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ABSTRACT

Aim. Non-syndromic cleft lip with or without cleft palate (nsCL/P) is a common birth defect of complex and
heterogeneous aetiology. Genome-wide association studies (GWAS) of nsCL/P have identified an associa-
tion for the 1p22.1 chromosomal region, in which ARHGAP29 was suggested as a candidate gene. Thus, the
current study aimed to determine the contribution of the common and rare ARHGAP29 nucleotide variants to
the risk of nsCL/P in the Polish population.

Material and Methods. In total, 197 common nucleotide variants (SNVs) and 22 missense variants located
within the ARHGAP29 locus at chromosome 1p22.1 were genotyped by SNV microarray. The study was con-
ducted in 269 individuals with nsCL/P and 569 healthy individuals.

Results. Statistical analysis revealed that 31 common nucleotide variants located at the ARHGAP29 locus
were significantly associated with the increased risk of nsCL/P. The strongest individual SNV was rs2391467
with a p-value = 2.49E-06 (OR = 1.64, 95%Cl: 1.34 — 2.02). Besides, one potentially deleterious missense vari-
ant (rs140877322, p. Arg348Leu) was identified in a single patient with nsCLP.

Conclusion. These findings confirm ARHGAP29 as a strong candidate gene for nsCL/P, with both common
and rare nucleotide variants of this gene involved in the aetiology of nsCL/P in the Polish population.

Introduction ital defects in humans, affecting approximately
1/700 live-born children worldwide [1]. The prev-
alence of nsCLP varies by geographic location,

ethnic/racial background, and socioeconomic

Non-syndromic cleft lip with or without cleft pal-
ate (nsCL/P) is one of the most common congen-
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status [2]. The complex aetiology of this congeni-
tal anomaly reflects the action of multiple genet-
ic factors and environmental exposures, hence
it has not been fully elucidated. NsCL/P can be
divided into the cleft of the palate only (CP0), and
those affecting the lip with or without the palate
(CL/P) [3]. Over 500 human syndromes in which
clefting is a common feature have been identified
(https://www.ncbi.nIm.nih.gov/OMIM/), although
most cases correspond to isolated non-syndro-
mic clefts with the absence of other structural
or cognitive abnormalities [2]. Previous studies
revealed that nsCL/P might have unique aetio-
logical features, including specific genetic asso-
ciations [2,4], however, the genetic components
of nsCL/P have remained elusive due to the influ-
ence of multiple environmental risk factors [5].
To date, a variety of research methods have
been applied to identify genetic factors contrib-
uting to nsCL/P. Genome-wide association stud-
ies (GWAS) have been crucial in identifying 40
novel risk loci that show strong associations of
single nucleotide variants (SNVs) with nsCL/P
[6=10]. The most consistent results in multiple
populations were observed for nucleotide vari-
ants in IRF6 (OMIM+* 607199) gene, encoding a
transcription factor critically involved in cranio-
facial development [2] and the gene-poor region
of chromosome 8q24.21 [11-14]. Also, the chro-
mosomal region consistently associated with
nsCL/P is 1p22.1, initially implicating ABCB4
(OMIM:*601691) as a candidate gene at this
locus. However, ABCB4 was excluded due to its
retinal expression and known role in a spectrum
of retinal disorders [15,16]. Therefore, it has been
hypothesised that a neighbouring gene, ARH-
GAP29 (OMIM:*610496), maybe the aetiologic
gene within the same region. During craniofa-
cial development in murine embryos, ARHGAP29
expression was detected in the frontonasal, lat-
eral prominences and palatal shelves [17]. More-
over, there are reports that IRF6 regulates kerati-
nocyte migration through ARHGAP29. Cells lack-
ing the IRF6 gene had lower levels of ARHGAP29
and hyperactive Rho GTPase activating protein
(GAP), which is involved in crucial cellular func-
tions essential for craniofacial development
[12,18]. In addition, sequencing of ARHGAP29 in
patients with nsCL/P identified eight potentially
deleterious and aetiological variants, including
a frameshift and a nonsense variant [17]. Further
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functional studies identifled a novel missense
variant in ARHGAP29 (c.1654T>C, p.Ser552Pro),
showing ARHGAP29 to be a regulatory protein
affecting the development of the face [19]. These
findings suggest that ARHGAP29 may play a role
as the aetiologic gene at the 1p22.1 locus for
nsCL/P [17]. Therefore, this study investigated
whether common SNVs and rare missense vari-
ants at the ARHGAP29 locus contribute to the risk
of nsCL/P in the Polish population.

Material and Methods

The present study was designed similar to our
previous cleft association studies and conducted
on the same study population [9,20].

Study population

Patients with a diagnosis of nsCL/P (58.0% of
males) were recruited from several Polish medi-
cal centres. Among patients, 229 (85.1%) indi-
viduals had non-syndromic cleft lip and palate
(nsCLP) and 40 (14.9%) individuals had non-syn-
dromic cleft lip only (nsCLO). The control group
was composed of 569 healthy individuals (49.6%
males) without any developmental anomalies.
Detailed characteristics of patients and controls
enrolled in the study are presented in Table 1. All
study participants were of Polish origin. DNA was
isolated from peripheral blood lymphocytes by
salt extraction. All experimental protocols were
approved by the Institutional Review Board of
Poznan University of Medical Sciences, Poland
[21]. Written and oral consent was obtained from
all participants or their legal guardians.

Table 1. Characteristics of study patients and controls

nsCL/P patients Controls
(n =269)° (n = 569)°

Cleft type
nsCLP 229 (85.1%)
nsCLO 40 (14.9%)
Gender
male 156 (58.0%) 282 (49.6%)
female 113 (42.0%) 287 (50.4%)

?Final number of samples analysed in the present study after ex-
clusion of individuals based on stringent quality control criteria
nsCL/P - non-syndromic cleft lip with or without cleft palate
nsCLP - non-syndromic cleft lip and palate

nsCLO - non-syndromic cleft lip only



Common SNV selection and genotyping

Common single nucleotide polymorphisms
(SNVs) located within the ARHGAP29 locus at
chromosome 1p22.1 were genotyped with using
the HumanOmniExpressExome-8 v1 array (lllu-
mina, San Diego, CA, USA) according to the man-
ufacturer's instructions. After applying stringent
quality control criteria (SNV call rate >0.95, minor
allele frequency, MAF, >0.05, Hardy-Weinberg, HW,
equilibrium p-value >0.001 in controls), 197 com-
mon SNVs were subjected to statistical analysis.

Statistical analysis

The association of ARHGAP29 locus SNVs with
nsCL/P was tested with the Cochran-Armitage
trend test. Odds ratios (ORs) and corresponding
95% confidence intervals (95% Cls) were used to
assess the strength of the association. ORs were
calculated for the allelic model (a vs A; ais the risk
allele). The Bonferroni correction was applied to
account for multiple comparisons, and p-values
< 2.54E-4 (0.05 / 197 SNVs) were considered as
statistically significant. The pair-wise linkage dis-
equilibrium (LD) between the top was evaluated
using the Haploview 4.2 software (www.broadin-

sense variants. The putative functional conse-
quences of these missense SNVs were analysed
in silico using SIFT (http://sift.jcvi.org/), Poly-
Phen (http://genetics.bwh.harvard.edu/pph2/),
and Mutation Assessor (http://mutationassessor.
org/r3/) tools. Additionally, for all these variants,
the frequency of the minor allele was checked in
the Exome Aggregation Consortium (ExAC) data-
base (http://exac.broadinstitute.org/).

Results

Common SNVs

Statistical analysis of the 197 ARHGAP29 locus
SNVs revealed that 31 were nominally associat-
ed (Pyeng < 0.05) with the risk of nsCL/P (Figure 1,
Supplementary Table 1). Three SNVs, rs11165101,
rs11165110 and rs2391467, were statistically sig-
nificant even after applying the strict Bonfer-
roni correction for multiple comparisons (Pyend
= 1.71E-04, pyenq = 2.19E-04 and pyeng = 2.56E-
06, respectively). These variants located within
the same recombination region were in moder-
ate LD with each other (the mean r* = 0.76 and

Table 2. Linkage disequilibrium values D' and r? for the most significant SNVs located

at the ARHGAP locus

rs3789688
rs3789688 -
rs11165101
rs11165110
rs2065971
rs2391467

rs11165101

rs11165110

r1s2065971 rs2391467

Numbers denote D' and r® values expressed as a percentage of maximal value (1.0). D' values are pre-

sented above diagonal.

