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ABSTRACT
Background Clubfoot is a common congenital birth
defect with complex inheritance patterns. Currently, the
genetic and morphological basis of clubfoot is poorly
understood. To identify genetic risk factors associated
with clubfoot, we performed a genome-wide association
study of common genetic variants.
Methods The DNA of 396 isolated clubfoot patients
and 1000 controls of European descent was genotyped
for >600 000 single nucleotide polymorphisms (SNP)
using the Affymetrix 6.0 array. Replication was
performed with an independent cohort of 370 isolated
clubfoot cases and 363 controls of European descent.
Results Strongest evidence for an association of
clubfoot was found with an intergenic SNP on
chromosome 12q24.31 between NCOR2 and ZNF664
(rs7969148, OR=0.58, p=1.25×10−5) that was
significant on replication (combined OR=0.63,
p=1.90×10−7). Additional suggestive SNPs were
identified near FOXN3, SORCS1 and MMP7/TMEM123
that also confirmed on replication.
Conclusions Our study suggests a potential role for
common genetic variation in several genes that have not
previously been implicated in clubfoot pathogenesis.

INTRODUCTION
Clubfoot is a congenital malformation of the lower
limb that occurs in 1 in 1000 infants. An important
role for genetic factors in clubfoot aetiology is sup-
ported by high concordance rates in identical com-
pared to fraternal twins (33% vs 3%),1 and an
increased risk to first-degree relatives.2 Clubfoot
prevalence varies across ethnic populations, with
the lowest prevalence in Chinese (0.39 cases per
1000 live births) and the highest in Hawaiians and
Maoris (7 per 1000).3 4 The males to females ratio
of idiopathic clubfoot is 2:1 and is consistent across
ethnic groups.3

Genome-wide association studies using SNPs have
not previously been reported for clubfoot. A role
for common genetic variants in clubfoot susceptibil-
ity has been evaluated for candidate genes, including
HOX homeodomain genes and caspase genes that
both show modest association.5 6 Clubfoot has also
been associated with maternal methylenetetrahydro-
folate reductase gene (MTHFR) polymorphisms.7

However, clubfoot remains as one of a handful of
common human birth defects for which an unbiased
genome-wide association study has not yet been
published.

An important role for hindlimb-specific transcrip-
tion factors in the aetiology of clubfoot has previ-
ously been shown through genome-wide studies of
copy number variants associated with clubfoot sus-
ceptibility. Data from our laboratory support a role
for the PITX1-TBX4 developmental pathway in club-
foot aetiology, including the presence of PITX1muta-
tions and deletions in clubfoot families.8–10

Recurrent chromosome 17q23 copy number variants
containing TBX4, a downstream transcriptional
target of PITX1,11 12 were found in ∼5% of familial
isolated clubfoot patients, representing the most
common cause of isolated familial clubfoot.13 14

However, the absence of these genetic abnormalities
in most clubfoot patients,9 13 14 the presence of mul-
tiple chromosomal loci previously associated with
clubfoot,15 and the lack of association of clubfoot
with common SNPs within TBX414 suggests the pos-
sibility that clubfoot is due to other genetic factors.
Because clubfoot inheritance is most often considered
complex with more than 75% of all cases reporting
no family history,2 16 we decided to test the common
disease-common variant hypothesis by performing a
genome-wide association study of isolated clubfoot.

METHODS
Ascertainment of cases for discovery
Isolated clubfoot patients of European descent were
recruited from St Louis Children’s Hospital and
Shriners Hospital in St Louis for the discovery phase
of the study. Individuals recruited from St Louis are
representative of the US population of European
descent as a whole, with no particular over-
representation of any immigrant group. The institu-
tional review boards of all centres approved the
study, and informed consent was obtained. All
patients were evaluated by an experienced ortho-
paedic surgeon (MBD) and diagnosed with clubfoot
that requires the presence of rigid, not passively cor-
rectable hindfoot equinus, hindfoot varus, forefoot
supination, and midfoot cavus deformities. Exclusion
criteria include the presence of additional birth
defects, known genetic syndromes, developmental
delay or mental retardation, or inclusion of any other
family member in the study.

Microarray genotyping and quality control for
cases for discovery
Affymetrix 6.0 microarray genotyping of 420 club-
foot cases was performed by the Washington
University DNA Microarray Core using protocols
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provided by Affymetrix. Genotype data was acquired by geno-
type calling of batches of 48 samples using the default algorithm
of the Affymetrix Genotyping Console (Birdseed v2).
Twenty-four samples were excluded for contrast quality control
scores <1.7. Quality control consisted of assessing genotyping
rates, genomic sex, unexpected duplicates and cryptic related-
ness. After quality control, 396 persons were kept for the associ-
ation analysis.

