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ABSTRACT
Background Clubfoot, presenting as a rigid inward 
and downward turning of the foot, is one of the most 
common congenital musculoskeletal anomalies. The 
aetiology of clubfoot is poorly understood and variants in 
known clubfoot disease genes account for only a small 
portion of the heritability.
Methods Exome sequence data were generated 
from 1190 non- syndromic clubfoot cases and their 
family members from multiple ethnicities. Ultra- rare 
variant burden analysis was performed comparing 857 
unrelated clubfoot cases with European ancestry with 
two independent ethnicity- matched control groups (1043 
in- house and 56 885 gnomAD controls). Additional 
variants in prioritised genes were identified in a larger 
cohort, including probands with non- European ancestry. 
Segregation analysis was performed in multiplex families 
when available.
Results Rare variants in 29 genes were enriched in 
clubfoot cases, including PITX1 (a known clubfoot 
disease gene), HOXD12, COL12A1, COL9A3 and 
LMX1B. In addition, rare variants in posterior HOX genes 
(HOX9–13) were enriched overall in clubfoot cases. 
In total, variants in these genes were present in 8.4% 
(100/1190) of clubfoot cases with both European and 
non- European ancestry. Among these, 3 are de novo 
and 22 show variable penetrance, including 4 HOXD12 
variants that segregate with clubfoot.
Conclusion We report HOXD12 as a novel clubfoot 
disease gene and demonstrate a phenotypic expansion 
of known disease genes (myopathy gene COL12A1, 
Ehlers- Danlos syndrome gene COL9A3 and nail- patella 
syndrome gene LMX1B) to include isolated clubfoot.

INTRODUCTION
Talipes equinovarus (TEV (MIM: 119800)), or 
clubfoot, is a structural abnormality of leg, ankle 
and foot, resulting in a rigid, inward and downward 
turning of the foot.1 Left untreated, the deformities 
lead to pain and disability. Current clubfoot casting 
and bracing treatments have improved outcomes, 
but the treatment course is prolonged and relapses 
are common. The prevalence of clubfoot is 0.5–2 
individuals per 1000 live births,2 making it one of 
the most common congenital disorders. The club-
foot phenotype may be unilateral or bilateral and it 
affects more males, with male- to- female ratio of 2:1 
across multiple ethnicities.3 Approximately 80% 
of patients have non- syndromic clubfoot without 
other malformations while the remaining 20% 
have syndromic clubfoot with another congenital 

disorder, such as distal arthrogryposis, congenital 
myotonic dystrophy or myelomeningocele.4

There is a family history in about 25% of non- 
syndromic cases and data suggesting both auto-
somal dominant with incomplete penetrance and 
recessive inheritance modes.3 5 6 Results from 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Talipes equinovarus, or clubfoot, is one of the 
most common congenital musculoskeletal 
anomalies.

 ⇒ Nevertheless, variants in known disease genes, 
including PITX1, account for only a small 
portion of heritability.

 ⇒ Large- scale exome sequencing studies of non- 
syndromic clubfoot have not previously been 
reported.

WHAT THIS STUDY ADDS
 ⇒ HOXD12 is a novel clubfoot disease gene in 
which primarily missense variants result in 
highly penetrant autosomal dominant inherited 
clubfoot.

 ⇒ Phenotypes of three known disease genes 
(the myopathy gene COL12A1, Ehlers- Danlos 
syndrome gene COL9A3 and nail- patella 
syndrome gene LMX1B) are expanded to 
include isolated clubfoot.

 ⇒ Rare variants in limb- expressed posterior HOX 
genes (HOX9–13) are enriched in the clubfoot 
cohort, consistent with the expression and 
function of posterior HOX genes.

 ⇒ Rare and predicted deleterious variants in 
PITX1, LMX1B, COL9A3, COL12A1, HOXD12 
and other posterior HOX genes are present in 
only 8.4% (100/1190) of our clubfoot cases 
highlighting the genetic heterogeneity of this 
congenital disorder.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Given the genetic heterogeneity of clubfoot, 
exome sequencing is a reasonable strategy for 
clinical diagnosis though the yield is modest.

