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DNA variation in Interferon Regulatory Factor 6 (IRF6) causes Van der Woude syndrome (VWS), the most
common syndromic form of cleft lip and palate (CLP). However, an etiologic variant in IRF6 has been found in
only 70% of VWS families. To test whether DNA variants in regulatory elements cause VWS, we sequenced
three conserved elements near IRF6 in 70 VWS families that lack an etiologic mutation within IRF6 exons.
A rare mutation (350dupA) was found in a conserved IRF6 enhancer element (MCS9.7) in a Brazilian family.
The 350dupA mutation abrogated the binding of p63 and E47 transcription factors to cis-overlapping motifs,
and significantly disrupted enhancer activity in human cell cultures. Moreover, using a transgenic assay in
mice, the 350dupA mutation disrupted the activation of MCS9.7 enhancer element and led to failure of lacZ
expression in all head and neck pharyngeal arches. Interestingly, disruption of the p63 Motif1 and/or E47 binding
sites by nucleotide substitution did not fully recapitulate the effect of the 350dupA mutation. Rather, we recog-
nized that the 350dupA created a CAAAGT motif, a binding site for Lef1 protein. We showed that Lef1 binds to the
mutated site and that overexpression of Lef1/b-Catenin chimeric protein repressed MCS9.7-350dupA enhancer
activity. In conclusion, our data strongly suggest that 350dupA variant is an etiologic mutation in VWS patients
and disrupts enhancer activity by a loss- and gain-of-function mechanism, and thus support the rationale for
additional screening for regulatory mutations in patients with CLP.

INTRODUCTION

Cleft lip and palate (CLP) is one of the most common birth
defects in humans with a frequency of 1/700 live births (1).
DNA variation in Interferon Regulatory Factor 6 (IRF6)
causes Van der Woude syndrome (VWS), the most common
syndromic form of CLP, and contributes 12% of the risk for

non-syndromic CLP worldwide (2,3). VWS isan autosomal dom-
inant genetic disorder characterized by a highly, but incompletely,
penetrant (92%) phenotype of lip pits in lower lip and CLP (4). To
date, etiologic IRF6variantshave been foundin�70%of families
with VWS (2,5,6). The etiologic mutations in the remaining 30%
of VWS families could be located in regulatory elements around
IRF6, in other causative genes, or were missed due to sequencing
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limitations (e.g. large genomic deletions). Previous studies sug-
gested that mutations at other loci and large deletions at the
IRF6 locus account for a small fraction of missing mutations
(7,8). Thus, we hypothesized that VWS-causing mutations can
be found in regulatory elements around IRF6.

Our previous in vivo studies identified MCS9.7 as a regulatory
element for IRF6 (9). MCS9.7 is a 607 bp multi-species con-
served sequence that is located 9.7 kb upstream from the IRF6
transcriptional start site, and displayed enhancer activity in a
transgenic in vivo murine assay (9). Recently, we showed that
the MCS9.7 enhancer activity recapitulated the endogenous ex-
pression of Irf6 in nearly all tissues during orofacial develop-
ment (10). MCS9.7 was shown to be clinically relevant
because it contains rs642961, a common DNA variant that is
highly associated with non-syndromic CLP (9). However,
rs642961 did not account for all of the risk at the IRF6 locus.
Thus, these data support the hypothesis that additional
disease-associated variants can be found in MCS9.7 and in
other multi-species conserved sequences near IRF6.

Recent studies linked regulation of IRF6 expression to p63
(11), the transcription factor encoded by TP63. Like IRF6,
TP63 is required for development of the lip and palate in
humans and mice (12–15). In humans, IRF6 expression was
reduced in regenerated human epidermal tissues obtained from
patients carrying a dominant-negative allele of TP63 (16). In
mice, embryos that lacked p63 (11) or had reduced p63 expres-
sion (17) showed a decrease in Irf6 expression. Moreover, a
genome-wide profile of p63 binding showed that a strong p63
binding signal mapped to MCS9.7 (11,18,19). Finally, molecular
studies in human primary keratinocytes showed that MCS9.7 ac-
tually contains two binding sites for p63, Motif1 and Motif2,
which are 60 bp apart. Importantly, abolishing both Motif1
and Motif2 significantly reduced MCS9.7 enhancer activity,
whereas abolishing either motif separately reduced, but did not
disrupt, enhancer activity (11). In sum, these data provide
strong evidence that p63 regulates IRF6 expression by directly
binding to two neighboring sites within MCS9.7.

