the
assay, each sequence was assigned four unique barcodes. Finally, to
create constructs with only the basal promoter and no upstream reg-
ulatory sequence, we included an additional random28 filler elements,
which were excised in the second step of cloning, yielding 28 basal
promoter-only controls with one barcode each. We synthesized 7484
elements corresponding to the 887 SNPs (7096 + 360 + 28) (Supple-
mentary Data 4 and Fig. 1a).

Oligos were designed with the following structure (Supplemen-
tary Fig. 21): a forward priming sequence (PS1) with NheI restriction
site, (primer for this site is KC_1F), 161 base cis-regulatory element
(Supplementary Data 3), AgeI restriction site, NruI restriction site, MluI
restriction site, 9 base barcode, and a reverse priming sequence (PS2)
with XhoI site (primer for this site is KC_1R) (Fig. 1a, Supplementary
Fig. 21, and Supplementary Data 4).

We amplified the oligo pool using five cycles of PCR with Phusion
High-Fidelity polymerase (New England Biolabs) and primer set KC_1
(Supplementary Data 23). We cloned the pool of amplicons into the
pGL-hsp68 backbone using NheI and XhoI, which excludes the hsp68
promoter fused to DsRed. We prepared DNA from 41,000 colonies to
generate library KC_L1. We then amplified a DNA fragment containing
the hsp68 promoter and the DsRed cDNA using primers KC_2F and
KC_2R (Supplementary Data 23) containing AgeI and MluI restriction
sites, respectively, and cloned this fragment into the KC_L1 library such
that the CREs lie upstream of the hsp68 promoter driving DsRed and
the barcodes; this procedure created library KC_L2.

To assess the completeness of the cloned library, we sequenced
the barcodes in the final plasmid pool in library KC_L2. It was achieved
by amplifying the barcode fragments using primer set KC_BC con-
taining with NheI and MfeI restriction sites, followed by specific Illu-
mina adapters ligation (P1 and PE2 adapters), and Illumina enrichment
PCR using KC_3 set of primers, and sequencing (Supplementary
Data 23).

Cell lines
The human fetal oral epithelial cell line (GMSM-K)61 (a kind gift from
Dr. Daniel Grenier, Université Laval) was maintained in keratinocyte
serum-free medium (KSFM) (Gibco, Catalog no. 17005-042) supple-
mented with human recombinant epidermal growth factor (EGF
30 µg/ml) and bovine pituitary extract (BPE 0.2 ng/ml). Human
Epidermal Keratinocytes from neonatal foreskin (HEKn; primary
neonatal keratinocytes) purchased from ATCC (ATCC Catalog no.
PCS-200-010) weremaintained and cultured as per themanufacturer’s
instructions in dermal cell basal medium (ATCC Catalog no. PCS-200-
030) supplemented with keratinocyte growth kit (ATCC, Catalog
no. PCS-200-040). The Normal Human Skin Keratinocyte (N-HSK-1)106

cell line was grown in KSFM or on an irradiated NIH3T3 feeder
layer in Dulbecco’s Modified Eagle’s Medium (DMEM) and HamF12 (3:1
ratio) according to Rheinwald and Green107. WTC-11 human induced
pluripotent stem cells (iPSCs) (Coriell Institute for Medical Research,
Catalog no. GM25256), were maintained in mTeSR Plus media (Stem-
Cell Technologies, Catalog no. 100-0276) on Matrigel (Corning, Cata-
log no. 356231)-coated plates and passaged with StemPro Accutase
(Gibco, Catalog no. A11105-01). Cells were incubated at 37 °C in 5%CO2.
Details of cell lines/primary cells/induced pluripotent cells used in the
study areprovided in SupplementaryData 5. Sexwasnot considered in
tests of allele-specific effects of SNPs on enhancer activity.

Transfection of CRE-library (plasmid pool)
A pool of plasmids (from library KC_L2; as described in Methods,
Reporter library construction) in four replicates, 2.5 µg each, was
transfected into 1 million GMSM-K with Amaxa Cell Line Nucleofector
Kit V (Lonza, Catalog no. VCA-1003) using Nucleofector II (Lonza)
(program T-020). Forty-eight hours post-transfection, RNA and geno-
mic DNA was extracted from each set using Quick-DNA/RNAMiniprep
kit (Zymo Research, Catalog no. D7001) as per the manufacturer’s
instructions.