A red-to-white gradient shows highest (1.0) to lowest (0.0) D'. r* vales are presented below diagonal.
A black-to-white gradient shows highest (1.0) to lowest (0.0) %

stitute.org/haploview/haploview, Table 2). Sepa-
rate statistical analyses were conducted for indi-
viduals with nsCLP and nsCLO to assess the sub-
group-specific effects of the significantly asso-
ciated SNVs. In addition, separate analyses were
performed in male and female groups. The effects
of genotype x gender interactions were evaluated
by logistic regression approach.

In silico analysis of missense variants
The SNV microarray used in the present study
allowed for the genotyping of 22 ARHGAP29 mis-

D' = 0.99; Table 2). Two other SNVs, rs3789688
and rs2065971, were close to the study signifi-
cance level (pyenq = 8.34E-04 and pyenq = 2.91E-
04, respectively). The minor allele of the stron-
gest individual SNV (rs2391467) located 14.7 kb
upstream of ARHGAP29 was associated with a
1.64-fold increased risk of nsCL/P (35%Cl: 1.34
— 2.02, p = 2.49E-06), with the allelic ORs for the
other four top variants in the range of 1.43 to
1.52. For all of them, the major allele was the risk
allele. Association results for tested variants are
presented in Table 3 and Supplementary Table 1.

Journal of Medical Science 2020;89(2)
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Figure 1. Regional plot of association results within the ARHGAP29 locus

Table 3. Association results for the most significant variants at the ARHGAP29 locus (py..q Values < 1.00E-03)

RAF
rs number Location (bp)®  Consequence Gene Alleles® Pirend nsCL/P  Controls OR (95%CI)*
type

rs3789688 chrl1: 94691240 intronic ARHGAP29 T/C 8.34E-04 0.59 0.50 1.43 (1.17-1.77)

rs11165101  chr1: 94729088 intergenic ARHGAP29 / C 1.71E-04 0.67 0.57 1.52 (1.23-1.89)
ABCD3

r1s11165110  chr1: 94752469 intergenic ARHGAP29 / A/G  2.19E-04 0.67 0.57 1.51(1.22-1.87)
ABCD3

rs2065971 chr1: 94807102 intergenic ARHGAP29/ A/C 291E-04 0.65 0.55 1.48 (1.20-1.83)
ABCD3

1s2391467  chrl: 94850443 intergenic ARHGAP29/  A/G 2.56E-06 0.58 0.46 1.64 (1.34-2.02)
ABCD3

*NCBI build 37 / hg19.

®Underline denotes the risk allele (for all variants, exept rs2391467, the major allele is a risk allele).
The ptrend values below 2.54E-04 (0.05 / 197 SNVs) were interpreted as statistically significant.
0dds ratios (ORs) and 95% confidence intervals (95% Cls) were calculated for the allelic model (a vs A; a is the risk allele).

Significant p-values are highlighted in bold font.

RAF, risk allele frequency; nsCL/P, non-syndromic cleft lip with or without cleft palate.

The sub-phenotype analysis revealed that the
most significant SNVs identified in the present
study were exclusively associated with the risk of
nsCLP. No significant association was identified
between them and the nsCLO risk (py.nq vValues >
0.05), however, the differences in ORs between
nsCLP and nsCLO subgroups were not statisti-
cally significant (heterogeneity p-values >0.05).
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Besides, for all these variants, the trend test
p-values for nsCLP were higher than the p-val-
ues for the overall phenotype (Table 4). Logis-
tic regression analysis revealed that ARHGAP29
locus variants did not show evidence of gender-
dependent association with the risk of nsCL/P.
No significant sex genotype interactions were
detected (Table 5).



Table 4. Association results for oral cleft sub-phenotypes

RAF
rs number Alleles® Puend Patients  CControls OR (95%CI)*

nsCLP

rs3789688 T/C 2.48E-03 0.59 0.50 1.41 (1.13-1.76)
rs11165101 A/C 2.62E-04 0.67 0.57 1.54 (1.23-1.93)
rs11165110 A/G 2.23E-04 0.67 0.57 1.55 (1.23-1.94)
rs2065971 A/C 3.25E-04 0.65 0.55 1.51(1.21-1.89)
rs2391467 A/G 4.28E-06 0.58 0.46 1.67 (1.34-2.08)
nsCLO

rs3789688 T/C 5.68E-02 0.62 0.50 1.58(0.99-2.54)
rs11165101 A/C 1.53E-01 0.65 0.57 1.43 (0.88-2.31)
rs11165110 A/G 2.51E-01 0.64 0.57 1.33(0.83-2.12)
rs2065971 A/C 2.22E-01 0.63 0.55 1.34(0.84-2.14)
rs2391467 A/G 7.03E-02 0.56 0.46 1.51(0.95-2.38)

# The Pyenq Values below 2.54E-04 (0.05 / 197 SNVs) were interpreted statistically significant
For all tested SNVs, there was no heterogeneity between oral cleft sub-phenotypes (heterogene-
ity p-values between 0.551 and 0.780).

nsCLP, non-syndromic cleft lip and palate

nsCLO, non-syndromic cleft lip only

Table 5. Gender-dependent interaction of the most significant variants at the ARHGAP29 locus and nsCL/P

SNV OR,(95%Cl)* p? OR e (95%C1)° p? ORemares(95%C1)° p’
rs3789688  0.94 (0.62-1.43) 7.77E-01 1.44(1.09-191) 1.16E-02 1.36(1.00-1.84)  4.94E-02
rs11165101  0.89 (0.58-1.37)  591E-01 156 (1.16-2.10) 3.40E-03 1.39(1.02-1.89)  3.63E-02
rs11165110  0.93(0.61-1.43)  7.52E-01  1.51(1.13-2.03) 6.03E-03  1.41(1.04-192)  4.80E-02
1s2065971  0.88 (0.58-1.36) 5.73E-01 1.54(1.14-2.07) 4.32E-03 1.36(1.00-1.86)  3.03E-02
rs2391467  112(0.73-1.71)  6.05E-01 1.72(1.28-2.31) 3.24E-04 1.54(1.13-2.09)  7.95E-03

#0dds ratio for the gene x gender interaction.

®0dds ratio for the males.

°0dds ratio for the females.

Based on logistic regression under the additive model.

Table 6. Missense variants identified in the ARHGAP29 gene with the use of SNV microarray

NsCL/P Cases Controls MAF
[ =} (7] (7] @ -
@ © S = 4] @ . [ S5
£ s 8% g " s " ) T s s 3
E < o c .6 <t -6 <T << [T o [ 3
2 = = = = x & > 5 3
» << £ -5 5 5 w [<) = [Z]
= < o (&} a <

rs1999272 T/C p.Glyl255Asp 0/1/268 0.002 0/0/569 0.000 0.0004 tolerated  benign predicted non-

low confi- functional (neutral)
dence
rs143877998 T/G p.GIn893Pro 0/1/268 0.002 0/0/569 0.000 0.0002 tolerated benign predicted function-
al (medium)

rs147752270 T/C p.Val875lle 0/1/268 0.002 0/2/567 0.002 0.0016 tolerated benign predicted non-
functional (low)

rs41311172  T/C p.Arg798GIn 0/0/269 0.000 0/3/566 0.003 0.0025 tolerated probably  predicted non-
damaging  functional (low)
rs140877322 A/C p.Arg348Leu 0/1/268 0.002 0/0/569 0.000 5.995E-05 deleteri- probably predicted function-

ous damaging al (medium)

rs183410431 T/C p.Arg84His 0/2/267 0.004 0/0/569 0.000 4.505E-05 deleteri-  benign predicted non-
ous functional (neutral)

*Underline denotes the minor allele.

*ENST00000260526.11.

°Exome Aggregation Consortium (ExAC), European (Non-Finnish).
“http://genetics.bwh.harvard.edu/pph2/.

¢http://sift.jcvi.org/.

'http://mutationassessor.org/r3/.
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Missense variants

Six out of twenty-two (27.3%) genotyped mis-
sense ARHGAP29 variants were identified in the
tested samples. Four of them were found only in
cleft patients, and one was found exclusively in
controls (Table 6). One of the cleft specific vari-
ants (rs140877322, p. Arg348Leu) was predicted
to be deleterious and functional by all predic-
tion tools used in this study. In a non-Finnish
European population of ExAC, the frequency of
rs140877322 was 5.995E-05.