Ascertainment of controls and quality control for discovery
A control genotype dataset consisting of 1031 controls recruited
from Queensland Institute of Medical Research (QIMR) was
independently genotyped on the same Affymetrix 6.0 array.17

The controls were individuals of European descent who were
unaffected with psychiatric disorders.17 Quality control con-
sisted of assessing genomic sex, unexpected duplicates and
cryptic relatedness. Additionally, 12 persons were removed due
to low genotyping rates. This resulted in 1000 controls who
were used in the analysis.

SNP genotyping quality
Deviations from Hardy–Weinberg equilibrium (HWE) were
assessed with 1° of freedom in controls. SNPs with significant
deviations from HWE (p<1×10−3) were excluded from our
association analysis. We also excluded SNPs with call rates
<95% and SNPs with minor allele frequency <0.01. We also
assessed the difference of missing call rates between cases and
controls. If the difference of the missing call rates between cases
and controls is greater than 0.02 as described in Shyn et al,
these SNPs were dropped before association analysis.18 The
final analysis was carried out with 620 820 SNPs.

Assessment of population stratification
To assess substructure, the principal component analysis method
of EIGENSTRATwas used for the data analysis reported here.19

Seven cases and four controls were removed because of ques-
tionable European descent (see online supplementary figures S1
and S2).

Pathway analysis
Pathway analysis was performed using the method of Wang
et al.20 To reduce the multiple comparison problem, we imple-
mented a candidate-based strategy21 through which we identi-
fied 63 clubfoot-related genes through the GeneCards database
(http://www.genecards.org/),22 and extracted pathways that have
at least one of these 63 genes from Gene Ontology database
(http://www.geneontology.org/).23

Imputation analysis
Imputation using BEAGLE V.3.3.224 analysis was performed to
increase the coverage of markers in genome wide association
study (GWAS). We used 1092 individuals from phase one of the
1000 Genomes Project as our reference panel.25

Statistical analysis
Association analysis was carried out using PLINK, with case
versus control status as the binary variable. It consisted of 396
cases and 1000 QIMR controls. Logistic regression analysis was
performed with sex as a covariate. The conventional criteria for
genome-wide significance p<5×10−8 and a significance thresh-
old for multiple testing after adjusting for linkage disequilibrium
was applied p<1.6×10−6 (Bonferroni method: p<(p=0.05/
total number of markers)).

Replication cohort genotyping
Cases for the replication study were recruited from St Louis
Children’s Hospital/Shriners Hospital, Carolinas Medical
Center, and Sinai Hospital (Baltimore), and met the same inclu-
sion criteria as for the discovery phase. Controls for the replica-
tion study consisted of clubfoot-unaffected individuals recruited
from St Louis Children’s Hospital and Shriners Hospital in St
Louis. Both were restricted to individuals of European descent.
Markers were selected for replication if they were: (1) among
the top SNPs from analyses (p<2×10−5), (2) located near other
high-scoring SNPs, or (3) in a gene that is biologically plausible
(expressed in developing limb, or related to other genes previ-
ously associated with limb contractures). Thirty-one SNPs were
selected for replication. SNPs chosen for replication were geno-
typed using the Sequenom Mass ARRAY iPlex technology in an
independent cohort of 374 cases and 310 controls of European
descent. All SNPs were in HWE.

RESULTS
GWAS results
Quantile-quantile plot showed that most of the observed associa-
tions lie along the expected distribution conforming to the null
hypothesis of no association for the majority of SNPs (see online
supplementary figure S3). The lambda value (inflation factor) was
1.07. Three SNPs analysed met conventional criteria for genome-
wide significance p<5×10−8. Four SNPs in total reached the sig-
nificance threshold determined after correction for multiple
testing (figure 1). SNPs with p<1×10−5 in the discovery phase
are shown in table 1, and the results of the top 200 SNPs are
listed in online supplementary table S1. The most significant SNP
in the discovery phase (rs6705159; p=1.35×10−9) is located
700 kb proximal to the HOXD cluster, near the 50 gene
HOXD10 that was previously implicated in a related musculo-
skeletal disorder, congenital vertical talus.26 27