Sample preparation for RNA-Seq
Isolated RNA was treated with Turbo DNase I (Thermo Fisher, Catalog
no. AM1907) as per the manufacturer’s instructions. The first strand of
cDNA was synthesized with SuperScript III First-Strand Synthesis Sys-
tem (Thermo Fisher Scientific, Catalog no. 18080051). The barcodes
including the flanking sequence were amplified from both cDNA,
genomic DNA (transfected plasmid DNA) and plasmid DNA samples
(that was used for transfection) with Phusion High-Fidelity PCRMaster
Mix (NEB, Catalog no. M0531S) using primer set KC_BC (Supplemen-
tary Data 23) and that yielded barcode sequences that were flanked
with NheI and MfeI restriction enzyme sites. The products were
digested with NheI and MfeI and then ligated with Illumina adapter
sequences P1 and PE2 (Supplementary Data 23). This product was
further amplified using primer set KC_3 (Supplementary Data 23),
followed by sequencing.

To measure expression of the barcoded library, electroporation
replicates were multiplexed and run on two lanes of an Illumina
HiSeq machine, which generated 48.2 million sequence reads
corresponding to cDNA and 48.8 million reads corresponding to
DNA (from plasmids). Sequencing reads that matched the first
20 nucleotides of the designed sequence were counted, regardless of
quality score.
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Statistical analysis to determine the regulatory effects of SNPs
by MPRA
We filtered out barcodes that were low abundance in the plasmid pool
(<50 reads), then set any cDNAbarcodes thatwere detection-limited in
at least one sample (<50 reads for replicates run on the first lane, <100
reads for the replicates run on the second lane) to zero across all cDNA
samples. We normalized each sample to the total counts per million
(CPM). RNA barcode levels were highly correlated among four repli-
cates (Supplementary Fig. 22). There was a strong correlation in the
barcode counts in the plasmid library before transfection and after
harvesting plasmid from transfected cells (Supplementary Fig. 23).
Therefore, we used plasmid barcode counts (pre-transfection) for
further analyses. We further normalized RNA barcode counts by the
plasmid barcode counts (RNA/DNA). We checked the reproducibility
based on log2RNA/DNA counts (Supplementary Fig. 24). To calculate
the reporter activity for each sequence we averaged the log2RNA/DNA
counts within a replicate, normalized to the within-replicate mean
basal barcode activity and then averaged across all the replicates
(Supplementary Fig. 1a). The standard error of the mean (SEM) was
calculated using the basal-normalized activities across replicates.
Variant significance was determined by performing Welch’s t-test
between major and minor alleles, followed by Benjamini–Hochberg
false discovery rate (FDR) correction (SupplementaryData 6).We used
our previously published108 Python code for processing and analyzing
MPRA reads, which is available on Github at [https://github.com/
barakcohenlab/CRX-Information-Content].

Activity-by-contact to assign SNP-containing-enhancers to
promoters
The activity-by-contact method (ABC) utilizes cell type-specific chro-
matin accessibility (ATAC-seq or Dnase hypersensitivity) and chro-
matin activity (H3K27ac) andHiCdata that is either cell-type specific or
averaged over ten cell types—the performance of this tool is similar
with either type of HiC data63. To calculate the ABC scores for kerati-
nocyte enhancers we used publicly available datasets from primary
Normal Human Epidermal Keratinocytes (NHEK) cells for H3K27ac
(NCBI GEO Identifier GSM733674), Dnase hypersensitivity (NCBI GEO
IdentifierGSM736545), RNA-seq (NCBIGEO IdentifierGSM958736) and
averagedHiCdata from 10 cell types as reported in ref. 63. All elements
with an ABC score >0.01 were included in the analysis.

Electroporation and dual luciferase reporter assay
For dual luciferase reporter assays, each reporter construct (Supple-
mentary Data 10) was cloned into the pGL3 promoter vector, and
constructs were co-transfected with Renilla luciferase plasmid. Briefly,
GMSM-K or HEKn cells were electroporated with plasmid using the
Amaxa Cell Line Nucleofector Kit V (Lonza, Catalog no. VCA-1003) and
theNucleofector II instrument (Lonza) programT-020.We used a dual
luciferase reporter assay system (Promega, Catalog no. E1980) and
FB12 Luminometer (Berthold Detection Systems) to evaluate the luci-
ferase activity following the manufacturer’s instructions. Relative
luciferase activity was the ratio of Firefly and Renilla activities. At least
three independent measurements were performed for each transfec-
tion group. All results were presented as mean± standard deviation
(SD). Statistical significance was determined using a two-tailed Stu-
dent’s t-test.

