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Abstract
Background—Nonsyndromic cleft lip with or without cleft palate (NSCL/P) is a common birth
defect with complex etiology reflecting the action of multiple genetic and/or environmental
factors. Genome wide association studies have successfully identified five novel loci associated
with NSCL/P including a locus on 1p22.1 near the ABCA4 gene. Since neither expression
analysis nor mutation screening support a role for ABCA4 in NSCL/P, we investigated the
adjacent gene ARHGAP29.

Methods—Mutation screening for ARHGAP29 protein coding exons was conducted in 180
individuals with NSCL/P and controls from the US and the Philippines. Nine exons with variants
in ARHGAP29 were then screened in an independent set of 872 cases and 802 controls. Arhgap29
expression was evaluated using in situ hybridization in murine embryos.

Results—Sequencing of ARHGAP29 revealed eight potentially deleterious variants in cases
including a frameshift and a nonsense variant. Arhgap29 showed craniofacial expression and was
reduced in a mouse deficient for Irf6, a gene previously shown to have a critical role in
craniofacial development.

Conclusion—The combination of genome wide association, rare coding sequence variants,
craniofacial specific expression and interactions with IRF6 support a role for ARHGAP29 in
NSCL/P and as the etiologic gene at the 1p22 GWAS locus for NSCL/P. This work suggests a
novel pathway in which the IRF6 gene regulatory network interacts with the Rho pathway via
ARHGAP29.
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Introduction
Nonsyndromic cleft lip with or without cleft palate (NSCL/P) is a common birth defect
occurring at a frequency of approximately 1 in 700 births (Dixon et al., 2011). The
prevalence of clefting varies by geographic location with the highest rates observed in Asian
and Native American populations and the lowest in populations of African descent.
Orofacial clefts can be categorized as those affecting the lip with or without the palate and
those affecting the palate only; it is generally accepted these are genetically and
developmentally distinct disorders (Dixon et al., 2011). Although over 500 syndromes in
which clefting is a primary feature have been identified (http://www.ncbi.nlm.nih.gov/
OMIM), the majority of cleft cases lack additional structural or cognitive abnormalities, and
are classified as isolated, or nonsyndromic clefts. The complex etiology of NSCL/P reflects
the action of multiple genetic and/or environmental factors. The search for genetic
contributors to NSCL/P has used a variety of approaches including candidate gene, genome
wide linkage, and genome wide association studies (GWAS), but few of these have been
convincingly replicated (Dixon et al., 2011). One gene consistently associated with NSCL/P
is IRF6, a transcription factor critically involved in craniofacial development (Dixon et al.,
2011). Other genes and loci with compelling statistical support from genome wide analysis
for a role in NSCL/P include 8q24, 20q12 (MAFB), 10q25 (VAX1), and 1p22 (ABCA4)
(Beaty et al., 2010; Birnbaum et al., 2009; Mangold et al., 2010).

Traditionally, linkage disequilibrium (LD) structure has been used to help in identifying
etiologic variants after GWAS based on the concept that an etiologic variant will show a
statistical association with a noncausal marker if the two are in strong LD in the population
(Murray et al., 1987). We reported an association between markers near and in ABCA4
(1p22) with NSCL/P reaching genome-wide significance, with the strongest signals coming
from Asian populations (Beaty et al., 2010). Despite identifying a number of missense
mutations in ABCA4 in individuals with NSCL/P, expression of this gene was restricted to
the retina (Beaty et al., 2010) and it has been extensively reported as having mutations that
result in a spectrum of retinal disorders (Burke et al., 2011). Although we cannot exclude the
possibility that misregulation of ABCA4 expression could contribute to clefting, these data
suggest ABCA4 may not be the etiologic gene for clefting in this region.

The associated SNPs occurred in a relatively small region of low linkage disequilibrium
(LD) (Figure 1), which would normally make it easy to identify the etiologic variant;
however, given recent evidence suggesting GWAS signals can span multiple LD blocks
(Dickson et al., 2010), and the width of the LD surrounding ABCA4 that includes parts of
adjacent genes, we hypothesized a neighboring gene may contain the true etiologic gene/
locus. GCLM, encoding a glutamate-cysteine ligase subunit, is the closest gene telomeric to
ABCA4. This gene is located 200kb and several LD blocks from the peak GWAS signal.
Craniofacial expression of Gclm has not been detected (Diez-Roux et al., 2011) and the the
Gclm knockout mouse has no obvious phenotype (Yang et al., 2002). We sequenced this
gene in 180 individuals with NSCL/P and did not find any coding variants.