Replication
Replication studies were performed on selected SNPs in an inde-
pendent cohort of 370 cases of European descent that were also
recruited from our research centres. None of the SNPs that met
the genome-wide significance threshold on the GWAS discovery
phase were significant on subsequent replication testing.
However, rs7969148, located on chromosome 12q24.31, was
associated with clubfoot in discovery (p=1.25×10−5) and repli-
cation studies (p=0.0022), resulting in a combined
p=1.91×10−7; OR=0.63 (770 cases, 1310 controls). Several
flanking SNPs near rs7969148 also showed an association with
clubfoot although to a lesser degree (figure 2). The SNP
rs7969148 is intergenic between transcriptional regulators
ZNF664 and NCOR2.

We attempted to replicate the association rs7969148 in a third
clubfoot dataset by comparing our data with results of an unpub-
lished GWAS composed of 603 clubfoot families including a total
of 1716 study persons of Hispanic (344 affecteds/495 unaffec-
teds) and European (382 affecteds/495 unaffecteds) ancestry
(Hecht and Blanton, unpublished results). These families were
genotyped on the Illumina HumanOmniExpress_12v1_C array
and were described previously.28 Evidence was found for an asso-
ciation of rs7969148 (near ZNF664 and NCOR2) with clubfoot
in the Hispanic subgroup with a p=0.011871, but not in the
patients with European ancestry.

Additional SNPs for replication were selected based on con-
sideration of p value from the discovery GWAS and hindlimb
expression.10 Table 2 lists all SNPs that were successfully
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replicated. These include rs12885505 that is located within the
first intron of the forkhead/winged helix transcription factor
gene FOXN3. Association analysis of rs12885505 resulted in a
combined OR=0.64, p=2.953×10−5. Also significant in the
replication phase was rs4918273 located within the SORCS1
gene, a member of the vacuolar protein sorting (VPS10)
domain-containing receptor gene family. Combined analysis
yielded an OR=0.77, p=0.0001057. Finally, rs11225266,
located on chromosome 11 between TMEM123, a predicted
transmembrane protein of unknown function, and matrix metal-
loproteinase MMP7, was associated with clubfoot in discovery
and replication studies. Online supplementary table S2 lists all
SNPs that were tested and not replicated in the study.

Clubfoot candidate regions
We also evaluated SNPs near candidate regions of interest
including HOX genes, PITX1, TBX4, as well as skeletal muscle
sarcomeric genes (TPM1, MYH3 and TPM2) because of their
previous association with clubfoot in candidate gene studies or
copy number analyses.10 13 28 29 None except the chromosome
17q23 region containing TBX4 gave evidence for association
with isolated clubfoot. A cluster of SNPs showed weak evidence

for association, including rs11079429 (p=0.003) that is located
∼5 kb upstream of TBX2, and two other SNPs that are located
within or near TBX4 (rs7213643, p=0.009; rs744651,
p=0.009) (see online supplementary figure S4). However, these
SNPs were not significant in the replication phase.

Pathway analysis
Of the 13 301 pathways that were extracted from Gene
Ontology, 796 were associated with the 63 clubfoot candidate
genes identified by GeneCards (see online supplementary table
S3). To limit the potential bias introduced by differences of the
length of pathway, we only analysed 312 pathways containing a
range of 20–200 genes. Analysis of clubfoot-associated SNPs
revealed 13 pathways that achieved nominal significance
(p<0.05). However, after multiple comparison correction (FDR
and FWER), none of these pathways were significant (see online
supplementary table S4).

Imputation analysis
By applying r2>0.9 as criteria for analysis, we successfully
imputed 5 190 243 markers. The association analysis failed to
identify any significant markers that pass the genome-wide

Figure 1 Manhattan Plot of single nucleotide polymorphism (SNP) −log10 p values (Y-axis) obtained by genome-wide association analysis of 396
clubfoot cases versus 1000 controls of European descent. Chromosomes are along the X-axis. The upper line indicates conventional threshold for
genome-wide significance (p<5×10−8), and the lower line indicates threshold for significance with multiple testing after adjusting for linkage
disequilibrium (LD) was applied p<1.6×10−6 (Bonferroni method: p<(p=0.05/total number of markers)).