 ⇒ The variants in PITX1, LMX1B, COL9A3, 
COL12A1, HOXD12 and other posterior HOX 
genes reported in this study are identified in 
both Caucasian and non- Caucasian (African- 
American, Asian, Hispanic/Latino and others) 
probands, suggesting our findings may apply to 
many populations.
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genome- wide association studies, candidate gene association 
studies and exome sequencing analysis have revealed multiple 
genetic factors associated with non- syndromic clubfoot risk,1 
including variants in genes involved in limb development, such as 
HOXC genes7 and PITX1- TBX4 pathway,8 9 scaffold protein for 
extracellular matrix and cytoskeleton Filamin B (FLNB)10 11 and 
duplication of SHOX.12 Nevertheless, variants in known disease 
genes account for only a small portion of heritability. Large- scale 
exome sequencing studies of non- syndromic clubfoot have not 
been reported. Therefore, in this study, we performed exome 
sequencing of 1293 individuals from a variety of ethnic back-
grounds, including 1190 unrelated clubfoot probands and their 
family members.

METHODS
Patients
1190 unrelated patients with non- syndromic clubfoot were 
recruited at St. Louis Children’s Hospital in St. Louis, Missouri, 
USA, and Shriners Hospital, St Louis. The gender ratio of male- 
to- female cases was approximately 2:1, with 822 male and 368 
female cases among our exome sequenced cohort. Probands 
included 936 with European ancestry, 29 Asian, 51 African- 
American, 24 Hispanic/Latino, 53 multiracial, and 97 others or 
not reported. 35% (416/1190) probands have a family history 
for clubfoot, among which 13.8% (164/1190) has a first- 
degree relative with clubfoot. The clubfoot diagnosis required 
rigid hindfoot equinus, hindfoot varus, midfoot supination and 
midfoot cavus deformities. Syndromic cases were excluded. 
However, it is possible that some cases may have been recruited 
prior to the recognition of a syndromic status, although we had 
long- term follow- up on the majority of cases. DNA was isolated 
from blood or saliva with DNA Genotek kits. The in- house 
controls consist of unrelated individuals of European ancestry 
with Alzheimer’s disease, amyotrophic lateral sclerosis or male 
infertility.

Exome sequencing and annotations
Exome libraries were prepared with either Agilent’s SureSelect 
Human All Exon kits V5 or IDT xGen Exome Panel V1 capture 
and then sequenced at the McDonnell Genome Institute on Illu-
mina HiSeq 2000/4000 or NovaSeq 6000 with paired- end reads. 
Raw sequencing data were aligned to the human genome refer-
ence (GRCh37) using BWA- MEM and marked for duplication 
with Picard MarkDuplicates. The following data processing was 
performed according to GATK Best Practices13 for GATK V.3. 
Variant joint calling was performed for all cases and in- house 
control using GenotypeGVCFs. We kept variants with depth 
≥10, genotype quality ≥20 and allele balance for heterozygous 
calls between 0.2 and 0.8. Based on variant quality scores reca-
librated with VariantRecalibrator, single- nucleotide variants fell 
above 99.7 and indels fell above 99.0 were kept. Multiallelic- 
sites were split and left- realigned. The final VCF was annotated 
using ANNOVAR14 with Gencode V.19, Combined Annotation- 
Dependent Depletion (CADD V.1.3),15 MCAP (V.1.3),16 
REVEL,17 Polyphen2,18 ClinVar,19 InterVar20 and gnomAD 
exome (V.2.1.1).21

Data cleaning for gene burden analysis
Exomes with genotype call rate <90% and inconsistent gender 
between genotypes and clinical database were excluded. Indi-
vidual relatedness was evaluated using KING22 and identity- 
by- descent calculation using PLINK V.1.9.23 For each pair of 
relativeness more closely related than second degree, we retained 

the exome with higher genotyping rate. 857 unrelated clubfoot 
cases and 1043 in- house controls were anchored to non- Finnish 
European population in 1000 genome phase III data in principal 
component analysis.