Discussion

Numerous genes and several polymorphic vari-
ants have been detected to confer an increased
risk of nsCL/P [22,23]. Beaty et al. characterised
four significant loci in GWAS for nsCL/P: IRF®6,
8q24, MAFB (OMIM:*608968), and ABCA4 [11], with
multiple follow-up studies in different populations
successfully confirming these loci [24-31]. A criti-
cal role for IRF6 and the 8q24 region in craniofacial
development has been previously identified, while
the roles of the loci in the genes ABCA4 and MAFB
remains largely unclear [32—-34]. The most signifi-
cant SNVs strongly associated with nsCL/P have
been identified within the introns of ABCA4 [35].
However, ABCA4 is not a good candidate as the eti-
ologic gene for nsCL/P at the 1p22 locus because
of its lack of expression in the developing lip or pal-
ate in mice [11]. Additionally, there were no report-
ed defects in the craniofacial structure in mice
homozygous for targeted loss-of-function muta-
tions in ABCA4 [36]. Moreover, despite identifying
several missense mutations in ABCA4 in humans,
none of them showed suggestive evidence of
causing craniofacial malformations [15,37]. How-
ever, a recent study suggests a role for ARHGAP29
(a neighbouring gene of ABCA4) in nsCL/P based
on expression in craniofacial development using
a murine model. The ARHGAP29 transcript was
detected in the medial and lateral nasal processes,
and expression was also observed in the mandibu-
lar and maxillary processes of developing mouse
embryo at E10.5 and the shelves of the secondary
palate at E13.5. [38]. Furthermore, its expression
depends on IRF6 [38], one of the pivotal contribu-
tors to the underlying genetics of human nsCLP/P
[39]. ARHGAP29 is located 47 kb centromeric to
ABCA4 and encodes Rho GTPase activating pro-
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tein (GAP) 29, which is involved in many functions
related to cellular shape, movement, proliferation,
all essential for craniofacial development [12]. Rho
is downstream of Tgfb and Wnt signalling path-
ways [40,41], which have also been implicated in
craniofacial development. These are suggestive
evidence that ARHGAP29 is the etiologic gene at
this locus and may play a role in nsCL/P. During the
last few years, about twelve potentially pathogenic
missense variants in ARHGAP29 have been report-
ed in nsCL/P cases. [17,19,28,35,42]. However, it is
not clear if these possibly pathogenic rare variants
contribute to the phenotype. Therefore, the pur-
pose of this study was to evaluate the association
between common and rare missense SNVs located
within the ARHGAP29 locus and the risk of nsCL/P
in the Polish population. Patients with non-syndro-
mic forms of cleft lip with cleft palate and cleft lip
only were recruited, with patients with a diagnosis
of non-syndromic cleft palate only were excluded
from the molecular analyses due to the distinct
aetiology of this subtype of oral clefts [43].

The findings showed that common nucleotide
variants of the ARHGAP29 gene are significantly cor-
related with the risk of nsCL/P. Statistical analysis
of the genotyping results revealed that three com-
mon SNVs represent a single cleft association sig-
nal since they are located within the same intergen-
ic region of ARHGAP29/ABCD3 genes. These three
risk variants rs11165101, rs11165110 and rs2391467
are strongly associated with the risk of this cran-
iofacial anomaly in a tested group of patients. Our
data also demonstrated that the minor allele carri-
ers at rs2391467 have a 1.64-fold increased risk of
nsCL/P. Moreover, all these results were statistically
significant even after applying Bonferroni correction
for multiple comparisons. Two other tested variants,
rs3789688 and rs2065971, were close to reaching
the study significance level. It is of note that the
intronic SNV rs3789688 in families of non-Hispanic
white ethnicities also showed a strong association
with nsCL/P [29]. Although the intronic variants are
unlikely to have effects on gene transcription or the
final protein structure, multiple analysis revealed
that non-coding variants have a significant role in
the genetic causes of nsCL/P [3,35,44]. This sug-
gests that the true casual variants implicated in
the risk of nsCL/P might affect the ARHGAP29
gene expression level rather than the structure of
an encoded protein or are in pair-wise LD with an
unknown actual pathogenic variant.



We hypothesised that some genetic risk for
nsCL/P in Polish populations lies in rare exonic
markers, thus, our study also included an analy-
sis of twenty-two missense variants. Our results
showed six missense ARHGAP29 variants in the
tested samples. One of the cleft specific variants
(rs140877322, p.Arg348Leu) was predicted to be
probably damaging and deleterious by multiple
in silico tools. Furthermore, none of the unaf-
fected individuals carried the variant. However,
these results should be interpreted with caution
because the functional impact of these variants
is unknown. Therefore, functional studies in bio-
logical model systems are required to identify
pathogenic variants and a possible mechanism
contributing to the nsCL/P phenotype. Savasta-
no at al. identified ten rare variants in the ARH-
GAP29 gene using next-generation sequencing,
of these, flve were missense changes and the
remaining were predicted to be loss-of-function
(LoF). These findings provide evidence that the
LoF variants but not missense variants may be
an important genetic factor and contribute to the
aetiology of nsCL/P [45]. To take this idea further,
new coding variants which confer risk to nsCL/P
should be identified by sequencing, which is cru-
cial for rare variant discovery.

There was no evidence of a gender-dependent
association with any of the SNVs studied. Howev-
er, Carlson at al. confer that the impact of genet-
ic variants on nsCL/P risk differs for males and
females. These results are not surprising because
the incidence rates of nsCL/P vary by sex. Carl-
son at al. used a genome-wide approach to iden-
tify the genetic contribution to this phenomenon
and examined gene by sex interactions in a group
of 2142 nsCL/P cases and 1700 controls recruit-
ed from different countries. Their analysis identi-
fied three loci that achieved genome-wide signifi-
cance interaction effect, rs11142081, rs72804706,
rs77590619 from the 9q22.1, 10g21.1, and 13q13.3
loci, respectively showed evidence of a higher
risk of CL/P for females carrying the minor risk
allele, while this trend was not present in males.
It is worth noting that many biochemical mech-
anisms affect gene by sex interactions, hence
they suggest that due to the diversity of possible
mechanisms, it is challenging to explore or dis-
cuss each locus adequately [46].

Given the impact of rare variants as potential
phenotypic modifiers diversity, which has been

highlighted by Carlson at al. [47], we analysed
cleft type-dependent association with the studied
SNVs. However, our sub-phenotype analysis did
not reveal any significant genotype-phenotype
correlations. Nonetheless, these results should
be interpreted with caution due to the small num-
ber of patients with nsCLO recruited to our study,
therefore, insufficient power to detect significant
cleft type differences.

The strength of this study lies in the homog-
enous study cohort recruited from a single ethnic
group. Although the study is limited by a relatively
small sample size, the risk variants with the lower
allele frequencies may have been missed. Hence,
statistical analyses were not well suited to draw
reliable associations from low-frequency variants
(MAF<0.05), which may be important in explain-
ing nsCL/P susceptibility. Another limitation of
our study is that the association analysis focused
only on the genetic factors without considering
environmental factors that appear to contribute
to the aetiology of nsCL/P, like maternal folic acid
supplementation or maternal smoking [48,49].

Despite these limitations, the nsCL/P risk loci
identified in our research are consistent with pre-
vious studies and biological mechanisms, there-
by providing further evidence for the role of ARH-
GAP29 and new insight into the pathogenesis of
the nsCL/P in the Polish population. Functional
analyses are required to explore the mechanisms
by which nucleotide variants of the ARHGAP29
gene might increase risk of nsCL/P

Acknowledgements

The authors would like to thank Prof. Margareta Bud-
ner, Prof. Kamil K. Hozyasz, and Prof. Piotr Wéjcicki, for
their help with the sample collection.

Conflict of interest statement
The authors declare no conflict of interest.

Funding sources
The study was supported by the Polish National Sci-
ence Centre grant no. 2012/07/B/NZ2/00115.

References

1. Mossey PA, Little J, Munger RG, Dixon MJ,
Shaw WC. Cleft lip and palate. The Lancet. 2009
Nov;374(9703):1773-1785.  https://doi.org/10.1016/
s0140-6736(09)60695-4

2. Dixon MJ, Marazita ML, Beaty TH, Murray JC. Cleft lip
and palate: understanding genetic and environmen-
tal influences. Nature Reviews Genetics. 2011 Feb
18;12(3):167-178. https://doi.org/10.1038/nrg2933

Journal of Medical Science 2020;89(2)

97



10.

11.

