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Objectives: Congenital talipes equinovarus (CTEV) is characterized by midfoot cavus, forefoot adducts, hindfoot varus, and equinus. The
condition leads to difficulty in walking. CTEV is one of the most common congenital birth defects and an incidence of 1-2/1000 newborns
has been reported. The etiology of the CTEV is not completely understood. Multiple etiological factors, both environmental and genetic, have
been implicated in the pathogenesis of CTEV. Genetic factors associated with the development of CTEV include mutations in genes related to
limb patterning and development of muscle and blood vessels. The present study aims to screen four genes to detect the mutation underlying
CTEV in families from Pakistan. Methods: Peripheral blood samples were collected from ten individuals from two Pakistani families with
CTEV segregating in an autosomal recessive manner. Genomic DNA was isolated, followed by primer designing and Sanger sequencing of
four known genes associated with the isolated form of CTEV (7BX4, PITX1, HOXD12, and HOXDY). Results: Clinical diagnoses of the
affected individuals were made by consultant orthopedics. Sequencing analyses revealed that the four candidate genes screened here are not
responsible for the CTEV phenotype in both families. Conclusion: Failure to detect sequence variant in four known genes associated with the
isolated form of CTEV lead us to the conclusion that 7TBX4, PITX1, HOXD12, and HOXD9Y mutations are not responsible for CTEV in both
families. Therefore, genome-wide studies, including whole-genome single nucleotide polymorphism genotyping and whole-exome sequencing,
are required to identify the underlying genetic defects in these families.
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secondary CTEV with similar clinical presentation may be due
to neurovascular abnormalities.™ For the initial correction of
the CTEYV, the Ponseti technique of the clubfoot gives more
than a 90% success rate.”? However, regardless of the methods
used for CTEV treatment, it has a strong tendency to relapse.

INTRODUCTION

Skeletal disorders consist of a wide variety of conditions, which
influence the growth and structure of the chondro-osseous
tissue leading to dysgenesis and malformation of skeletal
architecture."? One of the commonest congenital abnormalities

of limbs is congenital talipes equinovarus (CTEV) of the foot
also, known as clubfoot. It is characterized by hindfoot varus,
forefoot adducts, cavus, and equines.’®) CTEV (clubfoot)
is a multifactorial malformation, which manifests with a
broad spectrum of variability in clinical features and genetic
heterogeneity.! It may exists as an isolated entity or associated
with other clinical features and is classified based on clinical
presentation.®] However, in most of the cases, CTEV
presents as an isolated birth defect of the foot.!®! Rarely, it is
presented in association with other congenital malformation
like distal arthrogryposis, congenital myotonic dystrophy,
myelomeningocele, and others.[”? The exact etiological factors
involved in the development of CTEV is unknown. However,
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While isolated CTEV is a more common form of congenital
foot deformity. The birth prevalence is as low as 0.5 to as high
as 2.0 cases/1000 live births. Environmental and genetic factors
are the major contributors to high prevalence. Previous data
collected from early amniocentesis showed an association of
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oligohydramnios as a cause of the development of CTEV.I'™
Later, it was proved by analyzing the statistical data on affected
CTEV individuals that, most of the environmental factors
such as oligohydramnios, parental age, parental education, the
season of birth, maternal anxiety or depression, use of alcohol
during pregnancy have no role in the development of this
anomaly.l'"3] Moreover, there is evidence signifying the role
of maternal smoking during pregnancy, which increases the
risk for the development of CTEV during intrauterine life.!%!
However, a strong family history of CTEV with maternal
smoking during pregnancy increases the risk of having CTEV
twenty times.['! This observation supports the role of the
involvement of the candidate genes vulnerable to a mutation
in the presence of maternal smoking.

Studies based on pedigree analysis have shown that
monogenic CTEV does exist, and the phenotype segregates
in the families both in an autosomal dominant as well as
recessive manner.’) However, so far, only a small number
of genes have been discovered in families with inherited
limb defects. Nonconfirmatory variants in genes, including
TBX4, PITX1, FLNB, HOXD12, HOXD13, HOXA9, have
been shown, with limited evidence, as an underlying cause
of the CTEV.'! Vigorous attempts have been made so far
to understand the pathobiology underlying inherited limb
defects and to categorize the skeletal deformities to simplify
the diagnosis.'" However, there is a lack of consistency of
phenotypic manifestation along with a bizarre clinical picture
of the musculoskeletal syndrome and the precise molecular
players involved in generating these musculoskeletal disorders
are missing.