Gene/Gene group/region-specific burden analysis
Genes on sex chromosomes were not included and gender was 
not considered in this analysis to maximise the sample size for 
both cases and controls. Sites with genotype call rate of <90% in 
cases and both controls and indels >10 base pairs were excluded. 
The Testing Rare vAriants using Public Data (TRAPD) method24 
was adapted to perform gene burden analysis between 857 unre-
lated non- syndromic clubfoot probands of European ancestry 
and 2 independent controls (1043 in- house controls and 56 885 
gnomAD non- Finnish European controls) in the autosomal 
dominant mode. Multiple filters were applied to select delete-
rious/likely deleterious variants: (1) ultra- rare variant allele count 
(AC) ≤3 for both clubfoot and control cohorts, (2) removal of 
benign/likely benign variants in ClinVar or InterVar,19 20 (3) 
pathogenic prediction scores (Polyphen2 not Benign category, 
CADD phred ≥20, M- CAP score >0.025, REVEL ≥0.25),15–18 
(4) use missense variants for genes with low pLI score (the prob-
ability of being loss- of- function intolerant) and consider all 
variants for genes with high pLI score from gnomAD (online 
supplemental table S1). In the comparison between cases and 
in- house controls, we added a gnomAD minor allele frequency 
filter (≤0.002%) to exclude rare variants with higher frequency 
in gnomAD database. For control variants, we used synonymous 
variants with the same frequency criteria along with removal of 
pathogenic/likely pathogenic variants in ClinVar or InterVar19 20 
(online supplemental table S1). Genes with enrichment of both 
deleterious and control (synonymous) variants in clubfoot cases 
were excluded and not considered as enriched.

For gene group (HOX) burden analysis, the same filters were 
applied and the qualified variants were collapsed within the gene 
groups. For region- specific (COL12A1) burden analysis, the 
same filters were applied, and we collapsed qualified variants 
within the shared region, and those within the unique region 
encoding the long form.

Screen for additional variants in candidate genes
Additional variants in PITX1, LMX1B, COL9A3, COL12A1, 
COL15A1, HOXD12 and other posterior HOX genes (HOX9–
13) were identified in the entire clubfoot cohort, including 
individuals of non- European ancestry and individuals with geno-
typing rate <90%. Indels >10 base pairs were also included. 
For low pLI genes, we did not include frameshift indels. To 
include additional probands in which segregation analysis could 
be performed, we used a less stringent filters as in TRAPD (AC 
≤3, inhouse AC ≤clubfoot AC and gnomAD MAF ≤5×10−4; 
REVEL >0.1, other cut- offs for prediction scores are the same).

Sanger sequencing for segregation analysis
Genomic DNA extracted blood or saliva samples were amplified 
using suitable primers to cover the region of interest. The puri-
fied PCR amplicons were used in Sanger sequencing performed 
by Azenta Life Sciences, South Plainfield, New Jersey, USA.

RESULTS
Rare variants in 29 genes are enriched in non-syndromic 
clubfoot cases
Exome sequencing was performed on 1293 participants, 
including 1190 probands with clubfoot and 103 additional 
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members of 74 families. Among 74 families, 4 families are 
sequenced as trios, 17 families have more than 2 family members 
being sequenced and 53 families have 2 affected members being 
sequenced. To identify new disease genes for clubfoot, we eval-
uated the enrichment of rare variants in clubfoot cases when 
compared with two different sources of control data (in- house 
and gnomAD controls) to limit false discovery. We analysed our 
data using TRAPD,24 which was developed to perform Fisher’s 
exact test for rare variant gene burden analysis between cases 
and publicly available control dataset. To select for deleterious 
variants in each gene, we applied four filters, including ultra- 
rare AC, ClinVar classification, pathogenic prediction scores 
and variant types (see ‘Methods’ section) (online supplemental 
table 1). The enrichment of deleterious variants in 857 unrelated 
isolated clubfoot probands of European ancestry was compared 
with 1043 in- house controls (both anchored to 1000 genomes 
data) and 56 885 gnomAD non- Finnish European controls in 
the autosomal dominant mode (figure 1). Three genes (RBM47, 
OGFOD1, SH3TC2) were enriched for both synonymous 
(control) variants and deleterious variants in our clubfoot cohort 
and were therefore excluded from our gene burden analysis.

From this analysis, we identified 29 genes with enrichment 
of rare deleterious variants in non- syndromic clubfoot cases 
compared with both control datasets (p<0.05 in both anal-
yses) (table 1). PITX1, a clubfoot disease gene,9 was one of the 
enriched genes, serving as a positive control in this analysis. 
COL12A1, LMX1B, COL9A3, SLC26A2, HSPG2 and MESD are 
OMIM disease genes associated with multiple developmental 
defects including limb abnormalities (online supplemental table 
2). Moreover, the limb defects caused by LMX1B, SLC26A2 and 

HSPG2 specifically include clubfoot.25–28 Although rare vari-
ants in HOXD12 have not been associated with human disease, 
Hoxd12 null mice exhibit limb defects.29 30 The remaining genes 
function in a wide variety of cellular processes (online supple-
mental table 2).