ARHGAP29 is located 47kb centromeric to ABCA4 and encodes Rho GTPase activating
protein (GAP) 29, a protein that mediates the cyclical regulation of small GTP binding
proteins such as RhoA (Saras et al., 1997). RhoA is involved in many functions related to
cellular shape, movement, cell-cell interactions, and proliferation, all critical for craniofacial
development (Birnbaum et al., 2009). Rho is a downstream effector of both the Tgfb
(Kardassis et al., 2009) and Wnt (Schlessinger et al., 2009) signaling pathways, which have
been implicated in craniofacial development by Wnt5a (Moustakas et al., 2008), Wnt9b
(Juriloff et al., 2006), and Tfgb3 (Kaartinen et al., 1995) knockout mice with craniofacial
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defects including clefts of the lip and/or palate. We hypothesized Arhgap29 could be a
mediator of the Rho signaling implicated in craniofacial development.

Methods
Expression studies

Murine embryos were obtained from pregnant female mice at 10.5–14.5, or 17.5 d after
conception (E10.5 to E14.5, E17.5). In situ hybridization was performed on C57BL/6 whole
E10.5–14.5 embryos fixed in 4% formaldehyde overnight as described previously (Beaty et
al., 2010) using a 747-nucleotide antisense probe transcribed from the T7 promoter from a
pCRII-TOPO plasmid containing an insert spanning exons 2–10 of Arhgap29 mRNA as
amplified with primers (forward primer: CTCCCAAGTAGAGGCTGCAC; reverse primer:
GCTGGTGAATGATGTCAGGA). An Arhgap29 mRNA sense probe transcribed from the
same clone served as a negative control.

Immunodetection was performed on coronal sections of 4% formaldehyde-fixed, paraffin-
embedded E14.5 heads. After blocking with 3% goat serum (Vector Laboratories,
Burlingame, CA, USA), sections were incubated with rabbit anti-human Arhgap29 (Novus
Biological, Littletown, CO), washed in PBS, and incubated in goat anti-rabbit 568 Alexa-
Fluor (Molecular Probe, Eugene, OR). DAPI was used as a nuclear stain. Images were
viewed with a Nikon Eclipse E800 and acquired with a SPOT RT Slider Diagnostic
Instruments CCD camera using Spot Advanced software. Black and white images were
pseudocolorized and merged.

Protein anaylsis was performed on skin from E17.5 Irf6-deficient embryos and wildtype
littermates as previously described by Biggs et al. (2012). The Irf6 mutant allele (Irf6del1),
on a C57BL/6 background, has been described previously (Biggs et al., 2012). Briefly,
radioimmunoprecipitation assay (RIPA) extraction buffer was used for protein preparation.
Equal amounts of protein were separated on 3–8% Tris-acetate SDS-Page gels (Invitrogen)
under denaturing conditions. Proteins were transferred onto polyvinylidene fluoride
membranes (BioRad Laboratories, Hercules, CA, USA), blocked in 10% non-fat dry milk
and incubated in Arhgap29 or anti-mouse beta-actin (Sigma, St-Louis, MO) antibody. After
incubation with HRP-conjugated secondary IgG antibodies (donkey anti-rabbit IgG HRP
(Santa Cruz Biotechnology, Santa Cruz, CA), or donkey anti-mouse IgG HRP (GE
Healthcare, Piscataway, NJ) antigen detection was performed with the chemiluminescent
detection system ECL (GE Healthcare, Piscataway, NJ, USA). Histological analysis was
performed on wild-type and mutant tissues as previously described by Ingraham et al.
(2006). Additional details for expression studies are available upon request.