The available literature has revealed that CTEV might
occur because of genetic defects in genes involved in limb
development. However, the mutation in genes(s) underlying
CTEYV has yet to be identified. Pakistani population is highly
consanguineous and families segregating clubfoot with
autosomal recessive inheritance do exist. Therefore, gene
sequencing might identify biallelic mutation as an underlying
cause of clubfoot.

The present study aims to screen four genes associated with
the isolated form of CTEV to detect the mutation, if any,
underlying CTEV in families from Pakistan. The study will
increase our knowledge of genetic variation underlying
the CTEV and provide influential insight into the etiologic
pathways to assess the genetic risk in the families and accurate
genetic diagnosis.

MATERIALS AND METHODS

Study subjects

Two inbred Pakistani families segregating CTEV were
evaluated. Pedigrees were drawn and peripheral blood samples
were collected from the third and fourth generation for genetic
analysis [Figure 1]. A total of four individuals were affected
two in each family at the time of sample collections. The
affected individuals were already diagnosed by consultant
orthopedics from the Department of Orthopedics of Lady
Reading Hospital Peshawar, Pakistan. These individuals were
referred for the treatment to the clubfoot clinic at the Pakistan
Institute of Prosthetic Sciences (PIPOS). Hence, at the time of
our study, all the affected individuals were under a strict regime
of serial foot casting using the Ponseti technique.

The pedigree [Figure 1] analysis provided conclusive evidence
of the autosomal recessive inheritance of the phenotype, while
affected individuals were considered homozygous for the
mutant allele because of consanguineous marriages.

Extraction of genomic DNA and Sanger sequencing
Peripheral blood samples were collected from the four
symptomatic and six apparently normal individuals of the two
families in an ethylene diamine tetra-acetic acid-containing
tubes. Total nucleic acid (DNA/RNA) was isolated using
the PureLink™ Genomic DNA Mini Kit (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, United States).
Polymerase chain reaction (PCR) was carried out in a 0.2 ml
Eppendorf® PCR tubes (Sigma-Aldrich Chemie GmbH,
Eschenstrasse 5, 82024 Taufkirchen, Germany) in a total
volume of 50 pl. The PCR master mix (ReadyMix™ Taq
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Figure 1: Pedigree charts of two Pakistani kindred segregating congenital talipes equinovarus in an autosomal recessive manner. Circles represent
females, squares represent males, and filled symbols represent affected individuals. Double lines between symbols indicate consanguineous marriage.
Five individuals (Ill-2, llI-3, IV-1, IV-2, and IV-3) from family A and five individuals (lll-5, ll-6, IV-1, IV-2, and IV-3) from family B were available for the

present study
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PCR Reaction Mix) contained 40 ng of human genomic
DNA, 25 ul of ReadyMix (Sigma-Aldrich Chemie GmbH,
Eschenstrasse 5, 82024 Taufkirchen, Germany) and 20 pmol of
each forward and reverse primer (Macrogen Inc., GaSan-Dong,
153-801 GeumCheon-Gu, Seoul, Korea). The thermal cycling
conditions used for the amplification of genomic targets
included 95°C for 5 min, followed by 40 cycles of 95°C for
1 min, 55°-58°C for 1 min, 72°C for 1 min and a final extension
at 72°C for 10 min. PCR reaction mix was amplified using
Eppendorf Mastercycler nexus (USA-Scientific Inc., 346 SW
57" Ave, Ocala, FL 34474 USA). Amplified PCR products
were visualized on 2% agarose gels. DNA extraction, PCR
amplification and sequencing were performed in the research
center of Khyber Medical University (KMU). ABI310 genetic
analyzer was used for generating sequencing chromatograms.

RESULTS

Clinical description of families

Families A and B were recruited from the Gulbahr region and
Hayatabad regions of district Peshawar, respectively. The
family members follow the culture of the old tribal system with
the head of the family traditionally prefer their children to get
married within the tribe. Hence, consanguineous marriages are
commonly practiced. The pedigrees of families covering four
generations show an autosomal recessive mode of inheritance
ofthe CTEV. All individuals were clinically examined, and no
history of any other congenital anomaly was observed.

