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AbsTrACT
Introduction congenital clubfoot is a common birth 
defect that affects at least 0.1% of all births. nearly 
25% cases are familial and the remaining are sporadic 
in inheritance. copy number variants (cnVs) involving 
transcriptional regulators of limb development, including 
PITX1 and TBX4, have previously been shown to cause 
familial clubfoot, but much of the heritability remains 
unexplained.
Methods exome sequence data from 816 unrelated 
clubfoot cases and 2645 in- house controls were analysed 
using coverage data to identify rare cnVs. The precise 
size and location of duplications were then determined 
using high- density affymetrix cytoscan chromosomal 
microarray (cMa). segregation in families and de novo 
status were determined using qantitative Pcr.
results chromosome Xp22.33 duplications involving 
SHOX were identified in 1.1% of cases (9/816) 
compared with 0.07% of in- house controls (2/2645) 
(p=7.98×10−5, Or=14.57) and 0.27% (38/13592) 
of atherosclerosis risk in communities/the Wellcome 
Trust case control consortium 2 controls (p=0.001, 
Or=3.97). cMa validation confirmed an overlapping 
180.28 kb duplicated region that included SHOX exons 
as well as downstream non- coding regions. in four of six 
sporadic cases where Dna was available for unaffected 
parents, the duplication was de novo. The probability of 
four de novo mutations in SHOX by chance in a cohort of 
450 sporadic clubfoot cases is 5.4×10–10.
Conclusions Microduplications of the 
pseudoautosomal chromosome Xp22.33 region (Par1) 
containing SHOX and downstream enhancer elements 
occur in ~1% of patients with clubfoot. SHOX and 
regulatory regions have previously been implicated in 
skeletal dysplasia as well as idiopathic short stature, 
but have not yet been reported in clubfoot. SHOX 
duplications likely contribute to clubfoot pathogenesis by 
altering early limb development.

bACkground
Congenital clubfoot, also called talipes equino-
varus, is a common and serious birth defect that 
affects an estimated 1 of every 1000 live births.1 
Clubfoot is characterised by structural defects of 
several tissues of the foot and lower leg, which leads 
to abnormal positioning of foot and ankle joints.2 
If left untreated, it can result in severe disability 
and deformity.3 Approximately 80% of clubfoot 
cases are isolated birth defects.4 The remaining 
20% of cases are due to associated malforma-
tions, or known genetic syndromes, such as distal 

arthrogryposis and myleomeningocele.5 There is 
also strong evidence for a genetic basis for isolated 
clubfoot. There is a family history of clubfoot in 
25% of all isolated cases.6 Data from twin studies 
show a higher concordance in monozygotic (33%) 
than dizygotic (3%) twins,4 and more recent data 
estimates heritability of isolated clubfoot at ~30%.7

Although few causative genes are known, prog-
ress has been made on understanding the genetics 
of isolated clubfoot. Thus far, the strongest 
genetic evidence for clubfoot is the PITX1- TBX4- 
HOXC pathway, the proper function of which is 
required for normal hindlimb development.8–10 
Variation in this pathway has been linked to club-
foot phenotypes through a segregating dominant 
mutation in PITX1,11 inherited recurrent chromo-
some 17q23.1q23.2 microduplications containing 
TBX4,12–14 PITX1 haploinsufficiency,15 and copy 
number variants (CNVs) and point mutations in 5′ 
HOXC genes including HOXC12.16 However, these 
account for only ~1% of familial clubfoot and are 
rarely identified in non- familial cases.

Here, we report that approximately 1% of paedi-
atric patients with clubfoot has microduplications 
of SHOX, a transcription factor involved in early 
limb development. These duplications include 
the SHOX gene as well as downstream regulatory 
regions. Four of these microduplications are de novo 
strengthening their role in clubfoot pathogenesis.