Samples
Informed consent was obtained for all participants (UI approval numbers 199804080,
199804081, 200008036). The case cohort consisted of 770 samples from individuals with
NSCL/P from the Philippines and 280 US individuals with NSCL/P from Iowa collected
without regard to a family history of clefting. Cases were separated into phenotypic
subgroups based on individual cleft type where CL indicates that the individual has cleft lip
only and CLP indicates cleft lip with cleft palate. Controls consisted of unrelated individuals
without a history of clefting or other birth defect. 516 control samples were collected from
the same sites in the Philippines as cases; 456 control samples from the US were collected at
the University of Iowa Hospitals and Clinics.
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Sequencing
Primers used to amplify coding exons and splice sites of ARHGAP29 were designed with
Primer 3 (Supplemental Table 1). PCR products were sent for sequencing using an ABI
3730XL (Functional Biosciences, Inc., Madison, WI). Chromatograms were transferred to a
Unix workstation, base-called with PHRED (v.0.961028), assembled with PHRAP (v.
0.960731), scanned by POLYPHRED (v. 0.970312), and viewed with the CONSED
program (v. 4.0). Polyphen 2 was used to evaluate missense mutations for possible
functional significance (Adzhubei et al., 2010). Phase one sequenced the 22 protein coding
exons in 90 cases from the Philippines, 90 cases from the US, and 170 Filipino controls.
Phase two sequenced the nine exons with nonsynonymous variants from phase one in an
independent set of 872 Filipino and US cases and 802 Filipino and US controls.

Statistics
To determine the contribution of sequencing variants to NSCL/P, we pooled variants as
“very rare” and “rare”, defined by the minor allele frequency (MAF) in the combined set of
cases and controls to avoid selection bias (Pearson, 2011). “Very rare” defined variants with
a MAF <1% and “rare” defined variants with a MAF<5%. We then compared the frequency
of “very rare” and “rare” variants between cases and controls with Fisher’s exact test using
SAS. We analyzed the US and Filipino populations separately and in combined analyses. In
these analyses, we excluded the set of US cases sequenced in phase 1 of the study to reduce
bias (which resulted in p.Lys46Arg and p.Arg1142Gln being excluded). We did this for the
failure of complete sequencing of ARHGAP29 in phase 1 to not include US controls;
therefore, exons harboring variants only in these controls would be missed and excluded
from phase two.

Gene x gene interactions were tested using Cordell’s likelihood ratio test (LRT) for the most
associated SNP at the ABCA4/ARHGAP29 locus (rs560426) and near candidate genes IRF6
(rs2235371, rs642961), MAFB (rs13041247), and 8q24 (rs987525) using genotypes from
the Beaty et al. GWA study (Beaty et al., 2010). Neither of the IRF6 SNPs was directly
genotyped on the Illumina 610 Quad panel, so called genotypes were used as imputed by
BEAGLE (Browning et al., 2009).

Results
Arhgap29 is expressed in the developing face

Arhgap29 expression had not been previously described in the face, so we first characterized
its expression in craniofacial development using a murine model. Arhgap29 transcript was
detected strongly in the medial and lateral nasal processes, while less intense expression was
observed in the mandibular and maxillary processes at E10.5 (Figure 2A) and the shelves of
the secondary palate at E13.5 (Figure 2C). Arhgap29 transcript and protein were identified
in the epithelium and mesenchyme of coronal head sections at E10.5 and E14.5 (Figure 2E,
2F). This spatiotemporal expression profile of Arghap29 is highly consistent with a role in
craniofacial development (Gritli-Linde, 2008; Jiang et al., 2006).

Arhgap29 may act downstream of Irf6 in craniofacial development
We previously identified IRF6 as the gene causative for Van der Woude syndrome (Kondo
et al., 2002) and strongly associated with NSCL/P (Rahimov et al., 2008; Zucchero et al.,
2004). Extensive investigations using a mouse knockout model have further supported a
critical role for Irf6 in craniofacial development (Biggs et al., 2012; Ferretti et al., 2011;
Ingraham et al., 2006; Richardson et al., 2006). Notably, Arhgap29 expression was
decreased in all epithelia of Irf6-deficient embryos (Figure 2I), indicating Arhgap29 may act
downstream of Irf6. We used skin to quantify this decreased expression. Western blotting of
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E17.5 cutaneous extracts indicated a significant decrease (2.8 fold, p<0.05) in Arhgap29 in
Irf6-deficient skin compared to wildtype (Figure 2J, Supplemental Figure 1). These data
support Arghap29 as a mediator of Irf6 signaling.

