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Abstract
Although the aetiology of non-syndromic cleft lip with or without cleft palate (nsCL/P) has been studied extensively,
knowledge regarding the role of genetic factors in the pathogenesis of this common craniofacial anomaly is still limited. We
conducted a follow-up association study to confirm that CDKAL1 nucleotide variants identified in our genome-wide
association study (GWAS) for nsCL/P are associated with the risk of this anomaly. In addition, we performed a sequence
analysis of the selected CDKAL1 exons. A mega-analysis of the pooled individual data from the GWAS and a replication
study revealed that six out of thirteen CDKAL1 variants were positively replicated and reached the threshold of statistical
significance (Ptrend< 3.85E−03). They represented a single association signal and were located within the fifth intron of
CDKAL1. The strongest individual variant was rs9356746 with a Ptrend value= 5.71E−06 (odds ratio (OR)= 1.60, 95%
confidence interval (CI): 1.30–1.97). Sequencing analysis did not reveal any pathogenic mutations of this gene. This study
provides the first evidence that chromosomal region 6p22.3 is a novel susceptibility locus for nsCL/P. The location of the
risk variants within the CDKAL1 intronic sequence containing enhancer elements predicted to regulate the SOX4
transcription may suggest that SOX4, rather than CDKAL1, is a potential candidate gene for this craniofacial anomaly.

Introduction

Genome-wide association studies (GWASs) are a powerful
tool for investigating the role of genetic factors in the
aetiology of common human diseases. Over the last 12
years they have identified a large number of loci associated

with disease outcomes and have provided important insights
into the pathogenesis of various diseases and conditions [1,
2]. It is worth noting that the vast majority of disease risk
variants detected by GWASs are located within non-coding
regions of the genome and their biological function is lar-
gely unknown [3]. Within the field of birth defects, recent
GWASs have significantly increased the knowledge about
the genetic architecture of non-syndromic cleft lip with or
without cleft palate (nsCL/P, OMIM %119530), which is
the most common craniofacial anomaly, with an overall
birth prevalence of 1 per 700 live births [4]. To date, seven
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independent GWASs for nsCL/P have been conducted.
These have identified several novel cleft-susceptibility loci
and novel candidate genes, including 1p22.1 (ARHGAP29),
2p24.2 (FAM49A), 8q24.21 (gene desert), 10q25.3 (VAX1),
12q12 (ADAMTS20), 16p13.3 (ADCY9), 17q22 (NOG),
17q23 (TANC2), 19q13 (RHPN2) and 20q12 (MAFB) [5–
11]. In these studies the most consistent results were
observed for nucleotide variants in the gene-poor region of
chromosome 8q24.21. Studies in mice have shown that this
locus contains very distant cis-acting enhancers that control
Myc expression in the developing face [12].

A GWAS for nsCL/P was also conducted in a homo-
genous Polish population (unpublished results). In this
study we found that nucleotide variants located within the
large fifth intron of the CDKAL1 gene (CDK5 regulatory
subunit-associated protein 1 Like 1, OMIM *611259) are
associated with an increased risk of this craniofacial
anomaly. These results were not statistically significant.
However, they were close to the suggestive genome-wide
significance level (Ptrend< 1.00E−05).

CDKAL1 is one of the major candidate genes repro-
ducibly associated with type 2 diabetes mellitus (T2DM)
[13–16]. Interestingly, single-nucleotide polymorphism
(SNPs) associated with T2DM in European and Asian
populations have also been mapped to intron 5 of CDKAL1
[13]. It has been demonstrated that these diabetes risk var-
iants are located within the linkage disequilibrium (LD)
block containing highly conserved non-coding elements
that are likely to regulate SOX4 transcription [17]. Since
SOX4 (SRY-box 4, OMIM *184430) is a regulatory gene
that has already been proposed as a candidate gene for
orofacial clefts [18], we decided to conduct a follow-up
association study to confirm that the CDKAL1 variants
identified in our GWAS are associated with the risk of
nsCL/P. In addition, we performed a sequence analysis of
the selected CDKAL1 exons, in order to detect rare risk
variants potentially implicated in the aetiology of this
structural anomaly.