MATerIAls And MeThods
Cohort description
All patients with clubfoot were recruited at St 
Louis Children’s Hospital or Shriners Hospital St 
Louis. Only those with a clinical diagnosis of club-
foot were included. The institutional review board 
approved this study and all patients and/or parents 
provided informed consent. We excluded patients 
with myelomeningocele, arthrogryposis or known 
genetic disorders. DNA was obtained from either 
blood or spit from probands, additional affected 
family members, and parents wherever possible. We 
include in the present study only those who self- 
reported their ethnicity as European- American. 
When family history data are available, it was 
obtained from the parents of the affected child.

exome sequencing
Exome sequence data for 816 unrelated club-
foot probands were generated at the McDonnell 
Genome Institute using IDT xGen Exome Panel V1 
capture on Illumina HiSeq 4000 paired- end reads. 
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These cases included 450 sporadic cases with no family history 
of clubfoot in either first- degree, second- degree or third- degree 
relatives. In- house control data consisted of 2645 samples, 
including 1197 with adolescent idiopathic scoliosis, 334 with 
Chiari 1 Malformation and 433 with male infertility, which were 
were captured and sequenced using the identical IDT platform 
as the clubfoot cases. An additional 637 controls with amyo-
trophic lateral sclerosis were captured using Agilent reagents and 
sequenced on HiSeq 1500/2000.

exome alignment and bAM file processing
The sequencing reads (ie, fastq files) from all clubfoot cases and 
control samples were aligned to the human genome reference 
(GRCh37) using BWA- MEM (V.0.7.15). The resulting BAM files 
were sorted and duplicates were marked using Picard Mark-
Duplicates (V.2.9.0). Re- alignment intervals for each BAM file 
were determined using GATK (V.3.5) RealignerTargetCreator 
using a list of known indel sites (Mills and 1 kg indels data from 
the GATK resource bundle ftp:// ftp. broadinstitute. org/ bundle/ 
b37/), local re- alignment and base quality recalibration were 
then performed by GATK (V3.5) IndelRealigner and BaseRecal-
ibrator, respectively.

exome CnV analysis
CNV analysis was performed using the software package Fish-
ingCNV that is designed to identify rare CNVs from exome 
sequencing data without the need for a paired control. We previ-
ously used this programme to successfully identify CNVs in an 
adolescent idiopathic scoliosis cohort.17 This programme uses 
an algorithm to prioritise rare variants, and compares coverage 
depth in a test sample against the background distribution, as 
well as principal components analysis to remove batch effects. 
The programme extracts coverage information from GATK 
processed BAM files,18 then normalises read depth information 
at each exon19 into Reads Per Kilobase per Million mapped reads 
(RPKM) files. Following our previous protocol, to identify only 
the most confident CNV calls, we included only CNVs with 
an average RPKM of at least 10, the mean log- ratio coverage 
between background and sample of −1.2 to −0.8 (consistent 
with a deletion) or 0.4 to 0.8 (consistent with a duplication) and 
Holm–Bonferroni adjusted p value less than 10−3.

sex chromosome aneuploidy calculations
We estimated sex chromosome aneuploidy by comparing the 
total read depth on chromosomes X and Y to the average total 
read depth for autosomes. Read depth was calculated for all 
samples using Depth of Coverage from the Genome Analysis 
Tool Kit V.3.7 (GATKV.3.7). For females, the average X:Auto-
some ratio was ~1 average and Y:Autosome ratio was <0.5. For 
males, the average X:autosome ratio was <0.5 and the average 
Y:autosome ratio was ~1.5.

external control samples
Control samples included the Atherosclerosis Risk in Communi-
ties (ARIC) and the Wellcome Trust Case Control Consortium 2 
(WTCCC2) NBS and 58C cohorts, for a total of 13 692 samples. 
ARIC/WTCCC2 controls were profiled on the Affymextrix SNP6 
array and processed as per Coe et al (2014).20 Manual inspection 
was performed to exclude low- quality CNVs. Due to inherent 
noise in array data in the pseudoautosomal regions (PARs), an 
additional check filter was performed on the samples based on 
their overall noise level as measured by SD of all genomic probes 
to look for evidence of lost sensitivity in noisier samples. This 

method detects CNVs from complete chromosomal deletions or 
duplications down to those 10 Kb in size.

CnV validation using Affymetrix Cytoscan
The Affymetrix Cytoscan HD chromosomal microarray 
(CMA) consists of more than 750 000 SNPs and 1.9 million 
non- polymorphic probes, and results in 5–10 Kb resolution. 
Chromosome Analysis Suite was used to view and summarise 
chromosomal aberrations across the exomes. This array enables 
the performance of high- resolution, genome- wide CNV analysis 
and provides genotyping information for the detection of copy 
neutral loss/absence of heterozygosity, and was used to validate 
and determine the size of the SHOX containing CNVs detected 
in clubfoot probands. In some cases, CNVs were broken into 
multiple contiguous pieces by Cytoscan. We only considered 
pieces as part of the same CNV if they were <20 000 bp apart.

