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SHFM (Split Hand/Foot Malformation) is a heterogeneous group of disorders
characterized by the presence of clefts in the hands and feet, along with
syndactyly of the digits. In this article, we describe a family in which two
members exhibit characteristic developmental abnormalities associated with
SHFM, presenting with variable clinical features. Using whole-genome
sequencing, we identified a microduplication of a chromosomal segment on
locus 10q24.32, specifically spanning positions 102934495 to 103496555,
encompassing genes BTRC, POLL, FBXW4 and LBX1 in the proband. Genomic
duplications, including these genes, were previously described in patients
diagnosed with the third type of SHFM. We validated the presence of this
structural rearrangement in 7 family members, including the proband and the
proband’s father. Remarkably, further investigation demonstrated that the
detected duplication exhibits a mosaic state in the phenotypically normal
paternal grandmother of the proband, thereby providing a plausible
explanation for the absence of a pathological phenotype in her.
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1 Introduction

Split hand/foot malformation (SHFM) is a rare genetic disorder that affects the
development of the limbs, resulting in underdevelopment (hypoplasia) of the central
digital rays, variable fusion of the remaining fingers and feet, or a deep median cleft of
the hand and/or foot (Elliott et al., 2005). Also known as ectrodactyly, this condition can vary
in severity, ranging from a minor cosmetic issue to a significant disability. According to
orphanet database of rare diseases the prevalence of SHFM is approximately 5 per
100,000 births (Rath, 2022). SHFM accounts for 15% of all limb reduction defects
(Holder-Espinasse et al., 2019). The condition can be inherited in an autosomal
dominant, autosomal recessive, or X-linked manner. While most cases described in the
literature are familial forms, sporadic cases also occur.

Split-Hand/Foot Malformation results from abnormalities in multiple genomic locations
and includes 6 types of disease (Sowinska-Seidler et al., 2014). The most common type of
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Split hand/foot malformation is the third type (Guero and Holder-
Espinasse, 2019). It is caused by a duplication of a segment of
chromosome 10. SHFM type 3 was first described in two siblings in
1987, showing symmetric severe distal limb deficiencies affecting all
limbs, along with microretrognathia and microstomia (Buttiens and
Fryns, 1987). The size of the detected duplication varies from 120 kb,
including only the BTRC gene (Qiu et al., 2022), to 658 kb, including
the genes TLX1, LBX1, BTRC, POLL, DPCD, and FBXW4 (Li et al.,
2015; Lai et al., 2020). As of now, no critical region responsible for
the SHFM type 3 phenotype has been identified, but there is
evidence suggesting that a region within exon 1 of the BTRC
gene may play a crucial role in causing the SHFM type
3 phenotype by acting as a regulatory element (Dai et al., 2013)
Furthermore, recent studies have shown that the pathological
duplication underlying the pathogenesis of SHFM type 3 leads to
chromatin restructuring, subsequently resulting in the ectopic
activation of the Lbx1 and BTRC genes in the apical ectodermal
ridge (AER). This mechanism is induced by Fgf8 AER enhancers.
Given cases where the duplication includes only BTRC alone, it has
been hypothesized that the abnormal expression of BTRC could be
the primary factor contributing to the pathology of the human
SHFM3 phenotype (Cova et al., 2023).

Based on several dozens of patients with a molecularly
confirmed diagnosis of SHFM type 3, it can be concluded that
there is genetic heterogeneity and high clinical variability of the
disease, even among members of the same family (Duijf et al., 2003;
Elliott and Evans, 2006; Dai et al., 2013). Some cases have been
described as mosaic states of duplication, where a milder course of
the disease or even the complete absence of the pathological
phenotype was observed (Auerbach, 1956; De Smet et al., 2001;
Dimitrov et al., 2010; Filho et al., 2011).

Members of the family described in our study, despite having the
same structural rearrangement, exhibit varying degrees of clinical
manifestations of the disease - ranging from mild, almost
asymptomatic, to extremely severe.