To determine if this molecular interaction translated to a genetic interaction in NSCL/P
cases, we tested for an interaction between the most associated SNP (rs560426) near
ARHGAP29 and two SNPs near IRF6 (rs2235271, rs642961). We tested both rs2235371,
located in IRF6, and rs642961, located in an upstream enhancer (Fakhouri et al., 2012;
Rahimov et al., 2008), because although rs642961 is etiologic and confers risk for CL, it
does not completely account for the association with rs2235371 (Rahimov et al., 2008). We
found a marginal interaction between these SNPs, (p=0.04 and p=0.07, respectively).
Although these results are not significant, a true, positive association could be missed due to
false negatives arising from imputation.

Sequencing ARHGAP29 identifies coding variants in NSCL/P patients
To determine if coding sequence variants in ARHGAP29 contribute to NSCL/P, we used a
two-phase design to sequence the protein coding exons of ARHGAP29. We identified
nonsynonymous variants in 9 exons in cases and/or controls during the phase one. After the
second phase, nine exons were sequenced in a total of 972 cases and 962 controls from the
Philippines and the US, identifying a frameshift variant, a nonsense variant, and fourteen
missense variants (Table 1, Figure 3). We categorized sequencing variants into three classes
of allele frequencies: common alleles, with frequencies greater than 5%; rare alleles, with
frequencies between 1% and 5%; and very rare alleles, with frequencies less than 1%.

Eight novel, very rare variants were identified in ARHGAP29 in individuals with NSCL/P
and were absent in controls. A two basepair deletion causing a frameshift (S21Yfs*20) was
identified in an individual with bilateral cleft lip and palate (CLP), resulting in truncation of
the ARHGAP29 gene product after 20 amino acids. This deletion was also identified in an
unaffected sibling. A nonsense variant, p.Lys326*, was identified in an individual with
bilateral CLP, as well as the proband’s unaffected mother and grandfather. Identifying these
truncating variants in unaffected family members suggest they may not be completely
penetrant but require interactions with other genetic and/or environmental predisposing
covariates.

Two missense variants, p.Thr26Ala and p.Ala832Thr, were identified in individuals with
cleft lip (CL) and were carried by an unaffected parent. Two additional variants,
p.Thr622Met and p.Ile845Val, were identified in individuals with CLP. The former was also
found in the proband’s father, who also had CLP. In the US population, two novel, very rare
variants, p.Lys46Arg and p.Arg1142Gln, were identified in individuals with CLP. Finally,
two unreported, rare variants were found among Filipino cases and controls. The first,
p.Val1202Leu was found at a frequency of 1.3% in Filipino cases and 1.4% in Filipino
controls while p.Arg616His was found at frequencies around 4.0% in cases and 3.7% in
controls.

ARHGAP29 contains four domains (Figure 3): a coiled-coil region know to interact with
Rap2 (Myagmar et al., 2005), a C1 domain, the Rho GTPase domain, and a small C-terminal
region that interacts with PTPL1 (Saras et al., 1997). The members of the cysteine-rich C1
domain family bind a diverse set of molecules or proteins including the second messenger
diacylglycerol, phorbol esters, and RasGTP (Colon-Gonzalez et al., 2006). This domain also
includes conserved cysteine and histidine residues suitable for binding zinc ions. Although
the R616H variant does not directly affect these residues, the creation of another histidine
could alter zinc binding. The highly conserved Rho GTPase domain is critical for the
function of ARHGAP29. This domain contains a catalytic residue and seven residues that
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make up the putative GTPase interaction site (Supplemental Figure 2). The I845V variant
alters one of these interaction sites, though it is not clear what effect this variant would have
on protein function given the similar biochemical properties of valine and isoleucine. The
variants we identified were distributed throughout ARHGAP29, making it difficult to
predict the specific effects of these variants on ARHGPA29 function. However, the two
truncation variants suggest a loss of function paradigm.