While mutations in regulatory elements have been associated
with human genetic disorders, few of these regulatory mutations
led to genetic disorders by a gain-of-function mechanism (20–
23). In this study, we sequenced the MCS9.7 enhancer element
and two other conserved regions in 70 families with VWS that
lack exonic mutations within IRF6. We found a single nucleotide
duplication within the MCS9.7 enhancer in three affected family
members. Surprisingly, while this DNA variant disrupted p63
Motif1 only, it abrogated in vitro and in vivo MCS9.7 enhancer ac-
tivity. To understand this observation, we tested the hypothesis
that this rare variant abolishes MCS9.7 enhancer activity by a
mechanism that includes both a loss- and gain-of-function effects.

RESULTS

Mapping a rare mutation in a VWS pedigree

To search for mutations in regulatory elements, we sequenced
three highly conserved regions at the IRF6 locus (Fig. 1A) in
70 probands of VWS families that lack exonic mutations in
IRF6. The three regions included MCS9.7, a previously identi-
fied enhancer element for IRF6, located 9.7 kb upstream of the
transcriptional start site (9,10). We identified one rare DNA

variant, a duplicated Adenosine (A) nucleotide at position 350
within the MCS9.7 enhancer (350dupA) (Fig. 1B). The
350dupA mutation was identified in a Brazilian pedigree with
three generations (Fig. 1C). Three affected individuals in this
pedigree have lip pits, a hallmark of VWS (Fig. 1D). We
obtained a DNA sample from five individuals. All five had the
350dupA mutation, including two individuals that were un-
affected. However, 350dupA was not found in 100 unaffected
controls nor in the 1092 genomes sampled from 14 populations
in the NHLBI/ESP database (www.eversusgs.washington.edu/
EVS). In addition, the sequence around the 350dupA mutation
is highly conserved in 10 vertebrates (Fig. 1E), which suggests
a functional role for this sequence. Surprisingly, a motif predic-
tion program indicated that the 350dupA mutation is located in
the middle of two overlapping cis motifs, a p63 and an Ebox
motif (Fig. 1F). Importantly, there is one other predicted p63
and three other Ebox motifs in the MCS9.7 element, designated
as p63 Motif1 and Motif2 (11) and Ebox1-4, respectively (Sup-
plementary Material, Table S1). The 350dupA mutation is pre-
dicted to disrupt p63 Motif1 and Ebox3 (Fig. 1F). In addition,
sequence analysis of MCS9.7 enhancer element showed that
all five individuals in the Brazil family did not carry the risk
allele at rs642961.

Disruption of MCS9.7 enhancer activity by
350dupA mutation

To test the effect of the 350dupA mutation on MCS9.7 enhancer
activity, we performed transient transfection assays in human
embryonic epithelial kidney (HEK293) cells. While the
MCS9.7 element increased luciferase activity 11-fold compared
with the basic plasmid, the MCS9.7 element with the 350dupA
mutation reduced the enhancer activity nearly to the control
level (Fig. 2A). To confirm the effect of the 350dupA mutation
under in vivo conditions, we performed transgenic analysis on
murine embryos using the same wild-type and mutant enhancer
elements. As shown previously, transgenic embryos that carried
the wild-type MCS9.7 element had LacZ expression in orofacial
tissues, in particular, the lambdoid junction where the maxillary,
lateral nasal and medial nasal prominences fuse to form the lip
(Fig. 2B). However, transgenic embryos that carried the
MCS9.7 element with the 350dupA mutation had no LacZ ex-
pression. To quantify this observation, we compared 15
embryos that carried MCS9.7-LacZ with 16 transgenic
embryos that carried MCS9.7-350dupA-LacZ. While 8/15
embryos with wild-type MCS9.7 showed a reproducible staining
in craniofacial tissues, only 1/16 transgenic embryo with the
MCS9.7-350dupA allele showed weak staining (Fig. 2C). Sur-
prisingly, while the 350dupA rare mutation disrupted MCS9.7
enhancer activity in vivo, the common risk mutation rs642961
that is highly associated with the common form of CLP had no
detectable effect on enhancer activity using a similar murine
transgenic assay (Supplementary Material, Fig. S1).

Effect of 350dupA on binding of transcription factors
to MCS9.7 enhancer element

First, since the 350dupA mutation is within cis-overlapping sites
for p63 Motif1 and Ebox3/4, we tested whether p63 and bHLH
transcription factorsbind toMCS9.7elementundernormalcellular

2712 Human Molecular Genetics, 2014, Vol. 23, No. 10

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt664/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt664/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddt664/-/DC1