2 Materials and methods

2.1 Subjects

The proband, 6 month old boy, and his parents underwent a
detailed clinical examination and genetic investigation at the
Research Center for Medical Genetics, Moscow, Russia.

All research participants gave informed consent for the clinical
examination and publication of their anonymized data. The study
was performed in accordance with the Declaration of Helsinki and
approved by the Institutional Review Board of the Research Center
for Medical Genetics., Moscow, Russia.

2.2 Genome sequencing and variants calling

The whole genome sequencing of the proband’s DNA sample,
obtained from peripheral blood, was conducted in-house. DNA
extraction from whole blood was carried out using the Quick-DNA
Miniprep Kit (Zymo Research, California, United States), following
the manufacturer’s protocol. To assess DNA purity, absorbance

measurements were taken at both 260/280 nm and 230/260 nm
using a DS-11 FX + spectrophotometer/fluorometer (DeNovix,
Wilmington, United States).

Library preparation (PCR-Free) was performed using MGI
platforms following their respective protocols. Subsequently,
paired-end sequencing (2 × 150) was executed on the DNBSEQ-
T7 platform from MGI. The data processing was carried out using
“NGSData-Genome” program (Beskorovainy N.S. Program
“NGSData”//Certificate of NGSData-Genome”//Certificate of
State Registration of Computer Programs No. 2021662119.2021.)
The reads were aligned to the reference genome hg19 using bwa
v.0.7.17-r1188. Variants calling was performed with
strelka2 v.2.9.10 and gatk v.4 algorithms. Calling of copy number
variations were assessed using the cnvkit 0.9.9, while structural
variants were detected with Manta v.1.6.0. Additionally, tandem
repeats were analyzed using ExpansionHunterDenovo. Variant
annotation–SnpEff v5.0, annovar v.2017, vep v.104.3. Splice
predictors–dbNSFP v.4, SPiP v.2.1, mmsplice v.2.3, spliceai
v.1.3.1, spidex v.1.

2.3 Segregation studies

Validation of the obtained results and segregation analysis were
conducted using PCR with two primer pairs designed to amplify the
reference locus (5′-AACAAAATCAAGAGAGCCAAAGA-3′, 5′-
GGCCAGTAATTTACCCAAGG-3′) and the locus at the border
of the reference and duplicated regions (5′-TGCCACCCCCACTAT
TTTAC-3′, 5′-TTCTTCTAGGAAATAATGGAGAATGTT-3′).
The DNA samples from the proband’s peripheral blood, his
parents, paternal grandmother, grandfather, great-grandmother,
and paternal aunt were used as templates. The PCR was
conducted using ProFlex PCR System (Applied Biosystems,
California, United States). The visualization of the PCR products
obtained was carried out using agarose gel electrophoresis. The level
of mosaic deletion in the proband’s paternal grandmother’s blood
sample was assessed densitometrically.

3 Results

The boy was born after 42 weeks of gestation from the first
pregnancy a child from the first operative delivery through a
cesarean section in a non-consanguineous family. The delivery
was normal with an APGAR score of 7/8. At birth, the baby
weighed 3,190 g and measured 50 cm in length. He achieved all
early motor milestones successfully.

Since birth, the child has been under the care of an orthopedic
specialist due to a congenital limb malformation. The right hand has
fused fourth and fifth fingers from the base to the nail phalanges
(Figures 1B,C I1). There is also hypoplasia of the first, second, and
third rays. On the left hand, the fourth and fifth fingers are fused up
to the level of the nail phalanges, and there is hypoplasia of the first,
second, and third fingers. The feet are split, represented by the first
and fifth rays, and there are unrestricted movements in the ankles.

The father of the proband has syndactyly of the second and
third fingers of the hands and ectrodactyly of the feet (Figures
1B,C II1). Neither the proband nor his father had any other
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health problems. According to the parents, the other family
members are healthy.