Association of coding variants with NSCL/P
The cumulative frequency of very rare ARHGAP29 variants was greater for cases than
controls (Filipinos, 5.5% vs. 4.3%; US, 1.0% vs. 0.9%), but these differences were not
statistically significant (p=0.36 and p=1.00, respectively). When both populations were
combined, very rare variants were overrepresented in cases with NSCL/P (p=0.03, 4.6% vs.
2.7%). When stratified by cleft type, these variants were associated with cleft lip (CL)
(p=0.02, 6.0% in cases and 2.7% in controls) but not with cleft lip with cleft palate (CLP)
(Table 2). Similar results were found when considering all very rare and rare variants
together (Table 2). Although these p-values are not significant after Bonferroni correction
(20 tests, threshold p=0.0025), the power to detect strong effects with rare variants is
limited. Therefore, we considered these results indicative of a trend toward association.

We also compared the variants identified in this study with published data from the 1000
Genomes Project (Consortium, 2010) and the NHLBI Exome Sequencing Project (ESP2500)
which represents approximately 2500 European and African American individuals from
cohorts sampled for heart, lung, and blood disorders (Supplemental Table 2). Although there
were 12 missense variants in the Asian and European samples sequenced by the 1000
Genomes Project and 19 missense variants identified in the European American cohort of
the ESP, none of the 8 nonsynonymous variants found exclusively in our cases with NSCL/P
were present in either the 1000 Genome Project or ESP2500 data, strongly supporting these
variants as potentially etiologic.

Discussion
In this study, we demonstrated clear craniofacial expression of Arhgap29 and showed this
expression to be decreased in Irf6 deficient mice. We furthermore identified a nonsense
variant, a frameshift variant, and fourteen missense variants in ARHGAP29 which
collectively are overrepresented in cases with NSCL/P compared to unaffected controls.

ARHGAP29 is located on chromosome 1p22, a locus that was identified by GWAS of
NSCL/P. Despite the numerous successes of GWAS identifying novel loci associated with
the tested disease or trait, one of its limitations is its inability to direct us to the causal gene
or variant. In some cases, as in the association between prostate cancer and the 8q24 locus,
the associated variant has a functional effect (Wasserman et al., 2010). However, for many
studies the associated variant has no obvious biological connection to the disease or trait in
question, leading to the notion that the associated variant is in LD with a causal one.
However, GWAS typically implicate multiple SNPs within an LD block, which may include
multiple genes. This study highlights the importance of considering other genes near GWA
markers, rather than focus on the one nearest the peak signal. In the case of the 1p22 locus
GCLM lies several LD blocks away from the peak signal, had no coding sequence variants
detected and has not had craniofacial specific expression demonstrated; lowering, although
not eliminating, its status as the etiologic gene. ARHGAP29 is a more plausible candidate
for clefting than GCLM or ABCA4, mutations in which cause several autosomal recessive
retinal disorders (Burke et al., 2011). Although ARHGAP29 and ABCA4 are not located
within the same LD block (Figure 1), it is possible that genome-wide significant associations
are driven in part by multiple rare variants, possibly located in adjacent LD blocks (Dickson
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et al., 2010). We also consider rs560426 a surrogate for the locus and hypothesize that this
SNP is in LD with one or more common etiologic SNPs located within regulatory elements
that act upon very distant targets, highlighting the importance of evaluating these associated
regions broadly.

We identified a marginal association between rare variants in ARHGAP29 and NSCL/P.
Interest in rare variants is growing as one way to explain the “missing heritability” often
occurring in the GWAS approach, but the analyses of these rare variants suffer from a lack
of power due to very small numbers of observations. Larger sample sizes will be required to
detect stronger associations between these rare variants and risk of NSCL/P. Although most
of the variants we identified were inherited from an unaffected parent, unaffected family
members of individuals with NSCL/P may have subepithelial defects of the orbicularis oris
muscle (Marazita, 2007; Suzuki et al., 2009). Future studies may benefit from incorporating
these sub-clinical phenotypes when available as they could increase our ability to detect
genetic effects.