. Leslie EJ, Marazita ML. Genetics of cleft lip and cleft
palate. American Journal of Medical Genetics Part C:
Seminars in Medical Genetics. 2013 Oct 4;,163(4):246-
258. https://doi.org/10.1002/ajmg.c.31381

. Mangold E, Ludwig KU, N6then MM. Breakthroughs
in the genetics of orofacial clefting. Trends in Molec-
ular Medicine. 2011 Dec;17(12):725-733. https://doi.
org/10.1016/j.molmed.2011.07.007

. Murray J. Gene/environment causes of cleftlip and/or
palate. Clinical Genetics. 2002 May 27;61(4):248-256.
https://doi.org/10.1034/j.1399-0004.2002.610402.x

. Beaty TH, Marazita ML, Leslie EJ. Genetic factors
influencing risk to orofacial clefts: today's challeng-
es and tomorrow's opportunities. F1000Research.
2016 Nov 30;5:2800. https://doi.org/10.12688/
f1000research.9503.1

. Leslie EJ, Carlson JC, Shaffer JR, Butali A, Buxd CJ,
Castilla EE, Christensen K, Deleyiannis FWB, Leigh
Field L, Hecht JT, Moreno L, Orioli IM, Padilla C, Vieira
AR, Wehby GL, Feingold E, Weinberg SM, Murray JC,
Beaty TH, Marazita ML. Genome-wide meta-analy-
ses of nonsyndromic orofacial clefts identify novel
associations between FOXE1 and all orofacial clefts,
and TP63 and cleft lip with or without cleft palate.
Human Genetics. 2017 Jan 4;136(3):275-286. https://
doi.org/10.1007/s00439-016-1754-7

. Ludwig KU, Bohmer AC, Bowes J, Nikoli¢ M, Ishorst
N, Wyatt N, Hammond NL, Goélz L, Thieme F, Bar-
th S, Schuenke H, Klamt J, Spielmann M, Aldhorae
K, Rojas-Martinez A, Nothen MM, Rada-Iglesias A,
Dixon MJ, Knapp M, Mangold E. Imputation of Oro-
facial Clefting Data Identifies Novel Risk Loci and
Sheds Light on the Genetic Background of Cleft Lip
+ Cleft Palate and Cleft Palate Only.. Human Molec-
ular Genetics. 2017 Jan 13;:ddx012. https://doi.
org/10.1093/hmg/ddx012

. Mostowska A, Gaczkowska A, Zukowski K, Ludwig K,

Hozyasz K, Wéjcicki P, Mangold E, Bohmer A, Heil-

mann-Heimbach S, Knapp M, Zadurska M, Biedziak B,

Budner M, Lasota A, Daktera-Micker A, Jagodzinski

P. Common variants in DLG1 locus are associat-

ed with non-syndromic cleft lip with or without cleft

palate. Clinical Genetics. 2018 Feb 11;93(4):784-793.
https://doi.org/10.1111/cge.13141

Yu Y, Zuo X, He M, Gao J, Fu Y, Qin C, Meng L, Wang

W, Song Y, Cheng Y, Zhou F, Chen G, Zheng X, Wang

X, Liang B, Zhu Z, Fu X, Sheng Y, Hao J, Liu Z, Yan

H, Mangold E, Ruczinski |, Liu J, Marazita ML, Lud-

wig KU, Beaty TH, Zhang X, Sun L, Bian Z. Genome-

wide analyses of non-syndromic cleft lip with pal-
ate identify 14 novel loci and genetic heterogeneity.

Nature Communications. 2017 Feb 24;8(1). https://

doi.org/10.1038/ncomms14364

Beaty TH, Murray JC, Marazita ML, Munger RG, Ruc-

zinski I, Hetmanski JB, Liang KY, Wu T, Murray T, Fallin

MD, Redett RA, Raymond G, Schwender H, Jin S, Cooper

ME, Dunnwald M, Mansilla MA, Leslie E, Bullard S, Lid-

ral AC, Moreno LM, Menezes R, Vieira AR, Petrin A, Wil-

cox AJ, Lie RT, Jabs EW, Wu-Chou YH, Chen PK, Wang

H, Ye X, Huang S, Yeow V, Chong SS, Jee SH, Shi B,

Christensen K, Melbye M, Doheny KF, Pugh EW, Ling H,

Castilla EE, Czeizel AE, Ma L, Field LL, Brody L, Pangil-

Journal of Medical Science 2020;89(2)

12.

13.

14.

15.

16.

7.

inan F, Mills JL, Molloy AM, Kirke PN, Scott JM, Arcos-
Burgos M, Scott AF. A genome-wide association study
of cleft lip with and without cleft palate identifies risk
variants near MAFB and ABCA4. Nature Genetics. 2010
May 2;42(6):525-529. https://doi.org/10.1038/ng.580
Birnbaum S, Ludwig KU, Reutter H, Herms S, Steffens
M, Rubini M, Baluardo C, Ferrian M, Almeida de Assis N,
Alblas MA, Barth S, Freudenberg J, Lauster C, Schmidt
G, Scheer M, Braumann B, Bergé SJ, Reich RH, Schiefke
F, Hemprich A, P6tzsch S, Steegers-Theunissen RP,
Potzsch B, Moebus S, Horsthemke B, Kramer F, Wienk-
er TF, Mossey PA, Propping P, Cichon S, Hoffmann P,
Knapp M, N6then MM, Mangold E. Key susceptibility
locus for nonsyndromic cleft lip with or without cleft
palate on chromosome 8q24. Nature Genetics. 2009
Mar 8;41(4):473-477. https://doi.org/10.1038/ng.333
Grant SF, Wang K, Zhang H, Glaberson W, Annaiah K,
Kim CE, Bradfield JP, Glessner JT, Thomas KA, Gar-
ris M, Frackelton EC, Otieno FG, Chiavacci RM, Nah
H, Kirschner RE, Hakonarson H. A Genome-Wide
Association Study Identifies a Locus for Nonsyndro-
mic Cleft Lip with or without Cleft Palate on 8q24.
The Journal of Pediatrics. 2009 Dec;155(6):909-913.
https://doi.org/10.1016/j.jpeds.2009.06.020
Mangold E, Ludwig KU, Birnbaum S, Baluardo C, Fer-
rian M, Herms S, Reutter H, de Assis NA, Chawa TA,
Mattheisen M, Steffens M, Barth S, Kluck N, Paul A,
Becker J, Lauster C, Schmidt G, Braumann B, Scheer
M, Reich RH, Hemprich A, Potzsch S, Blaumeis-
er B, Moebus S, Krawczak M, Schreiber S, Meiting-
er T, Wichmann H, Steegers-Theunissen RP, Kramer
F, Cichon S, Propping P, Wienker TF, Knapp M, Rubi-
ni M, Mossey PA, Hoffmann P, N6then MM. Genome-
wide association study identifies two susceptibility
loci for nonsyndromic cleft lip with or without cleft
palate. Nature Genetics. 2009 Dec 20;42(1):24-26.
https://doi.org/10.1038/ng.506

Beaty TH, Murray JC, Marazita ML, Munger RG, Ruc-
zinski I, Hetmanski JB, Liang KY, Wu T, Murray T, Fal-
lin MD, Redett RA, Raymond G, Schwender H, Jin S,
Cooper ME, Dunnwald M, Mansilla MA, Leslie E, Bull-
ard S, Lidral AC, Moreno LM, Menezes R, Vieira AR,
Petrin A, Wilcox AJ, Lie RT, Jabs EW, Wu-Chou YH,
Chen PK, Wang H, Ye X, Huang S, Yeow V, Chong SS,
Jee SH, Shi B, Christensen K, Melbye M, Doheny KF,
Pugh EW, Ling H, Castilla EE, Czeizel AE, Ma L, Field
LL, Brody L, Pangilinan F, Mills JL, Molloy AM, Kirke
PN, Scott JM, Arcos-Burgos M, Scott AF. A genome-
wide association study of cleft lip with and without
cleft palate identifies risk variants near MAFB and
ABCA4. Nature Genetics. 2010 May 2;42(6):525-529.
https://doi.org/10.1038/ng.580

Burke TR, Tsang SH. Allelic and phenotypic hetero-
geneity inABCA4mutations. Ophthalmic Genetics.
2011 Apr 21;32(3):165-174. https://doi.org/10.3109/1
3816810.2011.565397

Leslie EJ, Mansilla MA, Biggs LC, Schuette K, Bullard
S, Cooper M, Dunnwald M, Lidral AC, Marazita ML,
Beaty TH, Murray JC. Expression and mutation anal-
yses implicate ARHGAP29 as the etiologic gene for
the cleft lip with or without cleft palate locus iden-
tified by genome-wide association on chromosome



18.