Additional rare variants in enriched genes in clubfoot cohort
Based on their dominant disease inheritance and limb- related 
phenotypes/functions, we identified additional variants in 
PITX1, LMX1B, COL9A3, COL12A1 and HOXD12 in our entire 
clubfoot cohort (n=1190), which also included cases of non- 
European ancestry who were excluded from the discovery rare 
variant gene burden analysis. To identify additional probands 
in which segregation analysis could be performed, we used less 
stringent filters than the TRAPD analysis (see ‘Methods’ section). 
Using this strategy, we identified 7 PITX1 candidate disease vari-
ants in 8 individuals among 1190 probands (online supplemental 
table 3). These variants are conserved across species and located 
throughout the PITX1 protein, with no obvious motif enrich-
ment (online supplemental figures 1 and 2). In total, we iden-
tified 10 candidate variants in LMX1B, 16 in COL9A3, 22 in 
COL12A1 and 9 in HOXD12 (online supplemental table 3).

HOXD12 is a novel disease gene for non-syndromic clubfoot
We identified 9 variants in HOXD12 in 10 cases (online supple-
mental table 3). HOXD12 encodes a homeodomain- containing 
transcription factor and is one of the posterior HOX paralogs 
expressed early in limb development.31 Four variants segregate 
with clubfoot as a dominant condition with complete penetrance 
and two probands carry the same HOXD12 variant (figure 2). 
For the remaining variants, there were no additional affected 
family members to test for segregation. The amino acids corre-
sponding to the candidate variants are conserved across species 
(online supplemental figure 3) and located in two clusters within 
the N- terminal region and around the C- terminal homeobox 
domain (figure 2). The HOXD12 variants in clubfoot cases are 
all missense except one long non- frameshift indel (online supple-
mental figure 3). Notably, loss- of- function alleles are less likely 
to contribute to clubfoot pathogenesis because of the low pLI 
(pLI=0.00032) and because several nonsense or frameshift vari-
ants found in clubfoot cases had higher minor allele frequencies 
in our in- house controls (data not shown). This also suggests 
that the segregating missense variants may cause disease through 
dominant negative effects on protein function.

Rare variants in limb-expressed posterior HOX genes are 
enriched in clubfoot cases
Animal studies have shown that posterior or 5’ HOX (HOX9–
13) genes are highly expressed in limb and critical for limb devel-
opment.31 Based on our discovery of HOXD12 as a novel disease 
gene and our prior identification of posterior HOXC gene dele-
tions in clubfoot,7 32 we sought to determine whether there is an 
overall enrichment of rare and deleterious variants in posterior 
HOX genes in clubfoot cases. Except for HOXD12, there are 
insufficient variants for any single HOX genes to demonstrate 
statistically significant enrichment in our gene burden analysis 
(table 2), therefore we collapsed rare and deleterious variants 
across all posterior HOX genes and performed similar burden 
analysis. We used non- posterior HOX (HOX1–8) genes which 
are not expressed in limb and autism genes as negative controls 
for comparison. Our data show that rare variants in posterior 
HOX (HOX9–13) genes are enriched (p<0.05) in clubfoot cases 
when compared with the two independent controls and there is 

Figure 1 Flow chart of gene burden analysis. During data cleaning (see 
‘Methods’ section), exomes of clubfoot cases and in- house controls went 
through principal component analysis (PCA) to retain data anchored to 
non- Finish European (NFE) population in 1000 genome phase III data. 
Testing Rare vAriants using Public Data (TRAPD) method was used in gene 
burden analysis between 857 unrelated isolated clubfoot probands and 2 
independent controls (1043 in- house controls and 56 885 gnomAD NFE 
controls) in the autosomal dominant mode. Multiple filters were applied in 
order to select the deleterious/likely deleterious variants in each gene (see 
‘Methods’ section). AC, allele count.
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no enrichment in negative control gene sets (table 2). We then 
extended our analysis to the entire clubfoot cohort, including 
non- European ancestry cases, and identified 39 candidate vari-
ants in posterior HOX genes (other than HOXD12) (online 
supplemental table 4). Segregation analysis identified a de novo 
variant in HOXD11 and two variants in HOXC11 that segregate 
with clubfoot in two multiplex families (online supplemental 
figure 4). In addition, variants in HOXC9, HOXC12, HOXD11 
potentially segregate with clubfoot in three families (online 
supplemental figure 4). Overall, our data provides additional 
evidence for dysfunction of multiple posterior HOX genes in 
clubfoot aetiology.