Materials and methods

Study design

The study was composed of four stages: (I) a statistical
analysis of common SNPs (n= 245) located within the
CDKAL1 gene and adjacent regions genotyped in our
case–control GWAS for nsCL/P, (II) selection and geno-
typing of the CDKAL1 top-ranked SNPs (n= 13) in the
independent group of nsCL/P patients and controls, (III) a
statistical analysis using data from the replication cohort
and a combined analysis using pooled data from GWAS

and replication cohorts, and (IV) mutation screening of
CDKAL1 exons 3 to 7 in patients with nsCL/P.

Study population

All the study participants were unrelated Caucasians of
Polish origin. The study protocols were approved by the
Institutional Review Board of Poznan University of Medical
Sciences [19]. Informed consent was obtained from all
individuals enroled in the study, or their legal guardians.
The patients with a diagnosis of nsCL/P were recruited from
several Polish medical centres. Case eligibility was ascer-
tained by clinicians using detailed diagnostic information
from the medical records. The control group was composed
of healthy individuals without any developmental anoma-
lies and with no family history of congenital disorders.
After stringent quality control (QC) the GWAS cohort
consisted of 269 nsCL/P patients (58.0% males) and 569
controls (49.6% males). The replication cohort included 240
nsCL/P patients (57.9% males) and 445 controls (49.9%
males). Mutation screening was conducted on 55 patients
with nsCL/P (56.4% males). In the patient group, the per-
centage of individuals with non-syndromic cleft lip only
(nsCLO) was 19.6%. Detailed characteristics of all the
study participants are presented in the Supplementary
Table 1. Genomic DNA was isolated from peripheral blood
lymphocytes with the salting-out method.

Replication SNP selection and genotyping

The genotyping results for common SNPs (minor allele
frequency, MAF ≥ 0.05) located within the CDKAL1 gene
and adjacent regions (±100 kb) were retrieved from our
GWAS data (Supplementary Table 2). Genome-wide
genotyping was performed using the HumanOmni
ExpressExome-8 v1 array (Illumina, San Diego, CA, USA)
according to the manufacturer’s instructions. All these 245
SNPs passed stringent QC criteria, including a SNP call
rate> 0.95, Hardy–Weinberg equilibrium P value > 0.001
in the controls and the visual inspection of the cluster
plots. Selection of the CDKAL1 SNPs for the replication
analysis was based on the GWAS association results
(Cochran–Armitage trend test), the LD patterns observed
and the structure of haplotype blocks across the CDKAL1
gene (Supplementary Table 3). The characteristics and
location of the assayed nucleotide variants (n= 13) are
presented in the Supplementary Table 4. Genotyping of
SNPs in the replication cohort was carried out by high-
resolution melting curve analysis (HRM) on the Light-
Cycler 96 system (Roche Diagnostics, Mannheim, Ger-
many) with the use of 5× HOT FIREPol EvaGreen HRM
Mix (Solis BioDyne, Tartu, Estonia). For all SNPs, the
genotyping quality was tested by repeat analysis of ~10% of
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randomly selected samples. The primer sequences and
HRM conditions are presented in the Supplementary
Table 5.

Statistical analysis

All the calculations were performed using the PLINK
software package version 1.06 [20]. The association of the
CDKAL1 SNPs with nsCL/P in the GWAS and replication
cohorts was tested with the Cochran–Armitage trend test.
The odds ratio (OR) and corresponding 95% confidence
intervals (95% CIs) were used to assess the strength of the
association. P values below 5.00E−08 were considered as
genome-wide significant. For the replication purposes, P
values below 3.85E−03 (0.05/13 SNPs) were interpreted as
being statistically significant. Replication was considered as
positive when the Ptrend value of the mega-analysis was
smaller than the Ptrend value of the GWA analysis [21].
Additional statistical tests were performed on the pooled
individual data from the GWAS and replication cohorts.
The independence of the SNP association signals was tested
by conditional analysis, where the allelic dosage for a given
SNP was added as a covariate in a binary logistic regression
model (additive model). Associations of the CDKAL1 SNPs
with nsCL/P in male and female groups separately and the
effects of the genotype× sex interactions were assessed by
logistic regression approach. Haplotype-based association
analysis of the CDKAL1 gene, using a sliding window
approach, was conducted employing logistic regression.
Haplotypes with a frequency below 0.01 were excluded.
The global P values were obtained by Omnibus tests jointly
estimating all haplotype effects at a location. Statistical
significance was assessed using the 10,000-fold permutation
test. To evaluate whether the association between CDKAL1
variants and the risk of nsCL/P is cleft-type-dependent,
separate analyses were conducted for individuals with
nsCLO and non-syndromic cleft lip and palate (nsCLP). To
assess whether the calculated cleft-type-specific ORs were
significantly different, the frequencies of the tested SNPs
were compared between the case subgroups using Armi-
tage’s trend test.