Table 1 Top results of genome-wide association study of clubfoot with replication results

Discovery
(N=396 cases and N=1000 controls)

Replication
(N=370 cases and N=363 controls)

Allele frequency Allele frequency

SNP Chr Position Locus Test allele Cases Controls OR p Value Cases Controls OR p Value

rs6705159 2 176 260 190 ATP5G3/HOXD13 G 0.1308 0.0460 2.477 1.35E–09 0.048 0.035 1.41 0.269
rs12699007 7 70 389 161 WBSCR17/AUTS2 G 0.1649 0.0587 2.184 2.00E–09 0.100 0.128 0.76 0.219
rs274503 11 11 059 118 GALNTL4/ZBED5 C 0.0893 0.0255 2.736 3.16E–08 0.022 0.023 1.10 0.803
rs12714318 2 2 895 962 MYT1L G 0.1628 0.0743 1.862 5.17E–07 0.079 0.078 1.07 0.922
rs6861281 5 73 389 024 ENC1 C 0.1390 0.0651 1.875 2.20E–06 0.071 0.066 1.05 0.721
rs2648772 1 197 381 370 PTPRC T 0.4255 0.4700 1.529 6.52E–06 0.508 0.491 1.07 0.628
rs6484839 11 11 335 231 GALNTL4 T 0.4690 0.3790 1.535 7.08E–06 0.384 0.397 1.07 0.629
rs881934 6 44 158 247 LOC652990 G 0.4630 0.4465 1.523 9.20E–06 0.4796 0.4858 0.9747 0.8338
rs3892710 6 32 790 840 HLA-DQB1 A 0.2051 0.1436 1.74 1.09E–05 0.184 0.176 1.21 0.340
rs10906679 10 14 524 480 FAM107B T 0.2828 0.3555 0.6439 1.15E–05 0.3815 0.3608 1.093 0.4741
rs7969148 12 123 180 491 NCOR2/ZNF664 G 0.1474 0.2195 0.5803 1.25E–05 0.164 0.2302 0.6722 0.008

SNP, single nucleotide polymorphism.
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threshold level of significance. We summarised the top 50 sig-
nificant imputed SNPs in online supplementary table S5.

DISCUSSION
Although clubfoot may occasionally be familal, the majority of
clubfoot cases are sporadic. Thus, clubfoot may be considered a
complex trait. To test the common disease-common variant
model of disease susceptibility, we completed a genome-wide
association study of isolated clubfoot. The strongest evidence for
an association of a SNP with clubfoot in this study occurred for a
variant (rs7969148) on chromosome 12q24.31 that is intergenic
to two transcriptional regulators, ZNF664 and NCOR2.
Common variants in NCOR2, also known as silencing mediator
of retinoic acid and thyroid hormone receptor (SMRT), have
been associated with knee osteoarthritis in one study.30 NCOR2
is widely expressed in the embryo31 and knockout of NCOR2 in
mice is embryonic lethal, resulting in forebrain defects, cardiac
malformations and cleft palate.31 ZNF664 is a krueppel
C2H2-type zinc-finger protein of unknown function. Neither
gene has been associated with limb development. Although the
association of rs7969148 with clubfoot replicated in our replica-
tion cohort, further evaluation of this SNP in an independent,
unpublished Texas clubfoot dataset showed only a weak associ-
ation within a Hispanic subgroup. Failure to replicate this associ-
ation may reflect either genetic heterogeneity, or lack of power
due to relatively small sample size.

Several single nucleotide variants in other genes replicated on
further study, though they are less strongly associated with club-
foot than rs769148. These genes include FOXN3, a forkhead/
winged helix transcription factor that is highly expressed in the
developing limb.32 FOXN3 is essential for craniofacial develop-
ment in mice, and its loss is associated with embryonic lethality,
growth retardation, and scoliosis-like deformity.32 Limb abnor-
malities, including congenital vertical talus (DECIPHER Pt
263695),33 over-riding toes (DECIPHER Pt 251094)33 and syn-
dactyly,34 have been described in patients with large chromo-
somal deletions including FOXN3, although a specific role in
limb development has not been shown. Clubfoot is also asso-
ciated with intronic variants of SORCS1, a member of the vacu-
olar protein sorting 10 (VPS10) domain-containing receptor
protein that has been repeatedly linked to type 2 diabetes.35–37

The mechanism by which SORCS1 may contribute to clubfoot
susceptibility is unknown, although maternal diabetes is a
known risk factor for human clubfoot.38 Finally, intergenic
SNPs between TMEM123 and MMP7 are also associated with
clubfoot. TMEM123, also known as porimin, is a transmem-
brane protein that plays a role in oncotic cell death and cell
adhesion,39 and MMP7 is a ubiquitously expressed matrix metal-
loproteinase; neither gene has a known role in limb
development.