In family A, two individuals (IV-2 and I'V-3) were affected with
CTEV, while others were normal. Affected individual (IV-2)
is a 2-year-old male diagnosed as a bilateral CTEV with the
lateral border of each foot was longer and convex, while the
medial border of the foot was short and concave with creases.
Small creases were also noted on the posterior side of the
ankle. He is under strict serial casting regime according to
the Ponseti technique at the PIPOS center. Medial crease and
empty heel of both feet were still present. However, other
signs disappeared. Affected individual (IV-3) is a 3.5-year-old
female. She was diagnosed as right foot CTEV and underwent
a similar regime. Signs of CTEV were about to disappear
completely. However, as relapse chances are high, she was
still on regular follow-up every 3 months in the clubfoot clinic
at the PIPOS center. Blood samples were collected from the
two affected (IV-2 and IV-3) and three unaffected members
(ITI-2, I1-3, and I'V-1) of family A.

In family B, two male individuals (IV-I1 and IV-2) were affected
with CTEV. Affected individual (IV-1) is 2.5 years diagnosed
as a bilateral CTEV. He was under strict serial casting
according to the Ponseti technique at the PIPOS center. He also
underwent percutaneous Achilles tenotomy as the feet were
resistant to conservative management. The second affected
individual (IV-2) is a 9-month-old male. He was diagnosed
as right foot CTEV and underwent a similar regimen. Still,
signs of CTEV such as metatarsal adducts, cavus, and equinus
on both feet were apparent. Blood samples were collected

from the two affected (IV-1 and IV-2) and three unaffected
members (I1I-3, I11-6, IV-3) of family B.

Sequence analysis of four known congenital talipes
equinovarus genes

A total of 10 DNA samples from two families (A and B) were
screened for four known genes associated with the isolated
form of CTEV. A total of twenty primers flanking exons and
exons-introns junctions were used for PCR amplification,
followed by Sanger sequencing of hereditary CTEV related
genes via dideoxy chain termination chemistry to identify
variant(s) of interest underlying CTEV in both families. Three
exons and exon-intron junctions of the PITXI gene, eleven
exons and exon-intron junctions of the 7BX4 gene, four exons
of HOXD12 gene, and two exons of the HOXA9 gene were
sequenced in the affected individuals of family A (IV-2) and
family B (IV-1).

A homozygous sequence variant (c.1227C>T) in exon 8 of
the 7TBX4 gene was detected in the affected individual (IV-1)
of family B. This variant was sequenced in all other available
individuals of the family B as well. It is perfectly segregating
with the disease phenotype in family B. The variant is present
in a homozygous state in both affected individuals and in a
heterozygous state in both parents. The unaffected individuals
showed wild type sequence. The variant (c.1227C>T) changes
the codon GAC to GAT at position 408 (p. Asp408Asp).
However, this variant did not lead to any amino acid change
in the protein sequence as GAC and GAT code for the same
amino acid (aspartate). Moreover, the genome AD database
search revealed that this synonymous variant is present in
high frequency in the general population. No other sequence
variants were identified, suggesting that the mutation may be
present in the regulatory region of the gene.

DISCUSSION

Genetic studies in congenital talipes equinovarus

In the pediatric age group, the most common, challenging,
and complicated disorder of the musculoskeletal system is the
development of CTEV. The genetic component involved in the
development of the CTEV is predominant. While depending on
its severity, neuromuscular or vascular system hypoplasia may
predominate later in the development of the CTEV.' CTEV
occurs as an isolated (nonsyndromic) birth defect in 80% of
the cases without having other associated malformation.®

Around 24%-50% of the CTEV cases are reported with
a positive family history.' As the genetic factors have a
predominant contribution in the etiology of this deformity,
which is the cause of treatment failure and reoccurrence in the
families affected with CTEV.!'! Pedigree analysis of multiple
affected individuals suggesting the key role of a single gene,
with both autosomal recessive and dominant patterns of
inheritance.”! The involvement of genetic contribution to the
development of CTEYV is different from individual to individual
and is expected to be small to moderate in size and vary in
families and different populations.?!
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In this study, we focused on the clinical and genetic
characterization of two consanguineous families (A and B)
showing the hallmark phenotype of CTEV. Clinical examination
of affected individuals from both families confirmed the
diagnosis of CTEV. DNA extraction from all available
members followed by primer designing for four CTEV
associated genes (PITX1, TBX4, HOXAY, and HOXA12) and
Sanger sequencing revealed no variant in the DNA samples of
the members of family A. However, a homozygous sequence
variant (c.1227C>T) in the exon eight of the 7BX4 gene
was identified in family B. The variant is synonymous and
therefore did not cause any amino acid change in the protein
sequence.