Mutation screening

For 55 patients with nsCL/P, mutation screening of the
CDKAL1 (ENST00000274695.8) exons 3–7 and their
exon–intron boundaries was performed by direct sequen-
cing. Exon selection was based on the SNP association
results and the structure of haplotype blocks across the
CDKAL1 gene. Cycle sequencing was performed, according
to the manufacturer’s instructions, using a BigDyeTM Ter-
minator v3.1 Reaction Cycle Sequencing Kit and an ABI
Prism 3730 capillary sequencer (Thermo Fisher Scientific,

IL, USA). For all identified CDKAL1 variants, the allele
frequencies in the general population were checked against
the 1000 Genomes Project database (EUR population;
http://www.internationalgenome.org/) and the Exome
Aggregation Consortium (ExAC) database (non-Finnish
European population; http://exac.broadinstitute.org/). The
putative functional consequences of the identified missense
variant were analysed using in silico prediction programmes
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and
SIFT (http://sift.jcvi.org/). The primer sequences and con-
ditions used for the amplification and sequencing of the
CDKAL1 exons are presented in the Supplementary
Table 5.

Results

GWA analysis

Twenty-nine common CDKAL1 SNPs genotyped on the
SNP array were nominally associated (Ptrend< 0.05) with
the risk of nsCL/P (Supplementary Table 2 and Fig. 1). The
most significant SNPs in the GWAS data set were located

Fig. 1 Regional plot of association results within the CDKAL1 locus.
The left-hand y-axis shows the Cochran–Armitage trend test P values
(−log10 scale) of individual SNPs plotted against their chromosomal
position (in Mb) on the x-axis. The right-hand y-axis shows the
recombination rate estimated from the HapMap CEU population. The
results of both the GWAS (dots) and mega-analysis (squares) are
presented. The top SNP in the region, rs9356746, is presented in
purple. All other SNPs are colour-coded according to the strength of
the pairwise linkage disequilibrium (LD, r2) with the top SNP. The
genes in the region, their exon–intron structure, the direction of tran-
scription and the genomic coordinates (according to hg19) are shown
at the bottom. Regional plots were generated using the LocusZoom
tool version 1.1 [44] (color figure online)
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within the fifth intron of the CDKAL1 gene (transcript:
ENST00000274695.8). The strongest individual SNP was
rs9356746 with a Ptrend value= 5.87E−05 (Table 1). The
rs9356746 C allele was associated with a 1.76-fold
increased risk of nsCL/P (95%CI: 1.33–2.33). In addition,
12 other CDKAL1 nucleotide variants showed ORs in the
same direction and Ptrend values below 1.00E−03.

Replication analysis

The top-ranked SNP in the replication data set was
rs9356746, with a Ptrend value= 2.03E−02 (Table 1). The
OR for the rs9356746 risk allele was 1.43 (95%CI:
1.05–1.94). Two other SNPs (rs9465871 and rs7741604)
showed replication Ptrend values< 1.00E−01. None of these
results was statistically significant after applying the cor-
rection for multiple testing.

Mega-analysis

A mega-analysis of the pooled individual data from the
GWAS and replication study confirmed that common
CDKAL1 variants are associated with an increased risk of
nsCL/P (Table 1 and Fig. 1). Six out of thirteen tested SNPs
were positively replicated and showed Ptrend values of a
mega-analysis smaller than the Ptrend values found by GWA
analysis. All these results remained statistically significant
after adjustment for multiple comparisons (Ptrend< 3.85E
−03). The allelic ORs for positively replicated SNPs were
in the range of 1.26–1.60. For all of them, the minor allele
was the risk allele. As in GWAS and replication analysis,
the most significant SNP was rs9356746 with a Ptrend value
= 5.71E−06 (OR= 1.60, 95% CI: 1.30–1.97). Three other
SNPs (rs9465871, rs9358357 and rs7741604) showed Ptrend