Figure 1. A Rare mutation mapped in IRF6 enhancer element. (A) A screen shot from UCSC Genome Browser that shows IRF6 coding and highly conserved regions.
Exons 1–9 are connected rectangles from right to left. The track below is the multi-species conservation, and includes MCS9.7 enhancer element located 9.7 kb
upstream of exon 1. The green tracks are the multi-species conservation in eleven vertebrates. (B) The chromatograph of the DNA sequence from unaffected and
affected individuals from the Brazilian family. The red arrow indicates the position of the duplicated A nucleotide. (C) Pedigree of a Brazilian family with Van
der Woude syndrome (VWS). DNA samples were collected from five individuals (II.2, II.4, III.1, III.3 and III.7). All carried the MCS9.7-350dupA variant (blue
circle). (D) Digital photos of two affected patients showing pits (III.3) and bi-lateral pits (III.7) in lower lip and repaired cleft lip in both. (E) The nucleotide conser-
vation of the cis-overlapping motifs of Ebox 3 and 4 and p63 Motif 1. (F) Diagram of MCS9.7 element shows the binding sites of AP2a (yellow box), p63 Motif 1 and
Motif 2 (orange box) and Ebox motifs (grey box). The rest of the colored boxes represent putative binding sites of transcription factors that expressed or have a known
role in orofacial clefting (Supplementary Material, Table S1). Below the diagram of MCS9.7 is the sequence of the cis-overlapping p63 Motif 1 and Ebox 3 and 4
Motifs. The position of the A duplication mutation is shown by the vertical red arrow. A Logo representation of p63 motif and Ebox motif (jaspar.genereg.net).

Figure 2. The effect of the 350dupA mutation on MCS9.7 enhancer activity. (A) HEK293 cells were transfected with three different constructs, no enhancer (Control),
MCS9.7 enhancer (MCS9.7) and MCS9.7 enhancer with 350dupA mutation (MCS9.7-350dupA). Luciferase activity was measured 24 h post-transfection and normalized
to internal Renilla activity. (B) In vivo enhancer activity of MCS9.7 from E11.5 transgenic embryos and MCS9.7 with the 350dupA mutation (MCS-9.7-350dupA). Repro-
ducible craniofacial staining was observed at the pharyngeal arches and the lambdoid structure (yellow arrow; fusion site of the lateral nasal (ln), medial nasal (mn) and max-
illary (mx) prominences). (C) Annotation of MCS9.7 and MCS9.7-350dupA enhancer activity patterns. Embryos were classified into four categories of patterns: (i) no LacZ
staining detected (white), (ii) non-craniofacial (ectopic) LacZ activity (gray), (iii) weak craniofacial LacZ activity as in MCS9.7 representative embryo (pink), (iv) strong
craniofacial LacZ activity, pattern as MCS9.7 representative embryo (red). The data in each column are represented as the mean of five replicates+SD.
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conditions using keratinocytes from adult human skin (HaCaT). As
previously observed (11), we detected strong binding of p63 within
MCS9.7 by chromatin immunoprecipitation (ChIP) followed by
qPCR, and only a weak signal was observed within a nearby non-
conserved region, indicating the specificity of the binding to
MCS9.7 element (Fig. 3A). For the Ebox sites, we tested binding
with two bHLH transcription factors, E47 and cMYC, whose ex-
pression patterns overlap with Irf6 in the orofacial epithelium
(24). We detected a minor signal for E47 within MCS9.7 compared
with controls (a non-specific IgG and a no antibody control)
(Fig. 3A). Using human embryonic epithelial kidney cells
(HEK293), we detected a strong binding of the cMYC protein
within MCS9.7 element (Supplementary Material, Fig. S2). We
also observed a strong signal by ChIP for PolII protein at the pro-
moterregionof IRF6asanindicatorof transcriptionalactivity. Inter-
estingly, we detected a strong ChIP signal for PolII at the MCS9.7
enhancer element too, suggesting a looping of the element despite
nearly 10 Kb of intervening DNA sequence (Fig. 3A).

An EMSA was used to test the effect of the 350dupA mutation
on binding of p63 and E47 to the cis-overlapping motif within the
MCS9.7 enhancer element. Using increasing concentrations of
recombinant p63 protein, we observed a unique shifting band
(Fig. 3C). However, the 350dupA mutation abolished p63
binding. Using a monoclonal antibody against p63 protein, we
observed a super shift band, confirming the specificity of p63
binding to the wild-type probe (Fig. 3C). Similarly, EMSA
results showed that recombinant E47 protein bound to the over-
lapping Ebox3/4 sites, located within the same DNA probe as
p63 Motif1 (Fig. 3D). However, 350dupA mutation disrupted
the binding of E47 recombinant protein. The specificity of the
binding was confirmed with the super shift band using antibodies
against E47 protein and also by running a competitive inhibitory
assay using excess of unlabeled wild-type probe that abolished
E47 binding. However, addition of excess MSC9.7-350dupA
or a random non-specific probe did not interfere with the
binding (Supplementary Material, Fig. S3).