19.

20.

21.

22.

23.

24.

1p22. Birth Defects Research Part A: Clinical and
Molecular Teratology. 2012 Sep 24;94(11):934-942.
https://doi.org/10.1002/bdra.23076

Biggs LC, Naridze RL, DeMali KA, Lusche DF, Kuhl S,
Soll DR, Schutte BC, Dunnwald M. Interferon regula-
tory factor 6 regulates keratinocyte migration. Jour-
nal of Cell Science. 2014 Apr 28;127(13):2840-2848.
https://doi.org/10.1242/jcs.139246

Liu H, Busch T, Eliason S, Anand D, Bullard S, Gow-
ans LJ, Nidey N, Petrin A, Augustine-Akpan E, Saa-
di I, Dunnwald M, Lachke SA, Zhu Y, Adeyemo A,
Amendt B, Roscioli T, Cornell R, Murray J, Butali A.
Exome sequencing provides additional evidence for
the involvement ofARHGAP29in Mendelian orofacial
clefting and extends the phenotypic spectrum to iso-
lated cleft palate. Birth Defects Research. 2017 Jan
20;109(1):27-37. https://doi.org/10.1002/bdra.23596
Gaczkowska A, Zukowski K, Biedziak B, Hozyasz KK,
Wojcicki P, Zadurska M, Budner M, Lasota A, Szponar-
Zurowska A, Jagodzinski PP, Mostowska A. Associ-
ation of CDKALT1 nucleotide variants with the risk of
non-syndromic cleft lip with or without cleft palate.
Journal of Human Genetics. 2018 Feb 5;63(4):397-
406. https://doi.org/10.1038/s10038-017-0397-4
Mostowska A, Hozyasz KK, Wéjcicki P, Biedziak
B, Wesoty J, Sowinska A, Matuszewska-Trojan S,
Jagodzinski PP. Searching for new genes and loci
involved in cleft lip and palate in the Polish popula-
tion — genome-wide association study. Journal of
Medical Science. 2016 Feb;83(3):265-8. https://doi.
org/10.20883/medical.78

Ludwig KU, Mangold E, Herms S, Nowak S, Reutter
H, Paul A, Becker J, Herberz R, AlChawa T, Nasser E,
Bohmer AC, Mattheisen M, Alblas MA, Barth S, Kluck
N, Lauster C, Braumann B, Reich RH, Hemprich A,
Potzsch S, Blaumeiser B, Daratsianos N, Kreusch T,
Murray JC, Marazita ML, Ruczinski |, Scott AF, Beaty
TH, Kramer F, Wienker TF, Steegers-Theunissen RP,
Rubini M, Mossey PA, Hoffmann P, Lange C, Cichon
S, Propping P, Knapp M, Nothen MM. Genome-wide
meta-analyses of nonsyndromic cleft lip with or
without cleft palate identify six new risk loci. Nature
Genetics. 2012 Aug 5;44(9):968-971. https://doi.
org/10.1038/ng.2360

Mangold E, Ludwig KU, Birnbaum S, Baluardo C, Fer-
rian M, Herms S, Reutter H, de Assis NA, Chawa TA,
Mattheisen M, Steffens M, Barth S, Kluck N, Paul A,
Becker J, Lauster C, Schmidt G, Braumann B, Scheer
M, Reich RH, Hemprich A, Potzsch S, Blaumeis-
er B, Moebus S, Krawczak M, Schreiber S, Meiting-
er T, Wichmann H, Steegers-Theunissen RP, Kramer
F, Cichon S, Propping P, Wienker TF, Knapp M, Rubi-
ni M, Mossey PA, Hoffmann P, N6then MM. Genome-
wide association study identifies two susceptibility
loci for nonsyndromic cleft lip with or without cleft
palate. Nature Genetics. 2009 Dec 20;42(1):24-26.
https://doi.org/10.1038/ng.506

Yuan Q, Blanton SH, Hecht JT. Association of ABCA4
and MAFB with non-syndromic cleft lip with or with-
out cleft palate. American Journal of Medical Genet-
ics Part A. 2011 May 12;155(6):1469-1471. https://doi.
org/10.1002/ajmg.a.33940

25.

26.

27.

28.

29.

30.

31.

Fontoura C, Silva RM, Granjeiro JM, Letra A. Fur-
ther evidence of association of theABCA4gene with
cleft lip/palate. European Journal of Oral Sciences.
2012 Oct 15;120(6):553-557. https://doi.org/10.1111/
€0s.12001

Lennon CJ, Birkeland AC, Nufiez JAP, Su GH, Lan-
zano P, Guzman E, Celis K, Eisig SB, Hoffman D, Ren-
don MTG, Ostos H, Chung WK, Haddad J. Associa-
tion of candidate genes with nonsyndromic clefts in
Honduran and Colombian populations. The Laryn-
goscope. 2012 Jul 2;122(9):2082-2087. https://doi.
org/10.1002/lary.23394

Beaty TH, Taub MA, Scott AF, Murray JC, Marazi-
ta ML, Schwender H, Parker MM, Hetmanski JB,
Balakrishnan P, Mansilla MA, Mangold E, Ludwig KU,
Noethen MM, Rubini M, Elcioglu N, Ruczinski I. Con-
firming genes influencing risk to cleft lip with/with-
out cleft palate in a case—parent trio study. Human
Genetics. 2013 Jul 20;132(7):771-781. https://doi.
org/10.1007/s00439-013-1283-6

Butali A, Mossey P, Adeyemo W, Eshete M, Gaines L,
Braimah R, Aregbesola B, Rigdon J, Emeka C, Olutayo J,
Ogunlewe O, Ladeinde A, Abate F, Hailu T, Mohammed |,
Gravem P, Deribew M, Gesses M, Adeyemo A, Marazita
M, Murray J. Rare functional variants in genome-wide
association identified candidate genes for nonsyndro-
mic clefts in the African population. American Journal
of Medical Genetics Part A. 2014 Jul 31;164(10):2567-
2571. https://doi.org/10.1002/ajmg.a.36691

Letra A, Maili L, Mulliken JB, Buchanan E, Blanton SH,
Hecht JT. Further evidence suggesting a role for var-
iation iNARHGAP29variants in nonsyndromic cleft
lip/palate. Birth Defects Research Part A: Clinical
and Molecular Teratology. 2014 Aug 27;100(9):679-
685. https://doi.org/10.1002/bdra.23286

Gowans L, Adeyemo W, Eshete M, Mossey P, Busch
T, Aregbesola B, Donkor P, Arthur F, Bello S, Martinez
A, Li M, Augustine-Akpan E, Deressa W, Twumasi P,
Olutayo J, Deribew M, Agbenorku P, Oti A, Braimah R,
Plange-Rhule G, Gesses M, Obiri-Yeboah S, Oseni G,
Olaitan P, Abdur-Rahman L, Abate F, Hailu T, Gravem
P, Ogunlewe M, Buxé C, Marazita M, Adeyemo A, Mur-
ray J, Butali A. Association Studies and Direct DNA
Sequencing Implicate Genetic Susceptibility Loci
in the Etiology of Nonsyndromic Orofacial Clefts in
Sub-Saharan African Populations. Journal of Dental
Research. 2016 Jul 20;95(11):1245-1256. https://doi.
org/10.1177/0022034516657003

Leslie EJ, Carlson JC, Shaffer JR, Feingold E, Wehby
G, Laurie CA, Jain D, Laurie CC, Doheny KF, McHen-
ry T, Resick J, Sanchez C, Jacobs J, Emanuele B, Viei-
ra AR, Neiswanger K, Lidral AC, Valencia-Ramirez
LC, Lopez-Palacio AM, Valencia DR, Arcos-Burgos
M, Czeizel AE, Field LL, Padilla CD, Cutiongco-de la
Paz EMC, Deleyiannis F, Christensen K, Munger RG,
Lie RT, Wilcox A, Romitti PA, Castilla EE, Mereb JC,
Poletta FA, Orioli IM, Carvalho FM, Hecht JT, Blan-
ton SH, Bux6 CJ, Butali A, Mossey PA, Adeyemo WL,
James O, Braimah RO, Aregbesola BS, Eshete MA,
Abate F, Koruyucu M, Seymen F, Ma L, de Salaman-
ca JE, Weinberg SM, Moreno L, Murray JC, Marazita
ML. A multi-ethnic genome-wide association study

Journal of Medical Science 2020;89(2)