values < 1.00E−04. These variants were in moderate LD
with rs9356746 (r2 values equal to 0.71, 0.68 and 0.56,
respectively; Supplementary Table 3). All significant SNPs
are located within the fifth intron of CDKAL1 and represent
a single nsCL/P association signal (Fig. 1). Their associa-
tion effects were diminished or abolished when conditioned
on each other (Table 2). No significant sex× genotype
interactions were observed for nsCL/P (Table 3).

Haplotype analysis

Haplotype analysis revealed several common 2-, 3- and 4-
marker CDKAL1 haplotypes associated with nsCL/P
(Table 4). These results remained highly significant, even
after permutation-based correction. The best evidence of the
global haplotype association was detected for haplotypes
comprising alleles of rs9358357 and rs9356746 (P= 1.54E
−05, Pcorrected= 2.00E−04). The G-C haplotype, consisting
of the minor alleles of these nucleotide variants, was

associated with a 1.62-fold increase in the risk of nsCL/P
compared with the most common haplotype A-T (OR=
1.62, 95% CI: 1.33–2.00, P= 1.95E−06).

Subphenotype analysis

Separate statistical analyses conducted in patients with
nsCLP and nsCLO did not reveal any cleft-specific
CDKAL1 variants (Table 5). Differences in ORs between
the cleft subphenotypes were not statistically significant
(heterogeneity P values> 0.05). The most significant SNP
identified in this study, rs9356746, was associated with an
increased risk of both nsCLP and nsCLO (OR= 1.58, 95%
CI: 1.27–1.97 and OR= 1.71, 95% CI: 1.15–2.53,
respectively).

Mutation analysis

Sequencing analysis of the CDKAL1 exons 3–7 and their
exon–intron boundaries revealed that one patient with
nsCLP was a heterozygous carrier of the missense variant,
c.116G>A (rs111739077), replacing arginine at position 39
by glutamine (p.Arg39Gln). This rare SNP, predicted to be
either deleterious (SIFT) or benign (Poly-Phen2), was one
of the nine CDKAL1 missense SNPs tested with the use of
the SNP array platform. In the GWAS cohort the
rs111739077 variant was identified in three patients with
nsCL/P and seven healthy individuals. According to the
1000 Genomes Project and ExAC databases the
rs111739077 allele frequency is 0.006 and 0.007, respec-
tively. The other CDKAL1 missense variants tested in the
GWAS were not detected in either subjects or controls.
Besides the rs111739077 variant, the sequencing analysis
identified six common intronic SNPs that were present in
either the heterozygous or homozygous state in patients
with nsCL/P. Their allele frequencies were similar to those
reported in the 1000 Genomes Project (Table 6).

Discussion

The aetiology of nsCL/P is complex and multifactorial, with
both genetic and environmental factors contributing to
disease risk [4, 22]. Although studied extensively (including
GWASs), current knowledge is still not sufficient to explain
the molecular pathogenesis of this common developmental
anomaly. The present study contributes to a better under-
standing of the genetic causal factors associated with nsCL/
P, since it provides the first evidence that the chromosomal
region 6p22.3 might be a novel risk locus for orofacial
clefts. We have found that common nucleotide variants of
the CDKAL1 gene are significantly correlated with an
increased risk of this craniofacial anomaly. In the mega-
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analysis of pooled data from our GWAS and replication
analysis, the top-associated SNP (rs9356746) reached the
threshold of suggestive genome-wide significance. There
was no evidence of a gender- and cleft-type-dependent
association with any of the SNPs studied. A causative role
of the CDKAL1 SNPs in the aetiology of nsCL/P was fur-
ther confirmed by the haplotype analysis, which showed
that common haplotypes of this gene may significantly
contribute to the risk of this birth defect. All the SNPs tested
in this study that fulfilled the criteria of positive replication
represent a single association signal and are located within
the large fifth intron of the CDKAL1 gene. This pattern of
association is similar to that observed for CDKAL1 variants
associated with T2DM [13–16]. The strongest associations
with diabetes risk were observed for rs7754840,

rs10946398 and rs7756992. However, there is no general
consensus to date about any single causal variant [16, 23].
The above-mentioned CDKAL1 variants were also sig-
nificantly associated with the risk of nsCL/P in our GWA
study (P values equal to 2.78E−03, 2.78E−03 and 1.50E
−04, respectively).