Figure 3. Effect of 350dupA mutation on transcription factor binding to MCS9.7. (A) Chromatin immunoprecipitation from HaCaT cells followed by quantitative
real-time PCR was used to detect binding of indicated transcription factors to MCS9.7 enhancer element, to the non-conserved sequence element (NCS10) that is
800 bp away from MCS9.7, and at the transcriptional start site for IRF6 (IRF6 TSS). (B) The effect of the 350dupA mutation on the MCS9.7 enhancer activity was
tested before (2) and after (+) transactivation with DNp63 expression vector. Sosa2 cells were transfected with indicated luciferase construct in comparison with
cotransfection of these plasmids with DNp63 expression vector. (C) EMSA assay was used to test the effect of 350dupA mutation on the binding of p63 protein to
Motif 1. A unique shift band (arrow) in ascending concentrations of recombinant p63 protein was observed (arrow) compare with free probe alone and probe with
only reticulocyte extract mixture (arrowhead). The 350dupA mutation completely disrupts p63 protein binding. The binding of p63 was confirmed by using mono-
clonal antibodies against p63 protein shown by the super shift band (double head arrow). (D) Binding of E47 to MCS9.7 probe using a dilution series of E47 protein.
Recombinant E47 protein showed a unique shift band (arrow) when incubated with wild-type probe compare with free probe alone (FP). The binding of E47 to
MSC9.7-350dupA was abolished in all three ascending concentrations. The specificity of E47 binding was confirmed using antibodies against E47 proteins shown
by the super shift band (head arrow). The data in each column are represented as the mean of five replicates+SD.
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Overexpression of p63 is not sufficient for compensation

Since the 350dupA mutation disrupted p63 Motif1 but not
Motif2, we hypothesized that overexpression of p63 would com-
pensate for the loss of binding to Motif1 by saturating the binding
to Motif2. Using human osteosarcoma (Soas2) cells that lack en-
dogenous expression of p63 protein, we co-transfected these
cells with an expression vector for DNp63 and a luciferase
plasmid driven by the wild-type MCS9.7 enhancer or by the
MCS9.7-350dupA mutant enhancer. Overexpression of DNp63
significantly increased luciferase activity by 6-fold compared
with control cells without DNp63 vector (Fig. 3B). However,
luciferase activity was not induced when the MCS9.7-350dupA
enhancer element was used (Fig. 3B). We concluded that over-
expression of p63 was not sufficient to compensate for the
350dupA mutation, despite the presence of Motif2.

Disruption of the p63 Motif1 and Ebox3/4 sites
individually do not mimic the 350dupA effect

Since the 350dupA mutation abrogated binding by both p63 and
bHLH factors, it was not clear which factor was most important
for MCS9.7 enhancer activity. To distinguish between these pos-
sibilities, we independently mutated the p63 Motif1 and the
Ebox3/4 sites and measured MCS9.7 enhancer activity in
HEK293 cells. In comparison with the wild-type MCS9.7 enhan-
cer (M1/E3E4), the MCS9.7-350dupA element (A(m1/e3)E4)
decreased the activity �5-fold (Fig. 4). However, disruption
of the p63 Motif1 without affecting Ebox3/4 (m1/E3E4)

reduced the luciferase activity by only 1.3-fold, and disruption
of Ebox3 and 4 without affecting p63 Motif1 (M1/e3e4)
showed a slight increase in activity (Fig. 4). To test whether
the 350dupA effect was due to an insertion mutation, we inserted
an Adenosine nucleotide in the spacer between Ebox3 and
Ebox4 (M1/E3AE4), and we inserted a C nucleotide (C(m1/
e3)E4) in the exact position of the 350dupA mutation. Only the
C insertion had a negative effect, but it was similar to the loss
of the p63 Motif1 site (Fig. 4). In addition, we tested whether in-
sertion and substitution together would disrupt enhancer activ-
ity. To do that, we disrupted p63 Motif1 by substitution and
insertion of T nucleotide (m1/E3E4T), and also disrupted
Ebox3/4 by substitution and p63 Motif1 by insertion of T nucleo-
tide (m1/e3e4T). Although the construct (m1/e3e4T) was the
most disruptive to luciferase activity compared with other
mutated constructs, it was not sufficient to mimic 350dupA
effect (Fig. 4). Collectively, our results showed that while the
p63 Motif1 site is important for MCS9.7 activity, nucleotide sub-
stitution and insertion mutations were not sufficient to replicate
the effects of the 350dupA mutation.