Quantitative PCr of unaffected parents to determine de novo 
status
For validation of CNVs using quantitative PCR (qPCR), we 
designed three primer pairs to exonic sequence within the CNV. 
Primers were tested for quality and efficiency using PCR and real- 
time qPCR standard curves, respectively. QC was performed on 
the tested DNA using the Qubit Fluorimeter (Invitrogen). qPCR 
is performed on a 96 well high- sided low- profile PCR plates 
(Thermo Scientific) on the Applied Biosystems StepOne Real- 
Time PCR System. Positive and negative controls with known 
gains or losses as previously determined by Affymetrix Cytoscan 
in the gene of interest were included in each run. The RPL27 
housekeeping gene was used as a reference.

De novo enrichment analysis and statistical analysis
Fisher’s exact tests were performed in R V.3.6.1 on the number of 
SHOX- containing CNVs in cases versus controls. The R package 
'denovolyzeR' was used to assess the enrichment of de novo 
coding variants on a per gene basis using the estimated de novo 
mutation rate per gene derived previously from a large exome- 
sequenced control cohort.21 We estimated the proportion of de 
novo variants contributing to clubfoot based on the observed 
number of protein- altering de novo mutations observed in our 
cohort of clubfoot sporadic uniplex trios (n=450) compared 
with expected (=Nx((M1–M2)/M1), where N is the total number 
of trios and M1 and M2 are the observed and expected count of 
protein- altering de novo mutations per trio, respectively).

Comparative genomic analysis
The human genomic sequence was retrieved from the UCSC 
genome browser ( www. ucsc. edu/ genome). The orthologous 
sequences from vertebrate species including dog, opossum, 
chicken, frog and multiple fish species were obtained from 
the Evolutionarily Conserved Region (ECR) Browser (https:// 
ecrbrowser. dcode. org).22 As per previous studies, the settings 
of the ECR browser were adjusted to identify sequences with 
a minimal length of 100 bp and a 70% homology between 
species.22 23

resulTs
SHOX duplications are enriched in patients with clubfoot
SHOX- containing duplications were identified in nine out of 
816 (1.1%) clubfoot probands and were the only CNVs signifi-
cantly enriched in cases (table 1). Identical analysis of our 
in- house control samples revealed only two duplications out 
of 2645 controls (0.07%) (p=7.98×10−5, OR=14.57). This 
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Table 1 Frequency of X chromosome duplications and deletions in cases and controls

CnV region CnV type Chromosomal coordinates Cases (n=816) Controls (n=2645) P value

47, XXY Duplication Entire chromosome 5 0 7.4×10–4

Xp22.33 Duplication 2 00 854–2 729 493 9 2 7.9×10–5

Xp22.33 Duplication 1 401 596–3 631 294 11 31 0.4

Xp11.4 Duplication 37 701 034–38 009 147 1 2 0.6

Xp11.23 Duplication 48 265 385–48 270 814 1 3 0.7

Xq22.2- q23 Duplication 102 973 984–109 310 624 2 1 0.2

Xq26.3 Duplication 134 978 401–135 586 622 2 1 0.2

Xq28 Duplication 152 241 445–155 235 144 9 14 0.07

Xp11.23 Deletion 41 307 142–46 508 232 2 0 0.5

Xq28 Deletion 155 003 533–155 235 853 1 1 0.4

Figure 1 X- chromosome duplications involving SHOX in patients with 
clubfoot. (Top) The location of the duplicated region as determined by 
affycytoscan array data from all nine SHOX duplication carriers and the 
affected great uncle (7470004) with the smallest duplication magnified 
in the bottom portion. The smallest overlapping region to all patients with 
clubfoot is in the pink rectangle. conserved regulatory elements across 
seven species are shown (evolutionary conserved region browser data). 
(bottom) Zoomed in view of the region shared among nine duplication 
carriers and individual 7 470 004 that shows the smallest overlapping 
1.41 Kb duplication that contains a single evolutionarily conserved region.

enrichment was also significant when compared with 13 692 
ARIC/WTCCC2 controls, where 38 individuals were found to 
have high- confidence SHOX duplications (p=0.001, OR=3.97). 
All nine chromosome Xp22.33 duplications detected using 
FishingCNV on exome data were validated using Affymetrix 
Cytoscan arrays and the size of online supplementary tables S1 
and S2. The duplications were more precisely determined, and 
varied from 235 kb to 2.528 Mb online supplementary tables 
S1 and S2. No microdeletions of SHOX were detected in the 
clubfoot probands.