Phenotypic expansion of nail-patella syndrome gene LMX1B 
to include non-syndromic clubfoot
LMX1B encodes a LIM- homeodomain transcription factor 
essential for limb, kidney and eye development. Pathogenic vari-
ants in LMX1B cause autosomal dominant nail- patella syndrome 
(NPS (MIM: 161200)), which includes nail dysplasia, patellar 
abnormalities, clubfoot, nephropathy and glaucoma.26 33 Among 
the 10 LMX1B candidate variants (online supplemental table 
3), 3 probands had additional affected family members with 
DNA available for testing. Variants in LMX1B segregate with 
clubfoot in all three families with dominant inheritance (online 

Table 1 Genes with ultra- rare variants enriched in non- syndromic clubfoot cases when compared with both gnomAD controls and in- house 
controls

Gene VAR_TYPE

Enrichment versus gnomAD Enrichment versus in- house controls

P_DOM CASE (n=857) CONTROL (n=56 885) P_DOM CASE (n=857) CONTROL (n=1043)

ATP6V0D2 Missense 3.68E- 06 7 37 4.12E- 02 4 0

COL15A1 Missense 1.05E- 04 10 143 2.04E- 02 10 3

PHLDB1 Missense 3.15E- 04 8 106 1.68E- 03 8 0

ZFYVE28 Missense 3.34E- 04 8 107 2.75E- 02 8 2

PITX1 All 4.12E- 04 6 59 8.34E- 03 6 0

MESD All 1.95E- 03 4 32 4.12E- 02 4 0

RHOH Missense 1.95E- 03 4 32 4.12E- 02 4 0

LMX1B All 3.02E- 03 5 61 3.59E- 02 6 1

GLDC Missense 3.21E- 03 9 191 2.55E- 02 11 4

PC Missense 3.43E- 03 9 193 2.75E- 02 8 2

ATG2A Missense 4.04E- 03 6 95 3.59E- 02 6 1

WDR7 All 4.34E- 03 7 129 1.82E- 02 7 1

COL12A1 All 5.49E- 03 13 372 2.14E- 02 14 6

G6PC1 Missense 6.85E- 03 5 75 4.12E- 02 4 0

SUCLG2 Missense 6.85E- 03 5 75 4.12E- 02 4 0

CATSPERG Missense 7.31E- 03 3 24 1.86E- 02 5 0

COL9A3 Missense 7.87E- 03 7 145 2.75E- 02 8 2

HPS6 Missense 7.98E- 03 5 78 1.86E- 02 5 0

DNAH1 Missense 1.05E- 02 13 405 3.42E- 02 13 6

ANKRD27 Missense 1.07E- 02 6 118 3.59E- 02 6 1

BLTP3A Missense 1.22E- 02 4 56 4.12E- 02 4 0

KDM5B Missense 1.24E- 02 7 159 9.10E- 03 8 1

HOXD12 Missense 1.50E- 02 3 32 1.86E- 02 5 0

VPS37D All 1.54E- 02 2 11 4.12E- 02 4 0

MAPK7 Missense 1.68E- 02 4 62 4.12E- 02 4 0

SLC26A2 Missense 1.97E- 02 5 99 1.86E- 02 5 0

KRT28 Missense 2.04E- 02 4 66 4.12E- 02 4 0

HSPG2 Missense 2.19E- 02 16 595 4.64E- 02 17 10

XKR4 All 3.14E- 02 4 76 4.12E- 02 4 0

CASE, count in cases; CONTROL, count in controls; gnomAD TRAPD, TRAPD assay using gnomAD non- Finish European data; in- house TRAPD, TRAPD assay using in- house 
Caucasian controls; P_DOM, p value in dominant mode of TRAPD; TRAPD, Testing Rare vAriants using Public Data; VAR_TYPE, type of variants included in this burden analysis.

Figure 2 Localisation and segregation of HOXD12 variants. 
(A) Localisation of HOXD12 variants identified in the study along the 
protein. HOXD12 variants co- segregated with clubfoot in multiplex 
families are marked in red. HOXD12 variants in singletons are marked in 
blue. Yellow motif represents homeobox domain. (B)  HOXD12 variants 
co- segregate with clubfoot in four multiplex families with complete 
penetrance. a.a., amino acid.
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supplemental figure 5). In one of family, a history of NPS was 
discovered retrospectively, although three members of that 
family had non- syndromic clubfoot without other evidence of 
NPS. The other families had no clinical evidence of NPS. Our 
data suggest that individuals with pathogenic variants in LMX1B 
may present with non- syndromic clubfoot without associated 
NPS phenotypes.