At the age of 6 months, the proband was consulted by a medical
geneticist and referred for whole-genome sequencing. By using
whole-genome sequencing, a search for pathogenic variants
associated with congenital anomalies of the hands and feet, as
well as other hereditary diseases with similar phenotypic
manifestations, was conducted in the patient. The study was
performed on a DNA sample extracted from the proband’s
peripheral blood. As a result of the whole-genome sequencing, a
tandem duplication of a segment of chromosome 10 was identified
with breakpoints at positions 102934495–103496555 bp,
encompassing the BTRC, POLL, FBXW4 and LBX1 genes
(Figure 2A). The size of the detected duplication is 562 kb.

The presence of the tandem duplication chr10:g.102934495_
103496555dup was confirmed in a heterozygous state in the DNA
samples from peripheral blood of the patient and his father
(Figure 2B). Additionally, we found that the paternal
grandmother is also a carrier of the duplication in a mosaic form
at a level of 10%. Despite the visual examination suggesting the
presence of mild brachydactyly, radiological analysis did not reveal
any signs of pathology in the grandmother (Figures 1B,C III1). The
studied duplication was not detected in the other examined
family members.

To confirm the mosaic nature of the inheritance of the
duplication in the proband’s grandmother, we performed PCR
analysis on DNA samples extracted from buccal epithelial cells.
However, the investigated structural variant was not detected.

4 Discussion

The SHFM group of disorders is characterized by a wide range
of clinical manifestations and varying degrees of severity. This
condition can appear as an isolated form, showing split hands and/
or feet and syndactyly as the only features, or it may present along
with diverse clinical and craniofacial characteristics. The

associated findings can vary significantly among affected
individuals and may include abnormalities in the craniofacial
region, limbs, skeleton, skin, as well as hearing loss,
microphthalmia, renal anomalies, developmental delay, and
others (Umair and Hayat, 2020). Each individual case can
present a distinct combination of these features, highlighting
the diverse nature of this genetic disorder. Even in cases of
isolated SHFM forms, the degree of phenotypic expression
varies widely. Families have been described in which carriers of
the same genetic variant exhibit different clinical manifestations
(Dai et al., 2013; Holder-Espinasse et al., 2019). The clinical
heterogeneity makes it challenging to determine a specific
disease type and establish a diagnosis solely based on the
clinical presentation. The classification of SHFM is primarily
based on genetic variants that determine the underlying
pathogenesis.

Depending on the chromosomal defects and genes involved,
SHFM is divided into six types. For some of these types, specific
genes and molecular mechanisms responsible for the clinical
presentation have been identified, while for others, only the
chromosomal locus is known to be rearranged, leading to the
development of the pathological phenotype.

SHFM type 1 maps to 7q21.2-q21.3, with candidate genes
including DLX5, DLX6, and DSS1. SHFM type 2 maps to Xq26,
and the candidate gene remains unidentified. SHFM type 3 is caused
by duplication involving BTRC and POLL at 10q24.3. SHFM type
4 is due to mutations in the P63 gene at 3q27. The cause of SHFM
type 5 is considered to be the deletion of the chromosomal region
2q31, which contains genes DLX1 and DLX2 associated with this
condition. Mutations in theWNT10B gene, located on chromosome
12q13, have been found to be responsible for the occurrence of
SHFM type 6 (Sowinska-Seidler et al., 2014). The search for
candidate genes is ongoing at the present time, leading to the
discovery and description of new types of SHFM (Spielmann
et al., 2016; Umair et al., 2018; Papasozomenou et al., 2019; Funk
et al., 2020; Elsner et al., 2021; Schnur et al., 2021; Parveen
et al., 2023).