100

identifies novel loci for non-syndromic cleft lip with
or without cleft palate on 2p24.2, 17923 and 19q13.
Human Molecular Genetics. 2016 Mar 30;:ddw104.
https://doi.org/10.1093/hmg/ddw104

32. Kondo S, Schutte BC, Richardson RJ, Bjork BC,

Knight AS, Watanabe Y, Howard E, Ferreira de Lima
RL, Daack-Hirsch S, Sander A, McDonald-McGinn
DM, Zackai EH, Lammer EJ, Aylsworth AS, Ardinger
HH, Lidral AC, Pober BR, Moreno L, Arcos-Burgos M,
Valencia C, Houdayer C, Bahuau M, Moretti-Ferreira
D, Richieri-Costa A, Dixon MJ, Murray JC. Mutations
in IRF6 cause Van der Woude and popliteal pterygium
syndromes. Nature Genetics. 2002 Sep 3;32(2):285-
289. https://doi.org/10.1038/ng985

33. Uslu VYV, Petretich M, Ruf S, Langenfeld K, Fonse-

ca NA, Marioni JC, Spitz F. Long-range enhancers
regulating Myc expression are required for normal
facial morphogenesis. Nature Genetics. 2014 May
25;46(7):753-758. https://doi.org/10.1038/ng.2971

34. Paul B, Palmer K, Sharp J, Pratt C, Murray S, Dun-

nwald M. ARHGAP29 Mutation Is Associated with
Abnormal Oral Epithelial Adhesions. Journal of Den-
tal Research. 2017 Aug 17;96(11):1298-1305. https://
doi.org/10.1177/0022034517726079

35. Leslie E, Taub M, Liu H, Steinberg K, Koboldt D, Zhang

Q, Carlson J, Hetmanski J, Wang H, Larson D, Fulton
R, Kousa Y, Fakhouri W, Naji A, Ruczinski |, Begum
F, Parker M, Busch T, Standley J, Rigdon J, Hecht J,
Scott A, Wehby G, Christensen K, Czeizel A, Deleyian-
nis F, Schutte B, Wilson R, Cornell R, Lidral A, Wein-
stock G, Beaty T, Marazita M, Murray J. Identifica-
tion of Functional Variants for Cleft Lip with or with-
out Cleft Palate in or near PAX7, FGFR2, and NOG by
Targeted Sequencing of GWAS Loci. The American
Journal of Human Genetics. 2015 Mar;96(3):397-411.
https://doi.org/10.1016/j.ajhg.2015.01.004

36. Weng J, Mata NL, Azarian SM, Tzekov RT, Birch DG,

Travis GH. Insights into the Function of Rim Protein
in Photoreceptors and Etiology of Stargardt's Dis-
ease from the Phenotype in abcr Knockout Mice.
Cell. 1999 Jul;98(1):13-23. https://doi.org/10.1016/
s0092-8674(00)80602-9

37. Burke TR, Tsang SH. Allelic and phenotypic hetero-

geneity inABCA4mutations. Ophthalmic Genetics.
2011 Apr 21;32(3):165-174. https://doi.org/10.3109/1
3816810.2011.565397

38. Leslie EJ, Mansilla MA, Biggs LC, Schuette K, Bullard

S, Cooper M, Dunnwald M, Lidral AC, Marazita ML,
Beaty TH, Murray JC. Expression and mutation anal-
yses implicate ARHGAP29 as the etiologic gene for
the cleft lip with or without cleft palate locus iden-
tified by genome-wide association on chromosome
1p22. Birth Defects Research Part A: Clinical and
Molecular Teratology. 2012 Sep 24;94(11):934-942.
https://doi.org/10.1002/bdra.23076

39. Zucchero TM, Cooper ME, Maher BS, Daack-Hirsch S,

Nepomuceno B, Ribeiro L, Caprau D, Christensen K,
Suzuki Y, Machida J, Natsume N, Yoshiura K, Vieira AR,
Orioli IM, Castilla EE, Moreno L, Arcos-Burgos M, Lid-
ral AC, Field LL, Liu Y, Ray A, Goldstein TH, Schultz RE,
Shi M, Johnson MK, Kondo S, Schutte BC, Marazita ML,
Murray JC. Interferon Regulatory Factor 6 (IRF6) Gene

Journal of Medical Science 2020;89(2)

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Variants and the Risk of Isolated Cleft Lip or Palate. New
England Journal of Medicine. 2004 Aug 19;351(8):769-
780. https://doi.org/10.1056/nejmoa032909
Kardassis D, Murphy C, Fotsis T, Moustakas A, Stour-
naras C. Control of transforming growth factor B sig-
nal transduction by small GTPases. FEBS Journal.
2009 Jun;276(11):2947-2965. https://doi.org/10.1111/
j.1742-4658.2009.07031.x

Schlessinger K, Hall A, Tolwinski N. Wnt signaling
pathways meet Rho GTPases. Genes & Development.
2009 Feb 1;23(3):265-277. https://doi.org/10.1101/
gad.1760809

Chandrasekharan D, Ramanathan A. Identifica-
tion of a novel heterozygous truncation mutation in
exon 1 of ARHGAP29 in an Indian subject with non-
syndromic cleft lip with cleft palate. European Jour-
nal of Dentistry. 2014 Oct;8(4):528-532. https://doi.
org/10.4103/1305-7456.143637

Wen Y, Lu Q. Risk prediction models for oral clefts
allowing for phenotypic heterogeneity. Frontiers in
Genetics. 2015 Aug 13;6. https://doi.org/10.3389/
fgene.2015.00264

Rahimov F, Marazita ML, Visel A, Cooper ME, Hitch-
ler MJ, Rubini M, Domann FE, Govil M, Christensen K,
Bille C, Melbye M, Jugessur A, Lie RT, Wilcox AJ, Fit-
zpatrick DR, Green ED, Mossey PA, Little J, Steegers-
Theunissen RP, Pennacchio LA, Schutte BC, Mur-
ray JC. Disruption of an AP-2a binding site in an
IRF6 enhancer is associated with cleft lip. Nature
Genetics. 2008 Oct 5;40(11):1341-1347. https://doi.
org/10.1038/ng.242

Savastano C, Brito L, Faria A, Set6-Salvia N, Peskett
E, Musso C, Alvizi L, Ezquina S, James C, GOSgene,
Beales P, Lees M, Moore G, Stanier P, Passos-Bueno
M. Impact of rare variants inARHGAP29to the etiolo-
gy of oral clefts: role of loss-of-functionvsmissense
variants. Clinical Genetics. 2016 Jul 26;91(5):683-
689. https://doi.org/10.1111/cge.12823

Carlson JC, Nidey NL, Butali A, Buxo CJ, Christensen
K, Deleyiannis FW, Hecht JT, Field LL, Moreno-Uribe
LM, Orioli IM, Poletta FA, Padilla C, Vieira AR, Wein-
berg SM, Wehby GL, Feingold E, Murray JC, Marazi-
ta ML, Leslie EJ. Genome-wide interaction stud-
ies identify sex-specific risk alleles for nonsyndro-
mic orofacial clefts. Genetic Epidemiology. 2018 Sep
11;42(7):664-672. https://doi.org/10.1002/gepi.22158
Carlson JC, Taub MA, Feingold E, Beaty TH, Murray
JC, Marazita ML, Leslie EJ. Identifying Genetic Sourc-
es of Phenotypic Heterogeneity in Orofacial Clefts by
Targeted Sequencing. Birth Defects Research. 2017
Aug 1;109(13):1030-1038. https://doi.org/10.1002/
bdr2.23605

Wehby G, Murray J. Folic acid and orofacial clefts:
a review of the evidence. Oral Diseases. 2010
Jan;16(1):11-19.  https://doi.org/10.1111/j.1601-0825
.2009.01587.x

Hackshaw A, Rodeck C, Boniface S. Maternal smok-
ing in pregnancy and birth defects: a systemat-
ic review based on 173 687 malformed cases and
11.7 million controls. Human Reproduction Update.
2011 Jul 11;17(5):589-604. https://doi.org/10.1093/
humupd/dmr022



Supplementary Table 1. Association results for common nucleotide variants at the ARHGAP29 locusa.