The 350dupA mutation creates a de novo Lef1 binding site

Since mutating both or either p63 Motif1 and/or Ebox 3/4 was
not sufficient to replicate the 350dupA mutation, we hypothe-
sized that the 350dupA mutation had a gain-of-function activity
by creating a de novo binding site for a repressor. The 350dupA
mutation creates a CAAAG motif, a putative binding site for
TCF4/Lef1 protein. To test whether the 350dupA mutation
alters binding by Lef1, we performed EMSA using recombinant
Lef1 protein. We observed that Lef1 protein weakly bound to the
wild-type MCS9.7 probe, but more strongly to MCS9.7-350dupA
(Fig. 5A). The specificity of Lef1 binding to both probes was
confirmed by a supershift using an antibody against Lef1
protein. To test whether the 350dupA altered Lef1-mediated re-
pression of MCS9.7 enhancer activity, we measured wild-type
and mutant MCS9.7 enhancer activity in HEK293 cells that over-
expressed a Lef1-bCat chimera construct. Wild-type MCS9.7
activity was reduced 1.2-fold when Lef1-bCat protein was over-
expressed, while the activity of the MCS9.7-350dupA construct
was reduced by 2-fold (Fig. 5B). Further, we observed that Lef1
was co-expressed with Irf6 in the oral epidermis during embry-
onic development (Fig. 5C–E). Thus, Lef1 is present in cells
where Irf6 was expressed and MCS9.7 was active (10). Also,
Wnt signaling was previously shown to be present and even ne-
cessary for proper development of the lip (17). These data are
consistent with the hypothesis that the 350dupA mutation
altered MCS9.7 enhancer activity through a gain-of-function
mechanism mediated by Lef1.

In sum, we propose the following model to explain how the
human 350dupA mutation in Motif1 had the same effect on
MCS9.7 enhancer activity as in vitro disruption of both Motif1
and Motif2 in the earlier study (11). We propose that the
350dupA mutation inhibits MCS9.7 enhancer activity by; (i) a
loss-of-function mechanism by abrogating binding of p63
protein at Motif1, and (ii) a gain-of-function mechanism by cre-
ating a de novo binding site for a repressive protein complex that
abrogated binding of p63 protein at Motif2 through an as yet
unknown interaction (Fig. 6).

Figure 4. Allelic Architecture of 350dupA Mutation within a cis-overlapping
Motif. Substitution (lowercase, italic) and insertion (subscript) mutations were
made in MCS9.7 to delineate effects on P63 motif1 (M1), Ebox 3 (E3) and
Ebox 4 (E4) in HEK293 cells. The construct without MCS9.7 enhancer was
used as base line control. The common-type MCS9.7 enhancer (M1/E3E4)
increased luciferase activity 29-fold, whereas 350dupA mutation (A(m1/
e3)E4) decreased the activity by 6-fold compared with the common sequence
of MCS9.7. Disruption of Ebox 3 and 4 (M1/e3e4) did not change the luciferase
activity, while abolishing only P63 motif1 (m1/E3E4) reduced the luciferase
activity by 22%. Insertion of A nucleotide in the spacer between Ebox 3 and
4 (M1/E3AE4) slightly increased luciferase activity, while the insertion of C
nucleotide (C(m1e3)E4) in the same position similar to 350dupA reduced the
activity by 25%. Disruption of P63 Motif1 and insertion of T nucleotide
(m1/E3E4T) reduced activity by 18%; however, disruption of P63 Motif 1,
Ebox 3 and 4 and insertion of T nucleotide (m1/e3e4T) to create a CAAAG
motif decreased the luciferase activity by 35%.
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DISCUSSION

Since mutations in the exons of IRF6 accounted for only �70%
of VWS cases, we hypothesized that etiologic mutations would

be found in regulatory elements near IRF6. While we sequenced
the three most highly conserved regions near IRF6, we were most
interested in MCS9.7 because it is an enhancer element that repli-
cates endogenous IRF6 expression in critical tissues, and
because it contains rs642961, a common DNA variant that is
highly associated with non-syndromic CLP. Within the
MCS9.7 element, we found a new DNA mutation (350dupA) in
a proband with VWS from a large Brazilian pedigree.

Although we found no other mutations within MCS9.7 in 70
VWS cases, several lines of evidence suggest that this variant
was etiologic. First, the DNA variant was found in all three
affected members of this family that were tested. While the
350dupA was also found in two individuals who were not
affected, it is known that the penetrance for VWS is not com-
plete, even for deletion mutations (6). Second, the 350dupA mu-
tation was not found in any of the unaffected control individuals
or in publicly available databases. We note, however, that this
family originated in the South of Brazil and the control
samples were limited in their geographic match. Third, the
350dupA mutation disrupted MCS9.7 enhancer activity in two
different cell lines as well as in vivo, using a transgenic murine
embryo assay. The in vivo results are particularly noteworthy
because using a similar assay we failed to detect a disruption
in enhancer activity when MCS9.7 contained the risk allele of
rs642961 (Supplementary Material, Fig. S1). Thus, our in vitro
and in vivo data strongly support the hypothesis that the
350dupA mutation is etiologic.