Immunofluorescence detection and imaging
GMSM-K and normal human skin keratinocytes (N-HSK-1) were grown
on glass coverslips, fixed in 4% paraformaldehyde for 10min, per-
meabilized in 0.2% Triton X-100 for 2min, then rinsed in PBS. Cells
were incubated in 3% goat serum (Vector Laboratories, Catalog no.
S-1000-20) in 2% PBS-bovine serum albumin for 30min to block non-
specific binding, followed by incubation in primary then secondary
fluorescent antibodies 1 h each at room temperature with PBS washes

in between the two incubations. Primary antibodies thatwere used are:
mousemonoclonal anti-E-cadherin (BDBioscience, Catalog no. 610181,
1/100),mousemonoclonal anti P63 (clone 4A4, SantaCruz, Catalog no.
SC-8431, 1/250), mouse monoclonal anti human Keratin 14 (clone
LL002, Novocastra, Catalog no. NCL-LL002, 1/200). Goat anti-mouse
Alexa Fluor 488 (Invitrogen, Catalog no. A-11001) was used as a sec-
ondary antibody. Following PBS washes, coverslips were dried and
mounted on a microscope slide using ProLong Diamond antifade
mounting medium containing DAPI (ThermoFisher Scientific, Catalog
no. P36962) and cured for 24 h at room temperature in the dark.
Images were collected with Zeiss 880 or 980 confocal microscopes
using the ZEN software (Zeiss). Confocal images were processed using
Fiji software.

CRISPR-Cas9-mediated genome editing
Genome engineering for each SNP (rs11119348, rs661849, and
rs10984103) in iPSCs or GMSM-K was achieved using a previously
described protocol88. Sequences of CRISPR RNAs (crRNA) and repair
templates specific to each SNPs are provided in (Supplementary Data
24). Briefly, equimolar concentrations of specific crRNA and trans-
activating crRNA (tracrRNA, IDT, Catalog no. 1072532) were annealed
at 95 °C for 5min, followed by cooling at room temperature (RT) to
form functional gRNA duplexes. Further, the ribonucleoprotein (RNP)
complex was prepared 15min before transfection by mixing gRNAs
(1.5 µM)withCas9protein (0.45 µM)(Sigma, Catalogno.CAS9PROT for
iPSCs and IDT, Catalog no. 1081058 for GMSM-K) at RT. RNP com-
plexes togetherwith the repair templatewere transfected into 1million
iPSCs with Amaxa nucleofector (HumanStemCell kit 2, Lonza, Catalog
no. VPH-5022, program: A-023 for iPSCs) in the presence of ROCK
inhibitor (Y-27632 – 10mM stock, Stemgent, Catalog no. 04-0012-10).
Lonza Kit V, program: T-020 was used for transfecting GMSM-K. Indi-
vidual colonies were hand-picked and plated into 96-well plates. DNA
was extracted using Quick Extract DNA extraction solution (Epicentre,
Catalog no. QE09050). Colonies were screened by PCR and sequenced
using primers flanking each SNP (Primer sequences are provided in
Supplementary Data 25). From iPSCs transfection experiment, two
independent clones each of homozygous risk (AA for rs11119348; CC
for rs661849) and homozygous non-risk (CC for rs11119348; TT for
rs661849) for each SNP near IRF6, and three independent clones of
each of homozygous risk (CC) and non-risk (AA) genotype for
rs10984103 near FOXE1were isolated (Supplementary Figs. 13a, b, 16a).
From the GMSM-K transfection experiment, multiple independent
clones, seven clones of homozygous risk (AA for rs11119348), six clones
of homozygous non-risk (CC for rs11119348) and four independent
clones each of the homozygous risk (CC for rs661849), and homo-
zygous non-risk (TT for rs661849) were isolated. Deletion of FOXE1
gene in GMSM-K was achieved using a pair of gRNA (Supplementary
Fig. 19). A set of three primerswas used for colony screening, and three
independent clones were isolated (Supplementary Data 26). Sequen-
cing of three independent clones revealed that all but 30 bp at the 3’
end of the single coding exon gene was deleted (Supplementary
Fig. 19).