Aneuploidy in the sample
We evaluated 816 clubfoot probands for sex chromosome aneu-
ploidy and sex chromosome CNVs using exome read depth 
data. Five out of 564 male probands (0.9%) were discovered to 
have 47, XXY or Klinefelter Syndrome based on X:Autosome 
ratios consistent with female sex (range: 0.85–1.1) but also had 
Y:Autosome ratios consistent with male sex (range: 1.4–1.7) and 
were reported as biological male. We removed these aneuploid 
samples prior to further CNV analysis. There were no club-
foot probands with 45, X (Turner Syndrome) or 47, XXX. Our 
in- house controls and ARIC/WTCCC2 controls could not be 
used for comparison due to the exclusion of patients with aneu-
ploidy from both datasets prior to generation of genetic data.

duplication of SHOX and downstream regions containing 
known evolutionary conserved enhancers
All nine clubfoot probands share an overlapping 180.28 kb dupli-
cation of SHOX and portions of the 200 kb downstream posi-
tion effect (PE) region, containing known ECRs and enhancers 
(figure 1). An affected great uncle of 7 470 001 (individual 
7470004) with clubfoot was also evaluated and found to have a 
small 1.41 kb chromosome Xp22.33 duplication on Affymetrix 
Cytoscan array, although his duplication was much smaller than 
the proband. When he is included, the overlapping duplicated 
region shared by all 10 clubfoot cases is narrowed down to a 
1.41 kb portion of the downstream PE region (figure 1). This 
1.41 kb region contains a 131 bp ECR composed of transposable 
elements and simple repeats.

Clinical phenotypes associated with chromosome Xp22.33 
duplications
Clinical evaluations revealed that seven out of nine probands 
with the duplication were men (77.7%), whereas the entire 
clubfoot cohort evaluated was 68% men. Height data were 
available for seven out of nine clubfoot probands. Six patients 
were <50th percentile of height for their age, and five of the 
seven were <10th percentile (table 2). Three probands were 

https://dx.doi.org/10.1136/jmedgenet-2020-106842
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Table 2 Demographic and phenotypic information on SHOX duplication carriers

Id Current age sex Type of clubfoot CdC height percentile duplication size (kb) de novo Additional history

5 162 001 13.8 F LTEV 48 301.166 Unknown Adolescent idiopathic scoliosis

5 310 001 14.2 M BTEV Unknown 277.152 Unknown

5 333 001 14.2 M BTEV Unknown 241.258 Y Developmental delay, chr 
16p13.11 duplication

7 436 001 7.9 M BTEV 56 2528.216 Y

7 470 001 1.9 M BTEV 4.7 847.043 Y Bilateral camptodactyly, great 
uncle with clubfoot

7 282 001 3.0 M BTEV 3.4 659.028 N

7 506 001 2.4 M BTEV 8.4 235.578 N Amniotic band syndrome, 
bilateral symbrachydactly, sixth 
nerve palsy

7 482 001 2.1 F BTEV 0.1 847.043 Y Torticollis, chr 2q37.3 deletion, 
developmental delay

7 096 001 16.8 M BTEV 3.7 847.043 unknown Developmental delay

7 470 004 45.3 M BTEV 67 1.415 unknown Great uncle of 7 470 001

BTEV, bilateral talipes equinovarus; LTEV, left talipes equinovarus.

found on follow- up to have mild global developmental delay, 
and two of these probands were also found to have additional 
known recurrent CNVs associated with developmental delay 
phenotypes along with the SHOX duplication. Eight of the nine 
probands had bilateral clubfoot. Two probands presented with 
hand abnormalities, including symbrachydactly and campto-
dactly. One proband had adolescent idiopathic scoliosis. Only 
one proband (7470001) had a family history of clubfoot, and his 
affected great uncle also had a chromosome Xp22.33 microdele-
tion, although much smaller than the proband.