The very rare variants identified in ARHGAP29 could contribute to the etiology of NSCL/P
in individual families; however, GWAS data suggest one or more common markers (or more
specifically an unobserved variant in LD with a common marker) could also contribute to
the occurrence of clefting. Increasing evidence suggests etiologic variants, particularly for
complex diseases, will occur in noncoding regions of the genome (Ernst et al., 2011; Visel et
al., 2009). To date, only one common, etiologic variant (rs642961) has been identified in a
recognized cleft candidate gene, IRF6, and it resides in an enhancer element near this gene
(Fakhouri et al., 2012; Rahimov et al., 2008). We hypothesize common etiologic variants for
the 1p22 locus may reside in regulatory elements of ARHGAP29. Sequencing of conserved
and putative regulatory elements, followed by functional validation will be required to
identify such causal variants.

ARHGAP29 is a Rho GTPase activating protein, involved in the regulation of small GTP
binding proteins including Rho, Rac, and Cdc42 (Heasman et al., 2008). ARHGAP29 is
located in a region of chromosome 1 frequently deleted in Mantle cell lymphomas (MCL)
(Ripperger et al., 2007; Schraders et al., 2008). Although there is reported increased risk of
cancer in individuals with NSCL/P and their family members (Bille et al., 2005; Menezes et
al., 2009; Taioli et al., 2010), a link between NSCL/P and MCL has not specifically been
described, perhaps due to the rarity of this lymphoma subtype (Zhou et al., 2008). Prior to
this study, the expression of Arhgap29 was described in the heart of embryonic mice (Miller
et al., 2008) and the vasculature of zebrafish (Gomez et al., 2009), which is consistent with
its role in blood vessel development (Xu et al., 2011). In human tissues, ARHGAP29 was
present in skeletal muscle, heart, placenta, liver, and pancreas, with low expression in the
brain, lung, and kidney (Saras et al., 1997); however, skin was not examined. A study of
human fibroblasts cultured in folate-deficient and folate sufficient mediums, however,
showed altered expression of ARHGAP29 and other genes related to cell signaling,
cytoskeleton, and extracellular matrix, including WNT5A (Katula et al., 2007). Folate
deficiency has been suggested as a risk factor for NSCL/P, however convincing supporting
evidence has been elusive (Dixon et al., 2011).

We demonstrated clear craniofacial expression of Arhgap29 and showed this expression to
be decreased in the palatal epithelium and skin of Irf6 deficient mice. Our results suggest
that Arhgap29 may act downstream of Irf6, which is also supported by a recent ChIP-seq
study of human keratinocytes identifying an IRF6 binding site upstream of ARHGAP29
(Figure 1)(Botti et al., 2011). The Irf6 gene regulatory network includes both p63 and
Tfap2a, which regulate Irf6 through an upstream enhancer element (Moretti et al., 2010;
Rahimov et al., 2008; Thomason et al., 2010). Recently this pathway was expanded to
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include a Pbx-dependent regulatory element controlling Wnt9b-Wnt3, which regulates p63
and Irf6 and is required for midface morphogenesis (Ferretti et al., 2011). Rho is a
downstream effector of Wnt signaling (Schlessinger et al., 2009) and we suggest that the
Rho signaling implicated in craniofacial development is mediated in part through the IRF6
gene regulatory network via ARHGAP29 (Figure 4).

Most of the variants identified in ARHGAP29 were predicted to be damaging (including
truncation variants) and suggest a loss-of-function paradigm. Support for this mechanism is
provided by recent expression profiling of dental pulp stem cell cultures obtained from
individuals with NSCL/P which showed a nearly 3-fold decrease in ARHGAP29 compared
to cultures from unaffected controls (Bueno et al., 2011). If this is the case, the loss of a
GAP would maintain Rho in an active, GTP-bound form, effectively increasing Rho
activity. This could negatively affect cellular migration throughout development, and may
represent one possible mechanism by which ARHGAP29 could be involved in the etiology
of NSCL/P. Recently, Kitase and Shuler (2012) showed that treatment of palate cultures
with nocodazole, a drug that destabilizes microtubules, resulted in increased RhoA activity
and caused formation of a multi-layered, hypertrophied medial edge epithelium (MEE) and
failure of palatal fusion. This study demonstrated that the regulation of microtubule
dynamics and actin microfilaments is required for the remodeling of the MEE during
palatogenesis; and represents another mechanism by which ARHGAP29 could be involved
in NSCL/P. It also remains plausible the etiologic variants act through a gain-of-function
mechanism and decrease Rho activity, the amount of Rho available, or disregulate the
timing or position of crucial elements of craniofacial development. Recent work in autism
suggests that there may be a zone of preferred expression for many genes and that shifts to
either side can result in similar abnormal phenotypes (Auerbach et al., 2011).