Figure 5. 350DupA mutation creates a novel binding site. (A) EMSA assay showed unique shift bands when MCS9.7 and MCS9.7-350dupA probes incubated with
Lef1 recombinant protein. The binding specificity of Lef1 protein was confirmed using polyclonal antibodies against Lef1 as shown with the super shift (SS) bands
when MCS9.7 and MCS9.7-350dupA probes were incubated with Lef1 protein and anti-Lef1 antibodies. The 350dupA mutation creates a novel Lef1 binding site.
(B) Basic construct without MCS9.7 element showed a minimal luciferase activity, while MCS9.7 enhancer element increased luciferase activity 33-fold. The
350dupA mutation reduced the activity about 4-fold compared MCS9.7. Cotransfection with the Lef1-bCatenin expression vector did not change luciferase activity
in basic construct but reduced the activity by 29% when driven by MCS9.7. Interestingly, luciferase activity driven by MCS9.7-350dupA was significantly reduced by
51% when cotransfected with Lef1-bCatenin vector. (C) A merge image of red and green fluorescent staining shows that both Irf6 and Lef1 are colocalized in the same
epidermal cells. A pre-merged immuno-staining shows the expression of Irf6 in red fluorescent (D) and Lef1 in green fluorescent (E) in the epidermis of murine embryo
at E14.5.

Figure 6. A working model for the 350dupA mutation in patients with Van der
Woude syndrome. (A) In normal situation, p63 protein binds to Motif1 (M1)
and 2 (M2) which are 60 bp apart within MCS9.7 enhancer element and drives
IRF6 expression. (B) The 350dupA mutation disrupts the binding of p63 to
Motif1 and creates a repressive novel site for Lef1-bCat that interferes with
the binding of p63 to the second Motif2 to significantly disrupt IRF6 expression.
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These data suggest a unique example where a mutation in an
enhancer causes a human Mendelian disorder (25). While
there are a few examples in the literature about gain-of-function
mutations in regulatory elements that are associated with human
genetic disorders, none of these regulatory mutations was char-
acterized at the molecular level (20–23). One of these examples
is the gain-of-function mutation in SHH enhancer (ZRS, zone of
polarizing activity). These mutations led to development of pre-
axial polydactyly due to the ectopic expression in fore- and hin-
dlimbs in transgenic murine embryos. However, the mechanism
of ectopic regulation in limbs has not yet been determined
(22,23). One possible explanation for the paucity of etiologic en-
hancer mutations is that genes have redundancy of both enhan-
cers and of cis-binding sites within the enhancer (26,27). We
do not know if there is redundancy for the MCS9.7 enhancer
element, but our previous study showed that p63 binds to two
sites, Motif1 and Motif2, and both sites are required for full
MCS9.7 enhancer activity in primary human keratinocytes
(11). In this study, a single mutation in Motif1 found in the
Brazil family had the same effect on MCS9.7 enhancer activity
as in vitro mutations in both Motif1 and Motif2 in the earlier
study. Our data are consistent with a two-step, loss-of-function
and gain-of-function mechanism whereby the mutation directly
abrogated binding to Motif1 and indirectly abrogated binding to
Motif2 by creating a de novo binding site for a repressor tran-
scription factor through an as yet uncharacterized mechanism
(Fig. 6B). Indeed, we showed that the 350dupA mutation
created a binding site for the Lef1 transcription factor and
showed that Lef1 is expressed in tissues where MCS9.7 was
shown previously to be active (Fig. 5A–C). However, it is pos-
sible that other transcription factors could bind to the de novo site
created by the 350dupA mutation and interferes with MCS9.7 en-
hancer activity as an alternative mechanism for the pathological
effect. Future studies are required to determine the repressive
mechanism of Motif2 of p63.

These results are relevant to similar studies that identify and
characterize regulatory mutations for Mendelian and non-
Mendelian disorders. For VWS, our data were consistent with
the hypothesis that the rare DNA variant at the cis-overlapping
site in MCS9.7 is etiologic for VWS, and supports the rationale
for additional mutation screening of the MCS9.7 enhancer
element and other potential regulatory elements in patients
with CLP (Fig. 6A). Our earlier study suggested that at least
one other enhancer exists for IRF6 because the MCS9.7 enhancer
is not active in the medial edge epithelium (MEE) during palatal
fusion, even though Irf6 is highly expressed in these cells (10).
For example, a conserved element that is 2.4 kb upstream from
the IRF6 transcriptional start site had enhancer activity in
human primary keratinocytes and was bound by activated
Notch1 (28). These other IRF6 enhancers also need to be
sequenced in cases of isolated CLP because rs642961, the
common DNA variant in MCS9.7, does not account for all of
the risk at the IRF6 locus, especially for cleft palate (9).