Phenotypic expansion of collagen disease genes COL9A3 and 
COL12A1 to include non-syndromic clubfoot
Of the 29 clubfoot enriched genes in our burden analysis, 
3 are non- fibrillar collagen genes (COL9A3, COL12A1 and 
COL15A1). COL9A3 and COL12A1 are OMIM disease genes 
with limb phenotypes.34–37 COL9A3 variants have been identi-
fied in a handful of patients with autosomal dominant multiple 
epiphysial dysplasia- 3 (MIM: 600969)34 36 with limb defects and 
in recessive Stickler syndrome (MIM: 620022).38 We identified 
16 COL9A3 candidate variants (online supplemental table 3), 
including 6 missense variants resulting in glycine substitutions 
in the Gly- X- Y repeat domain. Three variants potentially segre-
gate with incomplete penetrance because they are inherited from 
unaffected parents with clubfoot family history (online supple-
mental figure 6). In addition, one COL9A3 missense variant is de 
novo in a proband without family history (online supplemental 
figure 6).

COL12A1 encodes the alpha chain of type XII collagen.39 
Deleterious variants in COL12A1 have been described in a few 
patients of autosomal recessive Ullrich congenital muscular 
dystrophy 2 (MIM: 616470)37 and Bethlem myopathy 2 (MIM: 
616471).35 37 Twenty- two candidate variants in COL12A1 were 
identified in 21 people in our clubfoot cohort, including 2 
nonsense and 21 missense variants, with one of these resulting 
in a glycine substitution (online supplemental table 3). Variants 
in COL12A1 segregate with clubfoot in five multiplex families, 
potentially in two families and one proband carries a de novo 
COL12A1 variant (figure 3).

There are two splice variants of COL12A1, long form (collagen 
XIIA) and short form (collagen XIIB), with distinct spatial and 
temporal expression patterns.39 The long form is predominantly 
expressed in early embryonic development and then restricted to 
dense connective tissues while the short form becomes predom-
inant at later stages.39 To determine whether the location of 

Figure 3 Pedigrees of segregated COL12A1 families. Variants in 
COL12A1 co- segregate with clubfoot in five multiplex families, potentially 
in two families and one proband carries a de novo COL12A1 variant.

Table 2 Enrichment of ultra- rare variants in HOX genes in non- syndromic clubfoot cases

Gene/Pathway VAR_TYPE

Enrichment versus gnomAD Enrichment versus in- house control

P_DOM CASE (n=857) CONTROL (n=56 885) P_DOM CASE (n=857) CONTROL (n=1043)

Limb HOX gene HOXA9 Missense 7.71E- 02 2 29 4.27E- 01 2 1

HOXA10 All 4.97E- 01 1 45 1 0 1

HOXA11 All 3.12E- 01 1 24 4.51E- 01 1 0

HOXA13 All 2.70E- 01 1 20 4.51E- 01 1 0

HOXB9 Missense 4.25E- 01 1 36 4.51E- 01 1 0

HOXC9 Missense 4.58E- 01 1 40 6.99E- 01 1 1

HOXC10 Missense 9.96E- 02 2 34 2.03E- 01 2 0

HOXC11 Missense 1.29E- 01 2 40 4.27E- 01 2 1

HOXC12 Missense 5.20E- 01 1 48 6.99E- 01 1 1

HOXC13 All 3.32E- 01 1 26 6.99E- 01 1 1

HOXD9 Missense 1 0 20 1 0 1

HOXD10 Missense 1 0 33 1 0 2

HOXD11 Missense 1 0 25 NA 0 0

HOXD12 Missense 1.50E- 02 3 32 1.86E- 02 5 0

Combined (HOX9–13) 1.96E- 03 16 452 2.92E- 02 17 9

Non- limb HOX genes (HOX1–8) (combined) 7.71E- 01 10 806 7.66E- 01 15 22

Autism gene set 5.16E- 01 125 8296 5.58E- 01 136 167

CASE, count in cases; CONTROL, count in controls; gnomAD TRAPD, TRAPD assay using gnomAD non- Finish European data; in- house TRAPD, TRAPD assay using in- house 
Caucasian controls; Limb HOX, posterior HOX genes (HOX9–13); NA, not available; Non- limb HOX, non- posterior HOX genes (HOX1–8); P_DOM, p value in dominant mode of 
TRAPD.
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variants within the different splice variants impacts clubfoot risk, 
we performed burden analysis for variants within the shared 
region and those within the unique region encoding the long 
form. Variants in the unique region are enriched in clubfoot cases 
when compared with gnomAD controls (p<0.05), although this 
was not significant when compared with our smaller in- house 
control cohort (online supplemental table 5).