In summary, our combination of rare, coding sequence variants which are potentially
etiologic, and the clear evidence of gene expression in the facial processes forming the lip
and palate during development make ARHGAP29 the likely etiologic gene identified from a
positive GWAS signal for NSCL/P on 1p22.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Details of the 1p22.1 locus
Linkage disequilibrium structure from CEU (top) and CHB+JPT (bottom) HapMap samples.
Orange lines mark the positions of genome wide associated SNPs from Beaty et al. with a p-
value of 10−6 or better. The green triangle marks the location of the IRF6 binding site
identified by ChipSeq in human keratinocytes by Botti et al.
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Figure 2. Expression of Arhgap29 during craniofacial development
(A–D) In situ hybridization of whole mount embryos at E10.5 (A, B) and E13.5 (C, D) for
Arhgap29 (A, C) and sense control (B, D). (A) and (B) are frontal views of the embryo, (C)
and (D) are views of the roof of the mouth. (E) In situ hybridization of coronal sections at
E10.5 showing the nasal processes after fusion. (F–I) Coronal sections of the secondary
palate of wild-type (F, H) and Irf6−/− (G, I) embryos. (F) and (G) are histological sections
and (H) and (I) show immunofluorescence for Arhgap29 (red); nuclear DNA is labeled with
DAPI (blue). (J) Western blot for Arhgap29 and beta-actin of wild-type and Irf6−/− E17.5
skin protein extract. MN, medial nasal process; LN, lateral nasal process; Mx, maxillary
process; Md, mandibular process; p, palatal shelf; T, tongue.
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Figure 3. Schematic of the ARHGAP29 protein and sequencing variants
Protein domains are depicted by grey boxes and labeled above. Positions of the variants
identified in the mutation screen are indicated by colored arrows (cases- top; controls-
bottom). Arrows are color coded by Polyphen-2 prediction (green- benign, orange-possibly
damaging, red- probably damaging). Polymorphisms (variants identified in more than one
control individual) are denoted by an underline.
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Figure 4. Model of hypothetical pathway involving IRF6, ARHGAP29, and the Rho signaling
pathway
The hypothetical pathway links the IRF6 gene regulatory network (IRF6, TP63, TFAP2A,
and TGFB3, all previously implicated in craniofacial development) with the Rho signaling
pathway through ARHGAP29. This pathway may also involve WNT and TGFB3, which
can signal through the Rho pathway, and are required for craniofacial development. We
propose that decreased ARHGAP29 would maintain Rho in an active state, which would
negatively regulate processes critical for craniofacial development such as cellular
migration. GEF, guanine nucleotide exchange factor.
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Table 2

Association analysis of rare, nonsynonymous variants with types of clefts in US and Filipino cases versus
controls

MAF < 1.0% MAF < 5.0%

Population (N) P value OR (95% CI) P value OR (95% CI)

US

CLO (70) 0.18 3.32 (0.60,18.49) 0.18 3.32 (0.60,18.49)

CLP (122) 0.58 NA (no case mutation) 0.58 NA (no case mutation)

CL/P (192) 1.00 1.19 (0.22, 6.55) 1.00 1.19 (0.22, 6.55)

Controls (456)

Philippines

CLO (180) 0.16 1.75 (0.86, 3.55) 0.18 1.60 (0.79, 3.21)

CLP (590) 0.67 1.16 (0.66, 2.07) 0.78 1.10 (0.63, 1.90)

CL/P (770) 0.36 1.30 (0.76, 2.20) 0.52 1.21 (0.73, 2.02)

Controls (516)

Combined

CLO (250) 0.02 2.32 (1.21, 4.45) 0.03 2.15 (1.13, 4.09)

CLP (712) 0.13 1.54 (0.90, 2.65) 0.18 1.48 (0.88, 2.51)

CL/P (962) 0.03 1.74 (1.06, 2.86) 0.04 1.65 (1.02, 2.67)

Controls (972)

CL/P, cleft lip with or without cleft palate; CLP, cleft lip with cleft palate; CLO, cleft lip only
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