rs number Location (bp)" Gene Exonic variant Alleles® MAF* Pyena-value
rs743117 chr1: 94441950 T/c 0.37 1.12E-01
rs743113 chr1: 94442739 T/c 0.41 2.20E-01
rs1889547 chr1: 94450131 Alg 0.44 1.31E-01
rs11165057 chrl: 94455420 t/G 0.08 1.72E-01
rs11165058 chr1: 94455721 t/G 0.08 1.42E-01
rs17110736 chr1: 94462769 ABCA4 a/G 0.07 7.88E-01
rs3789375 chr1: 94465132 ABCA4 T/g 0.1 4.69E-01
rs4147871 chrl: 94465461 ABCA4 Alg 0.06 T.72E-01
rs4147869 chr1: 94465677 ABCA4 t/C 0.06 5.75E-01
rs4147868 chr1: 94466066 ABCA4 g/C 0.06 6.62E-01
rs12070273 chr1: 94466088 ABCA4 Alg 0.06 6.62E-01
rs4147864 chrl: 94467238 ABCA4 a/G 0.06 5.70E-01
rs17110761 chr1: 94467407 ABCA4 t/C 0.06 6.62E-01
rs7537325 chr1: 94469631 ABCA4 T/c 0.23 9.20E-01
rs1762114 chr1: 94471075 ABCA4 Synonymous_I2023I al/G 0.07 9.80E-01
rs4147863 chr1: 94471154 ABCA4 t/C 0.18 6.29E-01
rs4147862 chr1: 94471519 ABCA4 t/C 0.18 8.63E-01
rs4147861 chrl: 94471948 ABCA4 a/C 0.06 5.86E-01
rs557026 chr1: 94472489 ABCA4 t/C 0.1 2.43E-01
rs3789379 chr1: 94472520 ABCA4 Alg 0.18 8.63E-01
rs7531001 chr1: 94472909 ABCA4 al/G 0.18 6.54E-01
rs2275029 chr1: 94473845 ABCA4  Synonymous_P1948P T/c 0.16 7.95E-01
rs2275031 chr1: 94473896 ABCA4 t/G 0.18 7.89E-01
rs1191234 chr1: 94474020 ABCA4 Alg 0.1 2.21E-01
rs2275032 chr1: 94474185 ABCA4 Alc 0.18 8.95E-01
rs4147857 chr1: 94474328 ABCA4 Synonymous_L1938L T/c 0.19 5.82E-01
rs4147856 chrl: 94474452 ABCA4 T/9 0.19 5.78E-01
rs17110808 chrl: 94474872 ABCA4 a/G 0.07 2.41E-01
rs2065712 chr1: 94476035 ABCA4 t/C 0.25 6.17E-01
rs11165062 chrl: 94477634 ABCA4 a/G 0.13 5.36E-01
rs945067 chr1: 94477893 ABCA4 t/C 0.20 9.69E-01
rs17391542 chr1: 94477935 ABCA4 a/G 0.1 6.99E-01
rs12085639 chr1: 94478293 ABCA4 al/G 0.16 9.93E-01
rs486879 chr1: 94478425 ABCA4 T/c 0.20 7.67E-01
rs567370 chr1: 94478573 ABCA4 T/c 0.33 9.75E-01
rs12082181 chr1: 94478595 ABCA4 T/c 0.33 8.37E-01
rs17391612 chr1: 94478847 ABCA4 al/G 0.12 5.87E-01
rs3789391 chr1: 94479338 ABCA4 t/C 0.06 6.29E-01
rs12049183 chr1: 94479468 ABCA4 t/C 0.06 5.89E-01
rs2275034 chr1: 94480439 ABCA4 t/C 0.40 5.85E-01
rs3818778 chr1: 94480529 ABCA4 a/C 0.48 1.52E-01
rs914958 chr1: 94481068 ABCA4 Alg 0.21 7.47E-01
rs915201 chr1: 94481596 ABCA4 Alg 0.25 9.13E-01
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rs915200 chr1: 94481904 ABCA4 t/C 0.08 7.70E-01
rs915199 chrl: 94481929 ABCA4 t/C 0.23 8.72E-01
rs6681968 chr1: 94484705 ABCA4 t/C 0.42 4.56E-01
rs17110850 chrl: 94485491 ABCA4 Alg 011 6.34E-01
rs10493867 chr1: 94486406 ABCA4 T/c 0.25 8.25E-01
rs4147848 chrl: 94486587 ABCA4 t/G 0.29 4.45E-01
rs933073 chr1: 94486667 ABCA4 T/9 0.08 1.62E-01
rs472908 chrl: 94487354 ABCA4 Alg 0.43 1.59E-01
12282229 chr1: 94488326 ABCA4 a/T 0.09 1.96E-01
rs1932014 chrl: 94488497 ABCA4 Alg 0.44 3.67E-01
rs1889407 chr1: 94489553 ABCA4 T/9 0.44 3.49E-01
rs2151847 chrl: 94489975 ABCA4 a/C 0.43 4.86E-01
rs11165065 chrl: 94491468 ABCA4 al/G 0.32 5.83E-01
rs3945204 chrl: 94492773 ABCA4 t/C 0.44 5.79E-01
rs4147846 chr1: 94495407 ABCA4 T/c 0.49 6.68E-01
rs4147845 chrl: 94495417 ABCA4 T/c 0.49 6.69E-01
rs4147844 chrl: 94495487 ABCA4 Alqg 0.49 6.69E-01
rs2297671 chrl: 94496253 ABCA4 Alg 0.50 6.78E-01
rs4147841 chrl: 94497178 ABCA4 Alg 0.44 4.42E-01
rs3789393 chrl: 94499133 ABCA4 t/C 0.44 4.39E-01
rs3789395 chr1: 94501594 ABCA4 a/C 0.43 3.33E-01
rs1320502 chr1: 94501799 ABCA4 T/c 0.43 3.89E-01
rs1889548 chr1: 94503197 ABCA4 a/C 0.31 7.80E-01
rs11165069 chrl: 94504545 ABCA4 t/C 0.21 8.74E-01
rs2297633 chr1: 94510673 ABCA4 t/G 0.34 6.51E-01
rs3789399 chrl: 94511717 ABCA4 c/G 0.48 2.89E-01
rs544830 chr1: 94512893 ABCA4 T/c 0.48 4.56E-01
rs4147836 chrl: 94516474 ABCA4 t/C 0.22 9.65E-02
rs1191231 chr1: 94516985 ABCA4 a/C 0.48 4.73E-01
rs497511 chrl: 94523113 ABCA4 Alg 0.46 5.19E-01
rs549848 chr1: 94524856 ABCA4 T/c 0.34 4.39E-01
rs521538 chrl: 94525623 ABCA4 a/G 0.22 5.97E-01
rs4147833 chr1: 94528363 ABCA4 t/C 0.21 5.94E-02
rs4847273 chrl: 94529743 ABCA4 Alg 0.26 7.51E-02
rs1007347 chr1: 94530518 ABCA4 T/c 0.26 7.36E-02
rs553608 chr1: 94531013 ABCA4 t/C 0.21 2.17E-01
rs1191232 chr1: 94531192 ABCA4 al/G 0.37 3.28E-01
rs3789405 chrl: 94531324 ABCA4 T/c 0.26 6.85E-02
rs3789407 chr1: 94531606 ABCA4 c/G 0.22 1.08E-01
rs4140392 chrl: 94532013 ABCA4 t/C 0.21 6.51E-02
rs1191228 chr1: 94532562 ABCA4 t/C 0.21 2.17E-01
rs1931575 chrl: 94533014 ABCA4 T/c 0.23 2.76E-01
rs549114 chrl: 94534354 ABCA4 al/G 0.33 7.45E-01
rs2151849 chrl: 94535174 ABCA4 Alg 0.24 3.28E-01
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rs3789411 chrl: 94535546 ABCA4 al/G 0.33 8.01E-01
1s4612636 chrl: 94535689 ABCA4 Alc 0.06 7.91E-01
1s3789412 chrl: 94536067 ABCA4 t/C 0.24 2.06E-01
1512758774 chrl: 94537295 ABCA4 t/C 0.20 9.00E-01
rs12759306 chrl: 94537642 ABCA4 a/C 0.20 9.17E-01
1s1761375 chrl: 94538011 ABCA4 a/G 0.31 9.04E-01
rs492220 chrl: 94542569 ABCA4 T/c 0.29 6.85E-01
13120133 chrl: 94542770 ABCA4 T/g 0.08 5.64E-01
rs4147831 chrl: 94544233 ABCA4 Synonymous_H423H a/G 0.07 3.45E-01
1s4147828 chrl: 94547889 ABCA4 Alg 0.18 8.39E-02
rs4147827 chr1: 94548080 ABCA4 G/c 0.23 1.50E-02
1574741 chrl: 94549083 ABCA4 t/C 0.22 6.14E-01
rs546550 chr1: 94550555 ABCA4 Alg 0.29 7.35E-01