On the basis of a study by Ragvin et al. [17], the target
gene underlying nsCL/P susceptibility at the 6p22.3 locus
might be SOX4 rather than CDKAL1, which is probably
only a bystander gene. Using comparative genomic analysis
they found that CDKAL1 is located within the genomic
regulatory block of SOX4 and, along with this downstream
gene, is in conserved synteny across vertebrate genomes
[17]. In addition, they demonstrated that within the 200-kb
LD block, comprising the proximal promoter and exons and

Table 2 Results of the
conditional analysis for the
positively replicated CDKAL1
nucleotide variants

SNP Original P values conditioned on

P-values rs9465851 rs2206734 rs9465871 rs9358357 rs9356746 rs7741604

rs9465851 2.98E−03 NA 1.10E−01 1.99E−01 1.54E−01 5.06E−01 1.19E−01

rs2206734 1.28E−04 5.38E−03 NA 3.78E−01 9.66E−01 6.18E−01 9.95E−02

rs9465871 4.97E−05 2.60E−03 3.09E−02 NA 2.16E−01 7.89E−01 4.84E−02

rs9358357 7.67E−05 3.55E−03 1.97E−01 9.26E−01 NA 6.81E−01 8.89E−02

rs9356746 5.71E−06 7.29E−04 3.85E−03 3.21E−02 6.69E−03 NA 1.58E−02

rs7741604 9.38E−05 3.88E−03 4.57E−02 1.24E−01 5.21E−02 6.32E−01 NA

Statistical calculations were conducted using the pooled genotype data from GWAS and replication study.
The additive model was applied

Table 3 Gender-dependent interaction of the CDKAL1 nucleotide variants and nsCL/P

SNP ORint (95% CI)a Pb ORmales (95%CI)c Pb ORfemales (95% CI)d Pb

rs9465851 0.99 (0.71–1.38) 9.46E−01 1.29 (1.02–1.61) 3.03E−02 1.30 (1.02–1.66) 3.41E−02

rs4712524 0.81 (0.59–1.12) 2.00E−01 1.09 (0.88–1.36) 4.25E−01 1.35 (1.07–1.70) 1.15E−02

rs7756992 0.85 (0.61–1.18) 3.30E−01 1.20 (0.96–1.50) 1.11E−01 1.41 (1.12–1.79) 4.11E−03

rs2206734 1.01 (0.69–1.49) 9.56E−01 1.48 (1.13–1.95) 4.42E−03 1.47 (1.11–1.94) 6.59E−03

rs6935599 0.99 (0.67–1.45) 9.48E−01 1.46 (1.12–1.91) 5.66E−03 1.48 (1.13–1.94) 4.83E−03

rs9465871 1.14 (0.78–1.67) 4.97E−01 1.60 (1.23–2.09) 5.47E−04 1.40 (1.06–1.84) 1.64E−02

rs9358357 1.04 (0.71–1.53) 8.33E−01 1.52 (1.16–1.99) 2.26E−03 1.46 (1.11–1.92) 6.91E−03

rs9356746 1.02 (0.67–1.56) 9.13E−01 1.66 (1.23–2.23) 8.12E−04 1.62 (1.20–2.19) 1.78E−03

rs6928012 1.10 (0.80–1.50) 5.73E−01 1.32 (1.06–1.63) 1.24E−02 1.20 (0.95–1.51) 1.18E−01

rs7741604 0.99 (0.66–1.48) 9.59E−01 1.50 (1.13–1.99) 5.44E−03 1.51 (1.14–2.01) 3.79E−03

rs9350276 0.92 (0.67–1.26) 5.99E−01 1.12 (0.91–1.39) 2.85E−01 1.22 (0.97–1.53) 8.85E−02

rs2819996 0.96 (0.64–1.45) 8.57E−01 1.21 (0.92–1.60) 1.74E−01 1.26 (0.94–1.69) 1.28E−01

rs11967068 0.95 (0.60–1.51) 8.26E−01 1.34 (0.96–1.86) 8.37E−02 1.41 (1.02–1.95) 3.82E−02