It is also interesting to compare and contrast the effects of
rs642961 and 350dupA. While the common mutation rs642961
abrogated the binding of TFAP2A to one of the cis motifs (9),
350dupA mutation disrupted the binding of p63 to Motif1.
However, only 350dupA had a detectable effect on enhancer ac-
tivity in vivo. At least three explanations are possible, (i) the
derived allele for rs642961 is not the risk allele, but is in

linkage disequilibrium with the real risk allele, (ii) the derived
allele for rs642961 is the risk allele, and its effect can be detected
at other time points, and (iii) the derived allele for rs642961 is the
risk allele, but like other common alleles, its effect is small (29)
and thus may not be detected by this assay. The comparison of
these two regulatory variants is significant because 9 of 10 loci
identified by genome-wide association studies for isolated
CLP were mapped to intergenic regions (30–32).

Finally, these data highlight the important role of IRF6 in oral
epithelial tissues outside the MEE for proper development of the
lip and palate. Previously, we showed that the highest level of
IRF6 expression is within the cells of the MEE during palatal
fusion (33). However, we recently showed that the MCS9.7 en-
hancer is not active in the MEE at this time in development
(10). Thus, the identification of disease-associated DNA variants
in MCS9.7 along with its lack of activity in the MEE suggests that
normal development of the lip and palate requires IRF6 function
in a cell type other than MEE. In support of this hypothesis, two
recent papers point to the role of Irf6 in periderm development as
a critical process for development of the lip and palate (34,35).

MATERIALS AND METHODS

Pedigree and DNA sequencing

Informed consent was obtained from each individual that parti-
cipated in this study. The IRB protocol approval was obtained
from the University of Iowa for use of DNA samples from
patients and control individuals. Permission was obtained to
publish unidentifiable photos of affected individuals. In our pre-
vious study, we sequenced patients from 307 VWS families, the
sequence analysis showed that only 70% of the affected families
carry an exonic mutation within the IRF6 gene (5,6). To test if
non-coding variants could also result in VWS, we sequenced
the probands from 70 VWS families without exonic mutations.
For controls, we sequenced 100 unrelated individuals (70 from
Iowa and 30 from Brazil) that lacked any history of orofacial
clefting or any other birth defects. We sequenced three multi-
species conserved sequences, MCS9.7, IRF6-Intron2 and
IRF6-3′UTR, as described previously (9). PCR products were
sequenced using an ABI 3730XL (Functional Biosciences,
Inc., Madison, WI, USA). Chromatograms were transferred to
a UNIX workstation, base-called with PHRED (v. 0.961028),
assembled with PHRAP (v. 0.960731), scanned by POLY-
PHRED (v. 0.970312) and viewed with the CONSED program
(v. 4.0).

Mapping of putative transcription factor binding sites

Transcription Element Search System (TESS, www.cbil.upenn.
edu/tess) and JASPAR (www.jaspar.genereg.net) were used to
predict putative transcription factor binding sites within the
MCS9.7 enhancer element (9). This element is 607 bp long and
9.7 kb upstream from the IRF6 transcription start site. We used
databases of mammalian and vertebrate transcription factor
binding motifs for the prediction of putative binding sites.
These sites were filtered based on spatial–temporal expression
pattern in orofacial tissues during embryonic development
(1,36).
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Cloning of MCS9.7 element and MCS9.7-350dupA

The MCS9.7 wild-type allele was amplified from human genomic
DNA (Clontech, Mountain View, CA, USA) using HiFi Platinum
Taq (Invitrogen, CA, USA) and cloned into a pGL3-basic-Luc,
pGL3-SV40p-Luc, pGL3-SV40-Renilla, Hsp68-promoter-LacZ
reporter vector. The DNA sequence was verified by Sanger se-
quencing at the DNA Sequencing and Genotyping Core Labora-
tory at Michigan State University. Base pair changes present in
the cloned amplicon were compared with the hg19 reference
genome. Any changes were reverted to the reference allele
using the QuickChange Lightning Multi Site-Directed Mutagen-
esis kit (Agilent Technologies, Santa Clara, CA, USA). The
350dupA mutation, found in the patients from the Brazilian
VWS pedigree, was introduced into the wild-type reference
allele by site-directed mutagenesis. Prior to injection, both wild-
type and 350dupA constructs were linearized with XhoI and puri-
fied using Qiagen PCR purification Kit (Qiagen, Gaithersburg,
MD, USA). Since the 350dupA mutation was found in
cis-overlapping motifs where the binding site of p63 Motif1 com-
pletely overlapped with Ebox3 and 4, we introduced insertions
and substitutions to disrupt each binding site independently and
in combination with test its role in MCS9.7 activity.