Four de novo SHOX duplications among those with available 
dnA
Of the nine probands with SHOX duplications, DNA was avail-
able for both unaffected parents of six probands. DNA of one 
set of parents was analysed with Affymetrix Cytoscan and the 
other five sets were analysed with qPCR. Four out of six SHOX 
duplications were not present in the unaffected parents but were 
confirmed in the proband, resulting in a de novo rate of 66% 
(4/6) for chromosome Xp22.33 duplications. When we consider 
that only 450 out of the 816 clubfoot probands evaluated were 
considered sporadic cases because they did not have a family 
history of clubfoot, the probability of detecting four de novo 
mutations in the SHOX gene by chance in a cohort of this size 
(n=450) is 5.4×10–10.

dIsCussIon
We report evidence supporting a new role for SHOX gene 
duplications in clubfoot pathogenesis. First, we have shown 
that approximately 1% of clubfoot probands have a microdu-
plication of SHOX and that there is a significant enrichment 
of de novo duplications. Short stature homeobox (SHOX) 
is located in the PAR1 on the distal end of the short arms of 
the X and Y chromosomes, and encodes a homeodomain 
transcription factor expressed in the developing forelimb and 
lower leg, as well as the first and second pharyngeal arches.24 
SHOX escapes X- inactivation, hence XX and XY individuals 
both have two copies of SHOX.25 SHOX- related short stature 
phenotypes, including growth failure and limb deformities, 
are observed in patients with Turner syndrome who have only 
one copy of SHOX.26 Point mutations or deletions resulting in 
haploinsufficiency of SHOX are also associated with idiopathic 
growth retardation,27 and idiopathic short stature (ISS) and are 

causative of Leri–Weill dyschondrosteosis (LWD), a dominant 
skeletal dysplasia presenting with mesomelic limb shortening 
and curving of the radius known as Madelung deformity.28 29 
Homozygous loss of SHOX or compound heterozygous SHOX 
defects result in the more severe phenotype known as Langer 
mesomelic dysplasia (LMD).23 30–32 Mesomelic involvement of 
the lower legs observed in patients with LWD and LMD with 
SHOX defects is consistent with the predominant anatomic 
abnormalities previously described in patients with idiopathic 
clubfoot, in which skeletal muscle hypoplasia is most evident in 
the lower legs but not the calf.33

Duplications of the SHOX region are less often described, 
though they have been associated with tall stature in one study.34 
However, positive effects on height appear to require duplica-
tion of the entire SHOX coding and regulatory region, as partial 
duplications have been associated with short stature.32 35 For 
instance, a girl with severe short stature and agenesis of the right 
tibia and fibula was found to have large duplications flanking 
either side of the SHOX gene, but a normal copy number of 
the gene itself.36 In fact, SHOX microduplications represent a 
small fraction of the aetiology of ISS because SHOX enhancer 
duplications may impair gene expression as extra copies of the 
regulatory region can dysregulate SHOX.37 Many of our club-
foot probands with SHOX duplications also had short stature 
and none of them were tall. While variable hand anomalies were 
observed in two of our clubfoot probands with the SHOX dupli-
cation, we do not know whether the preferential involvement 
of the lower leg is a consequence of selection bias due to our 
recruitment from clubfoot clinic or reflects enhanced suscepti-
bility of the lower leg. It is also important to note that analysis of 
CNVs using exome data has some limitations, most notably that 
potential intronic or intergenic regions CNVs acting through 
regulatory effects may be missed. As in CNV analysis of whole 
genome data, detection is only as good as the sequence coverage, 
and more even coverage will always lead to cleaner results.

The non- coding region downstream of SHOX that is located 
within the 180 kb common clubfoot deletion interval is known 
as a position effect (PE) of SHOX23 because alterations can affect 
gene expression even when the gene is intact.38 Because the 
SHOX duplication common region shared among all patients 
with clubfoot also contains long- range enhancers of the gene,30 39 
we cannot exclude the possibility that these non- coding regions 
also play a role in clubfoot pathogenesis. Deletions of these 
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enhancers, without involvement of the SHOX transcript, have 
previously been shown to be enriched in patients with ISS and 
LWS and absent in controls,23 30 31 although there is evidence of 
incomplete penetrance in families.40