Statistical calculations were conducted using the pooled genotype data from GWAS and replication study

OR odds ratio; 95%CI 95% confidence interval
a Odds ratio for the gene× gender interaction
b Based on logistic regression under the additive model
c Odds ratio for the male subjects
d Odds ratio for the female subjects
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introns 1–5 of CDKAL1, the highly conserved enhancer
sequences required for the regulation of the SOX4 expres-
sion levels are located [17]. This latter gene encodes a
TGFβ-regulated transcription factor that performs important
functions in developmental processes, including skeleto-
genesis, embryonic cardiac, thymocyte and nervous system
development [24–27]. Sox4, together with other Sox family
members, is critical during neural crest specification,
migration and differentiation [28]. In addition, the Sox4
expression profile in the developing mouse palate suggests

that it plays a number of functional roles during palato-
genesis. These include contributions to medial edge epi-
thelium fusion and palatal growth, interaction with rugae
signalling centres and the maintenance of a neural stem cell
niche [29]. Sox4 is situated at the nodal point where it can
integrate several developmental pathways critical for sec-
ondary palate development, such as the TGFβ, and Wnt and
Hippo signalling pathways [30]. Goldsworthy et al. [30].
have shown that 60% of the offspring from a cross between
a mouse strain bearing a Sox4 mutation, and another bearing

Table 4 Results of the haplotype analysis of the CDKAL1 gene in patients with nsCL/P

No. of SNPs in haplotype SNP combination No. of common haplotypesa P value Corrected P valueb