In vitro differentiation of iPSCs into embryonic oral
epithelial cells
Two independent samples of each genotype (two clones of the
homozygous risk genotype, and two clones of the homozygous non-
risk genotype) for both SNPs at IRF6 locus and three independent
samples of each genotype (three clones of the homozygous risk gen-
otype, and three clones of the homozygous non-risk genotype) for
rs10984103 at FOXE1 locus were seeded in triplicate in 12-well plates
(50,000 cells per well). Additionally, three independent samples of
heterozygous genotype for each SNP individually were seeded (Sup-
plementary Figs. 13a, b, 16a). Further, the cells were induced to dif-
ferentiate into embryonic oral epithelial (iOE) cells using a 10-day
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differentiation protocol described previously72,88 (Supplementary Figs.
13a, b, 16a). Briefly, on the first day of differentiation stem cell media is
replaced with media consisted of EpiCult-C media (StemCell Tech-
nologies, Catalog no. 05630) mixed with EpiLife (Thermo, Catalog no.
MEPI500CA) at 1:1 ratio, supplemented with 0.1x supplement S7
(Thermo, Catalog no. S0175), 0.1μM β-mercaptoethanol (Sigma, Cat-
alog no. M7522) and 400μM Smoothened agonist (Selleckchem, Cat-
alog no. S7779). 150pMof BoneMorphogenic Protein-4 (R&D Systems,
Catalog no. 314-BP-010) is continuously added daily starting from day
3 to day 7 of differentiation. At day 8, the media is supplemented with
1 uM of BMP-I inhibitor (LDN-193189) (Tocris, Catalog no. 6053), 5 uM
of GSK3-Inhibitor (CHIR99021) (Selleckchem, Catalog no. 4423),
500 pM Epidermal Growth Factor (R&D systems, Catalog no. 236-EG)
and 3.5μMof Neurotrophin-4 (R&D systems, Catalog no. 268-N4). The
cultures were then harvested at day 10 at an oral epithelium stage.

Quantitative RT-PCR on induced embryonic oral epithelial (iOE)
cells or GMSM-K
RNA was extracted from multiple samples of each genotype (homo-
zygous risk and homozygous non-risk) for rs11119348, rs661849 and
rs10984103 (iOE cells—six each genotype for both SNPs near IRF6 and
nine each genotype for rs10984103 near FOXE1; GMSM-K—six non-risk
and seven risk genotype for rs11119348 and four each genotype for
rs661849) using Quick-DNA/RNA Miniprep kit (Zymo Research, Cata-
log no. D7001) followed by Dnase treatment using manufacturer’s
instructions (Thermo Fisher Scientific, Catalog no. AM1907). Reverse
transcription was performed using High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Catalog no. 4368814).
Real-timePCRwasperformedusing SYBRGreen qPCRmix (Bio-Rad) in
the Bio-Rad CFX Connect Real-Time System. Quantitative RT-PCR
reaction for each samplewas performed in triplicate. Data analysis was
performed using previously described methods109,110. Briefly, expres-
sion levels of IRF6 were normalized against ACTB109 for GMSM-K and
expression levels of IRF6 or FOXE1 were normalized against ACTB,
GAPDH, HPRT1, UBC and CDH1110 for iOE cells (mentioned in the
respective figure legends). Data were presented as mean± SD. Statis-
tical significance was determined using a two-tailed Student’s t-test.
Primer sequences used in the study for qRT-PCR are provided in
Supplementary Data 27.

Transcription factor binding site analysis using JASPAR 2022
Elements of 21 nucleotides, including ten nucleotides on each side of
the IRF6 -10 kb, IRF6 −22 kb, and FOXE1 24 kb SNPs were used for
transcription factor binding site (TFBS) analysis using JASPAR 202273.
An 80% thresholdwas used to detect transcription factor binding sites,
and all those with a score below 4.0 were discarded, to focus on
binding sites of at least medium affinity. For TFBS that, at an 80%
threshold, were specific for the risk or non-risk allele, we dropped the
threshold to 50% to learn the affinity of such TFBSs with the other
allele.

Chromatin immunoprecipitation qPCR
Induced oral epithelial cells (iOE cells) derived from iPSC that are
heterozygous for risk and non-risk alleles of rs11119348, rs661849, and
rs10984103 or GMSM-K homozygous for risk or non-risk alleles for
rs11119348 and rs661849 were harvested (3.5 million cells) and fixed in
1% formaldehyde for 15min at RT. Fixation was stopped with 125mM
glycine for 5min at RT. Chromatin immunoprecipitation (ChIP) on iOE
cells was performed using a semi-automated protocol described
previously111. Briefly, cells were sheared using PIXUL or VirSonic 600
(5min with 30/40 s on/off cycles for GMSM-K for IRF6 −22 kb SNP and
iOE cells for FOXE1 24 kb SNP) to obtain genomic DNA fragments
averaging 300 to 600bp. The sonicated cell lysates were subjected to
chromatin immunoprecipitation with specific antibody (1μg of anti-
H3K27Ac from Millipore-Sigma, Catalog no. 07-360 and 1μg of anti-