Another collagen gene with rare variants enriched in our club-
foot cases is COL15A1, which has not yet been linked to any 
human disease. We also screened for additional COL15A1 vari-
ants in the entire clubfoot cohort, and identified 17 rare variants 
in 17 individuals: one proband also has a variant in COL9A3 
(online supplemental table 6), another proband also has variants 
in PITX1 and LMX1B (online supplemental table 6), two vari-
ants do not segregate and one is likely inherited from his father 
whose half- brother had clubfoot (online supplemental table 7). 
Therefore, we do not have strong evidence to support a role of 
COL15A1 in clubfoot aetiology with current data.

In summary, from exome sequence data including 1190 
probands with non- syndromic clubfoot and 103 additional 
members of 74 families, we identified HOXD12 as a novel 
clubfoot disease gene and expanded the disease phenotypes of 
LMX1B, COL9A3 and COL12A1 to include isolated clubfoot. 
Our data provide additional evidence supporting a role for 
posterior HOX genes in clubfoot aetiology. Reported variants 
are identified in both Caucasian and non- Caucasian probands, 
suggesting our findings may apply to general populations.

DISCUSSION
The genetic aetiology of clubfoot is heterogeneous
Limb development requires complex spatial and temporal coor-
dination of bone, tendon and muscle which may explain the 
genetic heterogeneity underlying the pathogenesis of clubfoot. 
This genetic heterogeneity is highlighted by the clubfoot disease 
gene, PITX1, in which variants were found in only 8 out of 1190 
probands in this cohort (online supplemental table 3). More-
over, rare and predicted deleterious variants in PITX1, LMX1B, 
COL9A3, COL12A1, HOXD12 and other posterior HOX genes 
are present in only 8.4% (100/1190) of our clubfoot cases (online 
supplemental tables 3 and 4), highlighting the genetic hetero-
geneity of this congenital phenotype. Many of the variants we 
identified segregate with incomplete penetrance, therefore iden-
tification of genetic modifiers and additional risk factor genes 
will require even larger datasets. While genome- wide association 
studies have not shown evidence of common variants of large 
effect, more work remains to be done to generate polygenic risk 
scores for clubfoot.

Posterior HOX genes and clubfoot aetiology
We report here the first description of HOXD12 as a novel 
disease gene for clubfoot based on its enrichment in our rare 
variant burden analysis and segregation in four multiplex fami-
lies. Interestingly, Hoxd12 knockout mice have multiple limb 
defects, including abnormal morphology or length of carpal, 
phalanx, radius, ulna, fibula, tibia, metacarpal, metatarsal bones 
and digits, with majority of these being in the recessive condi-
tion.29 30 In vitro reporter or binding assay may provide a better 
understanding for how these HOXD12 variants alter the func-
tion of protein, as haploinsufficiency is unlikely due to the low 
pLI score.

Several studies have previously linked dysfunction in poste-
rior HOX genes to clubfoot, including microdeletions of 5' 
HOXC genes,7 and common variants in HOXD13.40 HOX genes 

are located in 4 clusters (HOXA, HOXB, HOXC, HOXD) and 
each can be further divided into 13 gene paralogs (HOX1–13) 
with similar expression patterns and functional redundancy 
among paralogs.31 The co- linear arrangement of these clusters 
on the chromosomes correspond to their expression in anterior- 
posterior body axis for all HOX genes and the proximo- distal 
axis of limb for the posterior HOX genes (HOX9–13).31 In our 
current analysis, we identified an overall enrichment of ultra- 
rare variants in posterior HOX genes in clubfoot cases, consis-
tent with the expression and function of these genes.