2 rs9465851_rs4712524 4 3.37E−03 3.06E−02

2 rs4712524_rs7756992 4 1.56E−02 1.26E−01

2 rs7756992_rs2206734 3 7.29E−04 5.60E−03

2 rs2206734_rs6935599 2 2.49E−04 1.30E−03

2 rs6935599_rs9465871 2 8.81E−05 5.00E−04

2 rs9465871_rs9358357 2 1.23E−04 8.00E−04

2 rs9358357_rs9356746 3 1.54E−05 2.00E−04

2 rs9356746_rs6928012 3 3.65E−05 2.00E−04

2 rs6928012_rs7741604 4 7.38E−04 5.60E−03

2 rs7741604_rs9350276 3 1.91E−03 1.71E−02

2 rs9350276_rs2819996 3 8.76E−02 4.90E−01

2 rs2819996_rs11967068 3 1.72E−02 1.36E−01

3 rs9465851_rs4712524_rs7756992 5 1.03E−03 7.80E−03

3 rs4712524_rs7756992_rs2206734 4 1.70E−03 1.48E−02

3 rs7756992_rs2206734_rs6935599 3 1.76E−03 1.52E−02

3 rs2206734_rs6935599_rs9465871 2 1.42E−04 9.00E−04

3 rs6935599_rs9465871_rs9358357 2 1.62E−04 1.00E−03

3 rs9465871_rs9358357_rs9356746 3 7.93E−05 3.00E−04

3 rs9358357_rs9356746_rs6928012 4 1.60E−04 1.00E−03

3 rs9356746_rs6928012_rs7741604 5 4.48E−04 3.40E−03

3 rs6928012_rs7741604_rs9350276 6 2.59E−03 2.34E−02

3 rs7741604_rs9350276_rs2819996 5 1.71E−02 1.35E−01

3 rs9350276_rs2819996_rs11967068 4 1.44E−01 6.62E−01

4 rs9465851_rs4712524_rs7756992_rs2206734 6 1.54E−03 1.28E−02

4 rs4712524_rs7756992_rs2206734_rs6935599 5 9.46E−03 8.00E−02

4 rs7756992_rs2206734_rs6935599_rs9465871 3 5.92E−04 4.80E−03

4 rs2206734_rs6935599_rs9465871_rs9358357 2 3.90E−04 3.00E−03

4 rs6935599_rs9465871_rs9358357_rs9356746 3 8.39E−05 3.00E−04

4 rs9465871_rs9358357_rs9356746_rs6928012 4 3.21E−04 2.00E−03

4 rs9358357_rs9356746_rs6928012_rs7741604 6 2.75E−03 2.44E−02

4 rs9356746_rs6928012_rs7741604_rs9350276 8 5.12E−03 4.62E−02

4 rs6928012_rs7741604_rs9350276_rs2819996 8 2.99E−02 2.23E−01

4 rs7741604_rs9350276_rs2819996_rs11967068 5 2.17E−02 1.66E−01

Statistical calculations were conducted using the pooled genotype data from GWAS and replication study. Statistically significant results are
highlighted in bold font
a Haplotype frequency> 0.01
b P value calculated using permutation test and a total of 10,000 permutations
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a Sox4 deletion, exhibit cleft palate [30]. They have also
demonstrated that differential Sox4 expression during
development of the secondary palate is regulated by DNA
methylation, thereby making this gene a potential epigenetic
target for environmental factors contributing to orofacial
clefts [30]. Moreover, SOX4 is known to be overexpressed
in a wide variety of human tumours, confirming an
important role for this encoded protein in cell proliferation,
differentiation, and apoptosis [31]. It is worth noting that
SNPs within, and surrounding, the SOX4 gene were not
associated with the risk of nsCL/P in our GWAS (results not
shown).

The results of sequencing analysis may also provide
indirect evidence that SOX4 is a possible cleft-susceptibility
gene at the 6p22.3 locus. We did not find any potentially
pathogenic mutations in the selected CDKAL1 exons in our
55 patients with nsCL/P. We detected only a rare missense
variant (rs111739077, p.Arg39Gln) and six common poly-
morphisms located in the intronic sequences. The allele
frequencies of all the identified variants did not differ
among our Polish nsCL/P cases and individuals of Eur-
opean ancestry from the 1000 Genomes Project. In the large
non-Finnish European population of ExAC the missense p.
Arg39Gln variant has an allele frequency of 0.007, indi-
cating that is too common to be causative [32]. In addition,

Table 5 Results of the
association analysis between the
CDKAL1 nucleotide variants
and subphenotypes of nsCL/P

SNP nsCLP nsCLO Heterogeneity

Ptrend value OR (95% CI)† Ptrend value OR (95% CI)† P valuea

rs9465851 5.39E−03 1.26 (1.07–1.50) 1.60E−01 1.25 (0.91–1.72) 9.55E−01

rs4712524 1.56E−01 1.13 (0.95–1.34) 6.54E−03 1.53 (1.12–2.09) 8.06E−02

rs7756992 1.33E−02 1.25 (1.05–1.49) 1.40E−02 1.50 (1.09–2.07) 3.18E−01

rs2206734 6.01E−04 1.42 (1.16–1.74) 1.67E−02 1.56 (1.08–2.25) 6.40E−01

rs6935599 5.66E−04 1.42 (1.16–1.74) 1.78E−02 1.55 (1.07–2.23) 6.68E−01

rs9465871 1.44E−04 1.47 (1.20–1.80) 3.36E−02 1.48 (1.03–2.14) 9.65E−01

rs9358357 3.15E−04 1.44 (1.18–1.76) 1.91E−02 1.54 (1.07–2.21) 7.48E−01

rs9356746 3.60E−05 1.58 (1.27–1.97) 6.22E−03 1.71 (1.15–2.53) 7.00E−01

rs6928012 2.53E−03 1.28 (1.09–1.51) 6.33E−01 1.08 (0.79–1.48) 2.84E−01

rs7741604 2.41E−04 1.49 (1.21–1.85) 4.72E−02 1.49 (1.01–2.20) 9.94E−01

rs9350276 9.60E−02 1.15 (0.97–1.35) 1.77E−01 1.23 (0.90–1.68) 6.70E−01

rs2819996 8.76E−02 1.22 (0.98–1.53) 1.46E−01 1.36 (0.91–2.03) 6.36E−01

rs11967068 6.34E−03 1.42 (1.11–1.82) 5.50E−01 1.16 (0.71–1.89) 4.49E−01

Statistical calculations were conducted using the pooled genotype data from GWAS and replication study.
† Odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated for the allelic model (d vs. D;
d is the risk allele)
a Armitage’s trend test

Table 6 Results of sequencing
analysis

nsCL/P cases 1000 Genomes
(EUR)