Evolutionary sequence conservation has previously been used 
as a guide to locate potential enhancers downstream of the 
SHOX gene,23 41 42 and is a good predictor for the identifica-
tion of cis- regulatory elements, particularly in developmental 
genes.43 Comparative genomic analysis identified eight highly 
conserved non- genic elements (CNEs) located in the SHOX 
downstream region, and three have previously been shown 
to have cis- regulatory activity in the developing limb bud in 
chicken embryos.23 Duplications of these PEs and CNEs are not 
as well characterised as deletions. While we narrowed the caus-
ative clubfoot genetic region to a 180 kb interval that contains 
both the SHOX gene and a large downstream regulatory region, 
the interval may be as small as 1.41 kb if we include the dupli-
cation in an affected great uncle that was much smaller than 
that present in the proband (online supplementary tables S1 and 
S2). It is important to note that the variant in the great uncle 
and corresponding proband are not the same variant; therefore, 
they may not be inherited from a common ancestor, so this does 
not impact the number of de novo variants found here. A single 
ECR is located in the very smallest 1.41 kb region but is only 
conserved back to the dog lineage. However, previous research 
of SHOX enhancers has shown that some less highly evolution-
arily conserved elements also have enhancer activity.40

In a prior analysis of autosomal CNVs, our group showed that 
CNVs involving transcription factors or transcriptional regula-
tors of hindlimb development segregate with clubfoot in several 
families.16 These include specific regulators of hindlimb develop-
ment, including PITX1, TBX4 and 5′ HOXC genes.10 Therefore, 
it is not surprising that we find an enrichment of CNVs in yet 
another transcription factor, this time one that is expressed on 
the X- chromosome. Our identification of four de novo dupli-
cations of the SHOX gene strongly suggests a causative role in 
clubfoot pathogenesis. Further evidence for a role of SHOX in 
clubfoot pathogenesis is provided by studies showing that recur-
rent chromosome 17q23.1- q23.2 microduplications involving 
Tbx4, a transcriptional regulator of the closely related gene 
Shox2 during limb development in mice,44 are among the most 
common known causes of familial clubfoot.12

Although the vast majority of the patients in this study had 
isolated clubfoot, at least when recruited for the study during 
infancy, three out of nine duplication carriers were noted to 
have mild developmental disabilities on long- term follow- up. 
Two of these individuals had other CNVs, in addition to the 
SHOX duplication. The chromosome 16p13.11 duplication and 
chromosome 2q37.3 microdeletion that we identified in these 
patients are both known to cause neurodevelopmental abnor-
malities,45 46 but not clubfoot, and are therefore likely explain 
their developmental disabilities since most of our SHOX dupli-
cation carriers are developmentally normal. Other investigators 
have also noted a tendency for individuals to have multiple 
CNVs.47 Recent studies have shown that there is a slightly higher 
prevalence of neurodevelopmental difficulties in children with 
isolated clubfoot which is also consistent with this observation.48

We also identified five individuals in our clubfoot cohort with 
47,XXY karyotypes, which is approximately six times greater 
than the population average of 0.15% or ~1/660 males.49 
Although there are nearly 800 genes duplicated in patients with 
47,XXY karyotype, we hypothesise that duplication of SHOX 
may be responsible for the clubfoot phenotype in these males. We 
did not identify any females with clubfoot who had an 47,XXX 

karyotype, suggesting that males may be particularly suscep-
tible to the effects of SHOX duplications. Overall, the over- 
representation of males with SHOX duplications in our study 
is consistent with the 3:1 male:female ratio for clubfoot. Inter-
estingly, the opposite is seen in patients with LWD and SHOX 
deficiency,50 as Madelung deformity is both more common and 
more severe in females. Our identification of SHOX duplications 
and enrichment of 47,XXY karyotype abnormalities in patients 
with clubfoot, along with our prior work identifying CNVs 
involving other regulators of early limb development, including 
PITX1, TBX4 and 5′ HOXC genes, suggests that it may be useful 
to screen patients with clubfoot for CNVs, particularly when 
there is any concern about development.

Our results show that SHOX duplications are present in ~1% 
of all patients with clubfoot. This study will have immediate and 
direct impact on patient care because these genetic abnormalities 
can easily be detected with clinically available CMA studies. In 
addition, our results provide important insight into the pathoge-
netic mechanisms of clubfoot now that we have shown a strong 
link to abnormalities in multiple early transcriptional regulators 
of limb development. Furthermore, the enrichment of SHOX 
duplications in males may partially explain the increased prev-
alence of clubfoot among males. Future research employing 
high- resolution methods to detect even smaller X chromo-
some CNVs may help us to understand the clubfoot pathogen-
esis in the remaining unexplained cases, and may also provide 
insight into the role of non- coding regulatory regions in human 
development.
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