To optimise the number of cases that could be cost-effectively
genotyped for this study, we used controls that were collected

Figure 2 Clubfoot genetic
association results for single nucleotide
polymorphisms (SNP) on chromosome
12q24.31 including rs7969148.
Chromosomal location along the X-axis
is given in kb as denoted in assembly
hg18.

Table 2 Clubfoot genetic association results for most significant SNPs in discovery and replication studies

Discovery
(N=396 cases and N=1000 controls)

Replication
(N=370 cases and N=363 controls) Combined

Allele frequency Allele frequency

SNP Chr Position Locus
Test
allele Cases Controls OR p Value Cases Controls OR p Value OR p Value

rs7969148 12 123 180 491 NCOR2/
ZNF664

G 0.1474 0.2195 0.5803 1.25E–05 0.1620 0.2270 0.6607 0.0022 0.6345 1.901E–07

rs12885505 14 88 971 715 FOXN3 A 0.0947 0.1405 0.5781 0.000261 0.0990 0.1360 0.6991 0.0302 0.644 2.953E–05
rs4918273 10 108 715 485 SORCS1 C 0.3472 0.417 0.7148 0.000442 0.3676 0.4298 0.7813 0.0216 0.7693 0.0001057
rs11225266 11 101 851 796 TMEM123/

MMP7
C 0.05177 0.094 0.5305 0.000829 0.0622 0.1088 0.5445 0.0019 0.565 1.152E–05

SNP, single nucleotide polymorphism.
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and genotyped independently on the same platform for a differ-
ent study.17 Common controls have successfully been used in
previous studies as a cost-saving measure, most notably in the
Wellcome Trust Case Control Consortium that studied seven
common diseases with shared controls.40 To reduce the possibil-
ity that differences in genotyping between the two centres
would result in false positive results we conservatively applied
data quality control measures in this study.41 Despite our rigor-
ous application of principal components analysis to cases and
controls, we also recognise that residual differences in popula-
tion substructure may exist between our cases and controls
resulting in spurious claims of associations, particularly as our
cases are drawn from a different continent than our controls.
However, when confronted with similar issues, the Wellcome
Trust Case Control study found only a modest effect of residual
substructure on type I error.40 Notably, however, the study we
report here is of much smaller scale, and therefore, may be
more susceptible to these artefacts.

Although the most significant SNP in the discovery phase,
rs6705159, did not replicate in further studies, we find it intri-
guing that this SNP is located near the HOXD cluster, near the
50 gene HOXD10 that was previously implicated in the related
condition, congenital vertical talus.26 27 HOXD10 coding muta-
tions were previously excluded in clubfoot,42 and association of
clubfoot with common SNPs in HOXD10 was not found.28

However, regulatory variants were not assessed. One possible
explanation for lack of replication of this SNP, and perhaps
others in this study, is that the patients in the discovery phase
included more familial cases than those in the replication cohort
(35% vs 22%, data not shown). Many of the top hits from this
GWAS are in SNPs with low minor allele frequencies that are
more likely to be affected by small biases in the patient popula-
tions. Exome sequencing of familial cases is now being per-
formed to further evaluate a role for rare variants, although
significantly larger numbers of cases will clearly be needed for
meaningful analysis.

To extract more information from our resultant GWAS
dataset, we conducted pathway analysis and imputation analysis.
Although we failed to identify pathways that were significantly
associated with clubfoot after multiple corrections, 13 pathways
were nominally significant, including a group of genes involved
in osteoblast differentiation. Imputation analysis did not reveal
any other significant signals.

Overall, this study suggests a potential role for common
genetic variation in or near several genes that have not previ-
ously been implicated in clubfoot pathogenesis including two
transcriptional regulators (NCOR2 and ZNF664) on chromo-
some 12q24.31. Despite evidence linking rare copy number var-
iants involving hindlimb-specific transcription factors PITX1,
TBX4 and HOXC genes to clubfoot pathogenesis,8 only weak,
non-replicating association was seen with common variants
around TBX4, similar to a previous study.14 These results
provide further evidence for the genetic heterogeneity of club-
foot. As sequencing studies now seek to identify novel rare var-
iants associated with clubfoot in families and in large patient
cohorts, it will be interesting to determine whether rare variants
within any of the genes that we identified here will play a role
in clubfoot susceptibility.
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