FIGURE 1
(A) Pedigree of the SHFM type 3 family. Familymembers: I1—proband, II1- proband’s father, II2- proband’smother, II3—proband’s paternal aunt, III1 -
proband’s paternal grandfather, III2 - proband’s paternal grandmother, IV - proband’s paternal great-grandmother. (B) Limbs of family members, carrying
the duplication 10q24.32. (C) Radiographs of the hands and feet of family members, carrying the duplication 10q24.32.
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Depending on the suspected disease type by the physician,
several main methods of molecular diagnostics are used (Umair
and Hayat, 2020). In cases where a specific gene is known, and
pathogenic variants within it lead to the development of this type of
disease, the most straightforward and effective molecular diagnostic
method is Sanger sequencing (Ullah et al., 2017; Umair and
Hayat, 2020).

At this time the predominant molecular diagnostic approach for
identifying different types of SHFM associated with structural
chromosomal rearrangements is microarray-based comparative
genomic hybridization (aCGH) (Dimitrov et al., 2010; Holder-
Espinasse et al., 2019). However, chromosomal microarray
analysis does not provide information about the precise
boundaries of chromosomal rearrangements, and therefore, this
data is insufficient for conducting variant segregation analysis
within the family.

In this study, we dealt with a family with variable phenotypic
features: the proband has fully hypoplastic 1, 2, 3 fingers on both
hands, while the father has syndactyly of the second and third fingers
of the hands. The feet of the proband are split and represented by
1 and 5 rays, while the father has ectrodactyly of the feet. Due to this
clinical heterogeneity and the inability to confidently assume a
specific type of SHFM, we chose the method of whole-genome
sequencing for molecular diagnostics. Despite the fact that deep
sequencing is a much more time-consuming and expensive method,
it allows for the detection of both point mutations, typical for types
1, 4, and 6, as well as precisely determining the boundaries of
structural rearrangements characteristic of types 2, 3, and 5 SHFM.

Thus, it covers all possible genetic variants responsible for the
development of the pathology.

As a result, it was discovered that, despite differing clinical
presentations, both the proband and his father carry the same
tandem duplication situated on the long arm of chromosome 10,
involving the BTRC, POLL, FBXW4 and LBX genes. Furthermore,
segregation analysis revealed the presence of the above-mentioned
duplication in the grandmother’s blood sample, albeit in a mosaic
state. Despite the fact that X-ray examination of the grandmother’s
hands and feet did not reveal significant phalangeal shortening,
brachydactyly of the hands is visually evident upon inspection
(Figure 1). Similar cases have been described twice before: in both
instances, siblings with SHFM type 3 inherited the pathological
rearrangement from healthy mothers who were mosaic carriers of
the duplication (Dimitrov et al., 2010; Filho et al., 2011).

In mice with syndactyly, which serves as a model of SHFM type
3, it has been shown that the influence of epigenetic factors can cause
incomplete penetrance and, consequently, determine the severity of
the patient’s phenotype (Kano et al., 2007). This may be the reason
for the clinical difference between the father and the proband.

Duplications of this locus have been described in patients with
type 3 SHFM (Umair and Hayat, 2020). The size of the duplicated
locus in the family we described is 562 kb, which corresponds to the
data from previous studies where duplication sizes ranged from
120 kb to 658 kb (Sowinska-Seidler et al., 2014; Li et al., 2015).

To date, only a few dozen patients with a molecularly diagnosed
SHFM type 3 have been described. Our research contributes to the
understanding of the pathogenesis underlying the disease and its

FIGURE 2
(A) Results of proband whole genome sequencing data. Paired tracks, indicated by different colors, define the boundaries of the duplication. (B)
Primer arrangement for validation and duplication segregation in the family. Agarose gel electropheresis of PCR products of amplified loci.
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phenotypic manifestations. Furthermore, the accumulation of a
sufficient amount of data may, in the future, help determine the
cause of the clinical heterogeneity of the condition.

5 Conclusion

In our current research, we used whole-genome sequencing to
detect tandem duplication chr10:g.102934495_103496555dup in
three individuals from the same family. Among them, two
individuals are afflicted by SHFM type 3, while one carries the
variant in a mosaic state without showing any symptoms.
Furthermore, we have observed different levels of disease severity
within this family. We believe that this case study adds new
knowledge regarding the molecular causes of this condition.
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