Cell culture and luciferase assay

For cell transfection, a 96-well plate with a glass bottom was used to
growHEK293cells inmediumthatcontainedDMEM,10%FBSand
antibiotics at 378C. HEK293 cells were used for transactivation
experiments because they are biologically relevant (human,
express IRF6 and are epithelial) and they grow and transfect well.
The cells were transfected 1 h after plating using lipofectamine
2000 (Invitrogen) with pGL3-basic-Luc, pGL3-MCS9.7-Luc,
pGL3-MCS9.7-350dupA-luc and pGL3-Lef1-bCatenin (bCat).
The pGL3-SV40-Renilla plasmid served as an internal control for
transfection efficiency. The effect of overexpression of DNp63 on
MCS9.7activitywasalsotestedusingtheluciferaseassayinosteosar-
coma (Saos2) cells as previously described (11). Like HEK293 cells,
Saos2 cells originate from human tissues are epithelial and transfect
efficiently.

Generation of transgenic mice

All procedures of this study involving animals were reviewed
and approved by the Animal Welfare and Research Committee
at Lawrence Berkeley National Laboratory. Transgenic
murine embryos were generated by pronuclear injection for
three constructs of MCS9.7; one that carries the common
haplotype (‘wild-type’), one that carries the 350dupA allele
(MCS9.7-350dupA) and one that carries the risk allele for
rs642961 (MCS9.7-rs642961A). The MCS9.7-rs642961A con-
struct was tested as previously described (9). To minimize ex-
perimental variation, all microinjections and embryo
processing steps for the wild-type and MCS9.7-350dupA were
done in parallel under identical conditions. Murine embryos
were stained for 2.5 h at room temperature. Overall, a similar
number of transgenic embryos were obtained from the wild-type
(15/60 embryos) and MCS9.7-350dupA alleles (16/62 embryos)
injections.

EMSA

To test the effect of the 350dupA mutation on binding of tran-
scription factor proteins to MCS9.7, oligos were tagged with
IR-700 at 5′ ends (IDT, Coralville, IA, USA). The EMSA
assay was performed using the Li-COR binding mixture and a re-
combinant protein of interest as previously described (9). Se-
quence of oligos and primers used in this study is provided in
Supplementary Material, Table S2.

Chromatin immunoprecipitation (ChIP)-qPCR

To test the binding profile of transcription factors to MCS9.7 en-
hancer element in cell culture, we performed ChIP followed by
quantitative real-time PCR in human epithelial HEK293 cells.
In addition, we used HaCaT cells because they originate from ker-
atinocytes and express IRF6. We tested binding of p63 (sc-8344,
Santa Cruz, CA, USA), E47 (sc-133074X, Santa Cruz, CA, USA),
Hand2 (sc-22818X, Santa Cruz, CA, USA) and cMyc
(sc-373712X, Santa Cruz, CA, USA) because 350dupA mutation
was mapped tocis-overlapping motifsof p63 andEbox3/4. A non-
conserved neighboring region that is 800 bp away from MCS9.7
was used as an internal control for the efficiency of chromatin
sheering and non-specific signal. The binding of PolII at the pro-
moter region of the IRF6 transcriptional start site was used to
detect the transcriptional state of the gene. Promoter region of
PCNA was used as a control for PolII constitutive binding (Sup-
plementary Material, Fig. S2). To quantify the amount of immu-
noprecipitated DNA that has been pulled down by each
transcription factor, we used SYBR Green Kit (Applied Biosys-
tems, Foster City, CA, USA) to measure DNA amplification by
an ABI 7500 real-time PCR machine. We included five replicates
for each treatment, applied the standard curve method for quanti-
fications and normalized the data to the level of immunoprecipi-
tated DNA that was pulled down by H3 antibodies as previously
described (9). Immunoprecipitated targeted DNA using null anti-
bodies and IgG served as negative controls for background signal
and non-specific binding.

Immunostaining

For immunostaining, wefollowed the same protocol as previously
described (10). The primary antibodies rabbit anti-Irf6
(SAB2102995, Sigma-Aldrich, MO, USA) and mouse anti-Lef1
(Ab12034, Abcam, MA, USA) were used. The secondary anti-
bodies are, respectively, a goat anti-rabbit (A21429, Molecular
Probes, CA, USA) and goat anti-mouse (A11029, Molecular
Probes,CA,USA).WemarkednucleiwithDAPI (D3571, Invitro-
gen). An X-Cite Series 120Q laser and a CoolSnap HQ2 photo-
metric camera are used to capture images from a Plan APO 40x/
0.95 DIX M/N2 objective. NIS Elements Advanced Research
v3.10 was used for RAW image deconvolution.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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