Collagen genes and clubfoot aetiology
The collagen superfamily consists of 28 genes characterised by 
triple- helical domains with multiple Gly- X- Y triplet repeats (X 
is often a proline and Y is often a hydroxyproline) that func-
tion as extracellular matrix proteins.41 Fibrillar collagens have 
one major triple- helical domain while non- fibrillar collagens 
have multiple. Previously, differential composition of extracel-
lular matrix proteins, including the major collagen type I and 
III as well as collagen XII (COL12A1),42 were observed between 
contracted tissue of clubfoot, non- contracted tissue of clubfoot 
and control samples. Genetically, common SNPs in COL9A1 
were reported to associate with congenital clubfoot.43

In our burden analysis, rare and deleterious variants in 
three non- fibrillar collagen genes, COL9A3, COL12A1 and 
COL15A1, were enriched in clubfoot cases. Both COL9A3 and 
COL12A1 belong to fibril- associated collagens with interrupted 
triple helices (FACITs), which associate with fibril collagen and 
may affect the interaction between fibril collagen and other 
matrix proteins, while COL15A1 is a member of multiple triple 
helix domains with interruptions (multiplexin).39 41 COL9A3 is 
an autosomal dominant disease gene responsible for multiple 
epiphysial dysplasia with limb defects.34 36 Interestingly, the 
previously described variants in COL9A3 all consist of deletions, 
splice site or nonsense whereas 14 of 16 variants in our clubfoot 
cohort were missense variants, including 6 glycine substitutions, 
suggesting a genotype- phenotype correlation. Common genetic 
variants in another alpha chain, COL9A1, are associated with 
clubfoot.43 Therefore, abnormalities in alpha chains of the major 
collagen component for hyaline cartilage may lead to clubfoot 
and hyaline cartilage proteins may be candidates for future 
analysis.

While there are rare reports of COL12A1 causing both auto-
somal dominant and recessive myopathies,35 37 we identified 
more rare variants in our clubfoot cases than have previously 
been reported in myopathies, suggesting that it may play an even 
more important role in clubfoot pathogenesis. Interestingly, 
we found an enrichment of variants in the unique region of 
the long COL12A1 isoform that is predominantly expressed in 
early embryonic stage39 in cases when compared with gnomAD 
controls (p<0.05). This may explain the earlier onset clubfoot 
phenotype, as individuals with Ullrich congenital muscular 
dystrophy and Bethlem myopathy have progressive disease with 
onset in childhood or as adults. Larger studies are needed to 
replicate our result.

The third collagen gene identified in our clubfoot burden anal-
ysis is COL15A1. However, we do not have enough evidence to 
strongly support the role of COL15A1 in clubfoot aetiology.

Other potential candidates from gene burden analysis
Since the gnomAD database only provides the information 
of ACs for each variant, we do not have the information of 
compound heterozygosity to explore a recessive disease model. 
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Nevertheless, several enriched genes in our burden analysis 
are autosomal recessive disease genes, including SLC26A2 and 
HSPG2, which have clubfoot as one of the phenotypes (online 
supplemental table 2). Diseases caused by dysfunction of 
SLC26A228 or HSPG225 range from mild to severe phenotypes 
depending on the protein domains, variant types and effect of 
the variant. Additional study is needed to investigate the combi-
nation of a less deleterious or more common allele with a dele-
terious and rare allele, as well as if these genes may contribute 
to a milder, or incompletely penetrant clubfoot phenotype with 
autosomal dominant inheritance.

Limitations of this study
Although this study included exome data from 1190 individuals 
with clubfoot and their family members, this is a relatively small 
dataset for a rare variant gene burden analysis. Thus, we may 
have insufficient power to detect clubfoot genes with few rare 
variants under our selection conditions. To address this limita-
tion, less stringent variant filters may be applied to increase the 
number of variants. However, we performed our analysis under 
the hypothesis that extremely rare variants would segregate 
with complete or nearly complete penetrance within families, 
as shown in HOXD12. An alternative approach is to collapse 
variants in related genes for a gene group burden analysis, as 
demonstrated by the enrichment of rare variants in posterior 
HOX genes in clubfoot cases. Another limitation of our study 
is that we excluded variants on the sex chromosomes, which 
may provide insight into the skewed gender ratio for clubfoot. 
However, we would need an alternative source of controls with 
sex information as well as a different gene burden method to 
complete that analysis.

Overall, our rare variant burden analysis and segregation anal-
ysis in multiplex families supports HOXD12, COL12A1, LMX1B 
and COL9A3 as clubfoot disease genes. Our results indicate that 
congenital clubfoot is genetically heterogeneous, with HOXD12 
being a new causative clubfoot disease gene and phenotypic 
expansion of known musculoskeletal disease genes to include 
non- syndromic clubfoot. Clinical genetic testing of patients with 
clubfoot can therefore be expected to yield important informa-
tion regarding recurrence risk and phenotypic spectrum.
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