ETS2 from GeneTex, Catalog no. GTX104527 and 1μg of anti-FOXE1, a
kind gift from Pilar Santisteban, Universidad Autónoma de Madrid, as
previously described112). Normal rabbit IgG (Millipore-Sigma, Catalog
no. 12-370) was used as a negative antibody control. Quantitative PCR
was performed with an equal volume of DNA in triplicate from three
ChIP replicates of each antibody, and percent input DNA was calcu-
lated using the method described previously113. Primer sequences are
provided in Supplementary Data 28. Negative control PCR primers
were designed to target a sequence 103.7 kb upstream of the IRF6
transcription start site or 28.2 kb downstream of the FOXE1 gene that
did not harbor active regulatory elements identified from ATAC-Seq
and H3K27Ac ChIP-seq in human immortalized oral epithelial cells
(HIOEC) or NHEK. Data were presented as mean ± SD. Statistical sig-
nificance was determined using a two-tailed Student’s t-test.

ETS2 and FOXE1 knockdown
siRNAs targeting FOXE1 (Santa Cruz, Catalog no. sc-44175) or ETS2
(Santa Cruz, Catalog no. sc-37855) and siRNA controls (Santa Cruz,
Catalog no.sc-37007) were transfected into one million HEKn (het-
erozygous for IRF6 −22 kb SNP) or GMSM-K (homozygous risk for IRF6
-10 kb or −22 kb SNPs). RNA extraction and qRT-PCR were performed
on three replicates. Data analysis was performed using the previously
described method109. Briefly, expression levels of genes of interest
(FOXE1, ETS2, or IRF6) were normalized against ACTB109 for GMSM-K or
HEKn. Data were presented as mean± SD. Statistical significance was
determined using a two-tailed Student’s t-test. Primer sequences used
in the study for qRT-PCR are provided in Supplementary Data 27. RT-
PCR primer pair B fromSanta Cruz (Catalog no. sc-44175-PR) for FOXE1
was used.

Further, siRNA targeting FOXE1 or ETS2 and control siRNA were
co-transfected with respective risk harboring luciferase constructs
alongwith Renilla luciferase plasmid. Three independent transfections
were performed. Cells were harvested 48 h post-transfection, and dual
luciferase reporter assays were performed as described earlier in the
“Electroporation and dual luciferase reporter assay” section. The RNA
expression and luciferase reporter assays were carried out on FOXE1
KO GMSM-K as well.

Conditional analysis methods
Conditional analyses were conducted using genome-wide genotyping
data from the Pittsburgh Orofacial Cleft (POFC) Study on the case-
control subset of the dataset (described earlier). A total of 394 cleft lip
only cases and 1995 cleft lip and palate cases were used in the analysis,
with 1626 unrelated controls. Common variants (MAF >5%) near the
IRF6 locus were included in this analysis, and the association between
each variant and OFCs was calculated using a logistic regression in
PLINK (v1.9)114 controlled for sex and ten principal components of
ancestry. Conditional analyses also controlled for the genotype of
either rs661849or rs11119348 alone, or the genotypes of both rs661849
and rs11119348. Since the data came from a genome-wide analysis,
SNPs with association P values less than 5 × 10−8 were considered
genome-wide significant. Regional association plots were made with
LocusZoom, where the linkage disequilibrium (LD) blocks and
recombination rates were estimated from European populations115. LD
between pairs of SNPs was calculated in the data from the 1000 Gen-
omes Project using LDLink116,117.

Statistics and reproducibility
Details of statistical analyses used in GWAS, MPRA, conditional ana-
lyses, qRT-PCR, and ChiP-PCR, including numbers of replicates, are
presented above. GraphPad Prism 10 was used for the statistical data
analyses. A priori power analyses were not performed to pick the
number of replicates used in each assay. No data were excluded. We
did all the calculations of MPRA based on major versus minor allele,
and later lifted the blind regarding which allele was the risk-associated
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allele. Investigatorswerenot blinded to genotypes inmeasurements of
luciferase levels, mRNA levels and ChIP-qPCR levels.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All raw and processed sequencing data generated in this study have
beendeposited at theNCBIGene ExpressionOmnibus under accession
numbers GSE297145 (MPRA: ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE297145) and GSE297146 (RNA-Seq, GMSM-K: ncbi.nlm.nih.-
gov/geo/query/acc.cgi?acc=GSE297146). Processed MPRA and RNA-
Seq data of GMSM-K are provided in Supplementary Data 6 and 13,
respectively. Data used for conditional analyses are publicly available
at the database of Genotypes and Phenotypes (dbGaP) (https://www.
ncbi.nlm.nih.gov/gap/), dbGaP Study Accession: phs000774.v2.p1.
Source data are provided with this paper. Biological materials are
available for non-commercial purposes upon request with an appro-
priate material transfer agreement. Source data are provided with
this paper.
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