rs17461953 chrl: 94551450 ABCA4 Alc 0.23 1.89E-02
rs563429 chr1: 94553866 ABCA4 Alg 0.29 6.51E-01
rs4847196 chrl: 94554453 ABCA4 al/G 0.22 1.06E-01
rs1191238 chrl: 94556894 ABCA4 a/G 0.09 8.84E-01
rs554931 chrl: 94557357 ABCA4 t/C 0.23 7.85E-01
rs483904 chr1: 94557434 ABCA4 t/C 0.23 7.85E-01
1s952499 chrl: 94558425 ABCA4 T/c 0.47 2.95E-01
rs538880 chr1: 94558774 ABCA4 g/C 0.23 8.19E-01
r1s2068334 chrl: 94559715 ABCA4 al/G 0.17 2.25E-01
rs4147825 chr1: 94560938 ABCA4 a/G 0.38 8.42E-01
rs4147823 chrl: 94561272 ABCA4 Alc 0.22 6.95E-01
rs4147820 chrl: 94562084 ABCA4 t/C 0.21 6.05E-01
rs12088309 chrl1: 94563916 ABCA4 T/c 0.30 1.14E-01
rs3789421 chrl: 94565577 ABCA4 a/G 0.19 8.61E-01
1s950283 chrl: 94567223 ABCA4 T/c 0.36 6.74E-03
rs4147819 chrl: 94569504 ABCA4 a/G 0.08 2.29E-01
rs481931 chr1: 94570016 ABCA4 t/G 0.39 1.25E-03
rs570926 chr1: 94570218 ABCA4 T/c 0.39 1.02E-03
rs570878 chrl: 94570234 ABCA4 t/G 0.48 1.93E-02
rs1211213 chr1: 94571420 ABCA4 Alg 0.36 1.90E-03
1s4147816 chrl: 94574780 ABCA4 t/C 0.40 2.56E-03
rs4147812 chr1: 94575043 ABCA4 Alc 0.40 2.50E-03
13827712 chrl: 94575171 ABCA4 T/c 0.40 3.37E-03
rs3789433 chr1: 94575440 ABCA4 a/G 0.26 2.87E-01
r1s3789434 chrl: 94575978 ABCA4 T/c 0.08 2.52E-01
r1s3789435 chr1: 94576360 ABCA4 Alg 0.48 2.09E-02
r1s3827713 chrl: 94576524 ABCA4 c/G 0.48 2.09E-02
rs4147810 chrl: 94576664 ABCA4 Alg 0.08 2.52E-01
152297635 chrl: 94576893 ABCA4 al/G 0.08 3.08E-01
1s2297634 chrl1: 94576968 ABCA4 T/c 0.48 2.09E-02
151889405 chrl: 94577410 ABCA4 t/C 0.24 3.26E-01
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rs1889404 chr1: 94577423 ABCA4 t/C 0.24 2.67E-01
rs3789438 chrl1: 94577462 ABCA4 t/G 0.08 2.98E-01
rs4147807 chr1: 94579053 ABCA4 Alg 0.22 4.89E-01
rs3789439 chr1: 94579426 ABCA4 T/c 0.22 2.56E-01
rs10782976 chr1: 94581125 ABCA4 a/G 0.31 3.96E-01
rs3789441 chr1: 94581384 ABCA4 t/C 0.27 2.56E-01
rs3789442 chr1: 94581456 ABCA4 c/G 0.22 2.14E-01
rs3789443 chrl: 94581529 ABCA4 Alg 0.23 2.06E-01
rs3789444 chr1: 94581540 ABCA4 t/C 0.23 1.84E-01
rs7535005 chr1: 94581905 ABCA4 t/C 0.25 3.63E-01
rs3789445 chrl: 94582249 ABCA4 T/4g 0.25 1.08E-01
rs4147803 chr1: 94582293 ABCA4 g/C 0.43 9.24E-02
rs4147798 chr1: 94585009 ABCA4 t/C 0.23 1.60E-01
rs3761906 chrl: 94587362 t/G 0.05 7.37E-01
rs2151846 chr1: 94587687 T/49 0.43 1.06E-01
rs1931572 chr1: 94588992 T/c 0.40 5.48E-02
rs10874835 chr1: 94591481 a/G 0.23 2.55E-01
rs1105123 chr1: 94592290 T/c 0.28 1.40E-01
rs12071152 chr1: 94593399 al/G 0.05 9.04E-01
rs11802196 chrl: 94594043 Alc 0.41 8.50E-02
rs11165081 chr1: 94594080 Alc 0.41 8.00E-02
rs17111122 chr1: 94596464 Alg 0.25 1.59E-01
rs6686599 chr1: 94596831 al/G 0.39 2.89E-02
rs1931565 chrl: 94596867 al/G 0.33 2.00E-01
rs11581939 chr1: 94607234 T/c 0.35 7.70E-02
rs2022378 chr1: 94607607 a/C 0.24 9.07E-01
rs4847286 chr1: 94607848 T/49 0.41 8.22E-02
rs871664 chrl1: 94609478 t/C 0.49 3.78E-02
rs2774920 chr1: 94611300 Alg 0.09 5.60E-01
rs12742802 chr1: 94629643 a/C 0.25 5.39E-01
rs1411701 chr1: 94635028 ARHGAP29 al/G 0.38 2.75E-02
rs12044374 chr1: 94635986  ARHGAP29 t/C 0.43 6.87E-02
rs10874840 chr1: 94636836  ARHGAP29 Alg 0.36 1.63E-02
rs12752790 chr1: 94637058 ARHGAP29 T/c 0.43 6.87E-02
rs1048866 chr1: 94638711  ARHGAP29 t/C 0.37 2.91E-02
rs1048854 chr1: 94643531 ARHGAP29  Synonymous_Q891Q T/c 0.27 5.92E-02
rs11577575 chr1: 94646514  ARHGAP29 al/G 0.23 7.50E-01
rs4847294 chr1: 94657769  ARHGAP29 Alg 0.43 7.99E-02
rs1541098 chr1: 94667970  ARHGAP29 T/c 0.27 9.07E-02
rs2274788 chr1: 94674726  ARHGAP29 T/c 0.24 2.36E-01
rs3789689 chr1: 94685585 ARHGAP29 T/g 0.07 2.75E-01
rs6541343 chr1: 94689027 ARHGAP29 al/G 0.08 1.16E-01
rs12724116 chr1: 94689734  ARHGAP29 Alg 0.15 7.11E-01
rs3789688 chr1: 94691240 ARHGAP29 t/C 0.47 8.34E-04
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1s6673491 chr1: 94693145  ARHGAP29 t/C 0.08 1.18E-01
112750249 chrl: 94721660 T/c 0.29 3.39E-03
111165101 chr1: 94729088 a/C 0.40 1.71E-04
rs17396055 chrl: 94730954 al/G 0.32 3.47E-03
1s2391472 chr1: 94737583 T/c 0.08 9.28E-02
rs11165110 chrl: 94752469 al/G 0.40 2.19E-04
11330855 chr1: 94760885 Alg 0.20 3.21E-02
rs11580391 chrl: 94769368 t/C 0.29 6.70E-03
116928 chr1: 94786514 t/C 0.08 1.14E-01
rs17111408 chrl: 94788623 t/C 0.08 1.28E-01
112027548 chr1: 94788768 Alg 0.08 1.07E-01
rs11584317 chrl: 94792449 t/C 0.15 1.93E-01
1s2065971 chr1: 94807102 Alc 0.42 2.91E-04
rs2391467 chrl: 94850443 Alqg 0.50 2.56E-06
11572575 chrl: 94852474 Alg 0.06 1.59E-01
rs12037634 chrl: 94867056 T/g 0.07 3.36E-01
rs11165135 chr1: 94870535 T/g 0.48 1.20E-02
rs6681849 chrl: 94874521 t/G 0.48 1.14E-02
rs10399785 chr1: 94877801 T/c 0.48 1.21E-02
rs4148060 chrl: 94881143 Alqg 0.44 1.03E-01
rs10493872 chrl: 94890418 ABCD3 t/G 0.28 6.61E-02
112750904 chrl: 94893928 ABCD3 Alg 0.36 1.55E-02

2ARHGAP + [ - 200kb.

®NCBI build 37 / hq19.

‘Lowercase letter denotes the minor allele.

MAF, minor allele frequency based on the entire sample frequencies.

The pyenq Values below 2.54E-04 (0.05 / 197 SNVs) were interpreted statistically significant.
Significant p-values are highlighted in bold font.
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