Ptrend

Identified varianta Genotypes MAF Genotypes MAF

rs111739077b c.116G>A (p.Arg39Gln) 54/1/0 0.009 497/6/0 0.006 5.18E−01c

rs34206163 c.-5–175_-5-174delAT 28/21/6 0.300 296/173/34 0.240 1.75E−01

rs2179552 c.371+ 200C >A 37/12/6 0.218 291/188/24 0.235 6.99E−01

rs4710942 c.468+ 61C> T 32/21/2 0.227 300/182/21 0.223 9.10E−01

rs9465875 c.468+ 161G> C 26/18/11 0.364 181/236/86 0.406 4.07E−01

rs4710943 c.468+ 173C > T 32/21/2 0.227 300/182/21 0.223 9.10E−01

rs2820001 c.517+ 69G > T 43/11/1 0.118 372/124/7 0.137 5.74E−01

MAF minor allele frequency
a Transcript: ENST00000274695.8
b Allele frequency in the European (Non-Finnish) population of ExAC= 0.007
c Fisher exact test
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eight CDKAL1 missense variants tested with the use of the
SNP array platform were not detected in our nsCL/P cases
or the healthy individuals.

The similar CDKAL1 association patterns between nsCL/
P and T2DM might be due to the role of Sox4 in the
development of endocrine pancreas [33]. Mice homozygous
for a null mutation of Sox4 exhibit disturbed pancreatic bud
formation and differentiation of endocrine cells [30]. Sox4
mutations in the adult mouse result in impaired glucose
tolerance and insulin secretory defect [30]. In addition, it
has been shown that increased SOX4 expression in human
pancreatic islets correlates with reduced glucose-induced
insulin secretion, which is a hallmark of T2DM [34].
However, it cannot be excluded that diabetes risk SNPs
located in the fifth intron of CDKAL1 affect the function of
the CDKAL1 gene itself. Mouse model studies revealed that
Cdkal1 encodes a methylthiotransferase that modifies
tRNALys to enhance translational fidelity of the proinsulin
transcript [35]. Moreover, Cdkal1 modulates whole-body
glucose metabolism in a bidirectional manner, since its lack
enhances insulin sensitivity in various tissues and impairs
insulin secretion in pancreatic β-cells [36]. It is interesting
to note that orofacial clefts are one of the major mal-
formations among offspring of women with diabetes [37,
38]. There are several mechanisms that could underline an
association between maternal diabetes and congenital
anomalies, including a teratogenic effect of hyperglycaemia
or hyperinsulinemia [39, 40]. In addition, there is a possi-
bility that the teratogenic effect of maternal diabetes might
be a result of genetic factors related to diabetes-
susceptibility genes [39].

The present study, despite its apparent strengths such as a
homogenous study cohort recruited from a single ethnic
group and confirmation of the significant results in the
independent validation sample, has some limitations. These
include the relatively small sample size, an association
analysis focused only on the identification of common risk
variants and the lack of information on maternal smoking
and folate status during pregnancy, factors that may con-
tribute to the aetiology of nsCL/P [41, 42]. Other weak
points in the present research are sequencing analysis lim-
ited to the selected CDKAL1 coding exons and a lack of
information about the functional significance of the identi-
fied risk SNPs. In addition, the most significant and posi-
tively replicated SNPs identified in our GWAS did not
reach the threshold of genome-wide significance. Therefore,
future studies will need to be undertaken to confirm our
results in other populations and to narrow the candidate
region to a smaller collection of SNPs. These could be
further tested in functional assays such as in vitro analysis
of cis-acting CDKAL1 variants on the SOX4 expression
levels. It should be noted that the considerable proportion of
the GWAS results with a borderline genome-wide

significance represent replicable and possibly true
SNP–disease associations [43].

The findings of this study suggest that chromosomal
region 6p22.3 might be a novel susceptibility locus for
nsCL/P. The location of the risk SNPs within the CDKAL1
intronic sequence comprising enhancer elements predicted
to regulate the SOX4 transcription levels suggest that SOX4,
rather than CDKAL1, is a potential candidate gene for this
common craniofacial anomaly. Moreover, in contrast to
CDKAL1, there is biological evidence supporting the role of
SOX4 during palatogenesis.
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