Therefore, no disease-causing sequence variant was identified
in all four genes sequenced. The gene PITX1-TBX4 genes
are responsible for the transcriptional pathway of initial
limb development. Previous studies on PITX-TBX4 genes
support the involvement of these genes in the development
of CTEV.2'?Y In a multigenerational family segregating
CTEV in an autosomal dominant manner Gurnett et al.,
2008 identified a missense mutation (p. E130K) in the
PITX1 gene that was located in a highly conserved domain.
The clubfoot-like phenotype was also observed in the mice
with Pitx 1 haploinsufficiency.*¥ This shows the importance
of PITXI-TBX4 in the developmental pathway of CTEV.*
Role of PITX1 and TBX4 in the hind limb is not known. Both
PITX and TBX4 are mainly involved in the development of
the forelimb in model animals. This strengthen the hypothesis
that these genes play a major role in the development of foot
in human.?”! This study and others have shown that multiple
families with isolated CTEV failed to show mutations in
skeletal muscles contractile genes and other CTEV associated
genes, including Filamin B (FLNB) gene.['72¢]

Muscle development is a complex process that involves
spatiotemporal expression of multiple genes during
intrauterine life. Molecular alteration of this process may
lead to muscle anomalies such as hypoplasia and atrophy
of muscle, which are the characteristic features of CTEV.[?]
During the early stages of myogenesis, these changes are
highly controlled with their exactly related specific
genes, which play a vital role in the development of limb
and foot.?® Studies conducted based on candidate gene
association analysis suggest that apoptosis-related genes,
homeobox A and D (HOXA and HOXD) genes, and genes
involved in muscle contraction are major contributors in
the development of CTEV.?31 During embryonic life, the
homeobox transcription factor gene, HOXAY, plays a role
in coordinated patterning and differentiation of muscle,
tendon, and cartilage of the hindlimbs.?331 HOXAY is also
known to control the expression of genes by regulating the
transcription factor such as LBXI. LBXI plays an important
role in the migration of muscle precursor cells during the
development of hind limb.?¥ A decreased promotor activity
with an alternate allele of HOXA9 (rs3801776) was found
due to a single nucleotide polymorphism (SNP).%! This

may lead to a change in the structure of muscle, calf size,
and the disordered functional composition of muscle. All
these components were reported in the development of
CTEV. Moreover, genotypes of 4 SNPs in 84 CTEV patients
were analyzed, and it was found that rs847154 located in
5’ flanking sequence of HOXDI2 gene is associated with
CTEV.B% We sequenced the two exons of the HOXA9 and
four exons of the HOXD12 gene in affected individuals of
family A (IV-2) and family B (IV: 1). However, no sequence
variant was identified.

We did not identify any pathogenic sequence variant(s) in
four CTEV candidate genes (PITX, TBX4, HOXA9, and
HOXD12). This suggests that the mutation may be present
in the regulatory region of these genes. Whole-exome
sequencing (WES) might reveal the pathogenic variant
underlying CTEV in these patients.

Recently, next-generation sequencing (NGS), including
whole-genome sequencing and WES, is becoming more
common in clinical diagnosis as well as gene identification
in genetic diseases. WES is cost-efficient, and simple
bioinformatics approaches have the potential to identify the
underlying genetic variants in inherited diseases. WES is
becoming a gold standard diagnostic tool for the discovery
of the culprit gene while studying the undiagnosed genetic
disease.l’”! This particularly efficient method for the
identification of undiagnosed disease-associated genes can be
more useful when applied in combination with genetic linkage
analysis.! Future studies, including whole-genome SNP
genotyping and WES on these samples may lead to interesting
results in family A and B.

CONCLUSION

Based on our data, it is highly unlikely that mutations in
the coding part of these genes are the cause of CTEV in the
Pakistani population. However, a study with a large sample
size will justify this conclusion. Further research using the
NGS approach followed by segregation analysis is necessary
for the detection of potential sequence variants underlying
CTEV. It is important to search for the culprit gene involved
in the CTEV because it is difficult to treat the disease
properly until the true etiology and pathological mechanism
is known. Identification and characterization of novel gene
discovery involved in CTEV will provide accurate genetic
counseling for families at risk as well. This will also provide
the advancement in the management plane, especially in
treatment-resistant cases, as not all the CTEV cases respond
well to the available treatment options. The personalized
case-based approach between the genetic abnormality and
CTEV malformation will be a huge advancement in the
available management plan.
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