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Abstract

Introduction: Split hand and foot malformation (SHFM) or
ectrodactyly is a rare limb deformity characterized by
median cleft of the hand and foot with impaired or
missing central rays. It can occur as an isolated anomaly
or in association with abnormalities of other body parts.
Methods: After delineating the clinical features of two
families (A-B), with non-syndromic SHFM, exome and
Sanger sequencing were employed to search for the
disease-causing variants. Results: Analysis of exome
and Sanger sequencing data revealed two causative
variants in the WNT10B gene in affected members of
the two families. This included a novel missense change
[c.338G>C; p.(Gly113Ala)] in family A and a previously
reported frameshift variant [c.884-896delTCCAGCCCCGTCT,
p.(Phe295Cysfs*87)] in family B. Conclusion: Our find-
ings add a novel variant in WNT10B gene as the under-
lying cause of SHFM. The finding adds to the growing
body of knowledge about the genetic basis of

developmental disorders and provides valuable insights
into the molecular mechanisms that regulate limb
development. © 2023 S. Karger AG, Basel

Introduction

Ectrodactyly or split hand and foot malformation
(SHEM) is a rare inherited bone disorder accounting for
about 15% of all limb defects. The condition is also called
lobster claw malformation. The clinical physiognomy of
SHFM is highly variable in severity and ranges from com-
plete truancy to under-development of one or more digits in
hands and/or feet. Its severity varies even among individuals
in the same family. In a few cases of SHEM, oligodactyly,
monodactyly, and hemimelic deficiency of the distal long
bones of limb including tibia and radius have been reported.
Most likely, these phenotypic variations are the consequences
of genetic background including epigenetic and environ-
mental factors [Umair et al., 2017, 2019; Holder-Espinasse
et al,, 2019; Paththinige et al., 2019; Babbs et al., 2007].

SHEM may occur as an isolated anomaly or in syn-
dromic fashion. Most of the SHFM cases show autosomal
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dominant pattern of inheritance. Pathogenic infirmity of
SHEFM is associated with maldevelopment of apical ecto-
dermal ridge (AER). The AER is a major signaling center for
limb development, located at the distal rim of the devel-
oping limb bud, and induced with the involvement of Wnt-
Bmp-Fgf pathways. Disruption of these molecular events in
the AER leads to ectrodactyly [Kantaputra et al., 2018].

To date, six genes have been found to be associated with
autosomal recessive and autosomal dominant forms of
SHEM. These included DLX5 (MIM 600028), DLX6 (MIM
600030), TP63 (MIM 603273), WNTI0B (MIM 601906),
ZAK (MIM 194521), and EPSI5LI (MIM 616826) [Umair
etal., 2018]. In addition, three distinct types of SHFM with
long bone deficiency (SHFLD1-3) have been mapped on
different human chromosomes. However, only for
SHFLD3, causative variants in BHLHA9 have been iden-
tified as the underlying molecular correlate [Armour et al.,
2011]. Homozygous intragenic variants in the same gene
result in mesoaxial synostotic syndactyly associated with
postaxial polydactyly [Malik et al., 2014; Ullah et al., 2017,
2019; Umair and Hayat, 2020].

In the present investigation, we have clinically and
genetically characterized two families, segregating iso-
lated SHFM in autosomal recessive manner. Whole-
exome sequencing (WES), followed by Sanger sequenc-
ing, identified two causative variants in the WNTI0B.
These included a novel homozygous variant in family A
and a previously reported variant in family B.

Methods

Study Approval and Genomic DNA Isolation

The study, presented here, was performed according to the
Declaration of Helsinki protocols, approved by the Institutional
Review Board (IRB) of Quaid-i-Azam University, Islamabad,
Pakistan. Written informed consent for publication of radiographs
and photographs was obtained from both affected and unaffected
family members who participated in the study.

Peripheral blood samples were collected in EDTA containing
vacutainer sets (BD, Franklin Lakes, NJ, USA). Genomic DNA was
extracted using GenEluteTM Blood Genomic DNA Kit (Sigma-
Aldrich, MO, USA). Extracted DNA was quantified using a
NanoDrop-1000 spectrophotometer (Thermal Scientific, Wil-
mington, MA, USA).

Genotyping and Sanger Sequencing

To test linkage of the families to three previously reported
causative genes (WNTI10B, ZAK, and EPS15L1), genotyping using
highly polymorphic microsatellite markers was performed as
reported previously [Aziz et al, 2014]. After failing to establish
linkage of the family A to the tested markers, three other genes
(DLX5, DLX6, and TP63) involved in causing dominantly in-
herited SHFM, were sequenced in affected members.
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Whole-Exome Sequencing

DNA of affected member in family A was subjected to WES
(Fig. 1a) using a NovaSeq 6000 system (Illumina, San Diego, CA,
USA) as described previously [Umair et al., 2017; Falb et al., 2023;
Umair, 2023]. WES was performed at institute for medical genetics
and applied genomics, University of Tubingen, Germany. Enrich-
ment of coding sequences was carried out using SureSelect XT
Human All Exon kit version 7 (Agilent Technologies, CA, USA).
Considering an autosomal recessive inheritance of the disorder in
the family A (Fig. 1a), we queried the database to search for rare
homozygous variants in the affected individual.

Bioinformatics Analysis and Sanger Validation

Frequency of the selected variants was cross-checked with >15,000
exome and genome in-house datasets including 160 exomes of
Pakistani origin, Exome Variant Server (EVS), Exome Aggregation
Consortium (ExAC), gnomAD, 1000 Genomes, and dbSNP. Segre-
gation of the selected sequence variants with the disorder was
validated by bidirectional Sanger sequencing performed on DNA
extracted from blood of additional family members. Primers, for PCR
amplification of the variants, were designed using Exon Primer
(http://ihg.gsf.de) (genomic build number: GRCh38/hg38)
(WNT10B: Gene ID: 7480; Transcript ID: NM_003394.4).

Results

Clinical Description of Families

Family A: This family originated from Sindh province
of the country. The family pedigree drawing presented
autosomal recessive pattern inheritance of the disorder.
Two affected members (II-5 and III-2) and three un-
affected members (II-9, II-10, and III-1) participated in
the research study (Fig. 1a). Clinical investigation showed
a severe form of SHFM anomaly in the affected members.
The affected individual (III-2) had mild cleft hand ab-
normality, while severe cleft of central type was observed
in the feet. The dorsal view of hand revealed well-
developed nails, missing digits, and complex syndactyly
of 3rd and 4th digit. The palmer view of the hand showed
mild cleft in both hands and complex pre-axil syndactyly
in the right hand thumb (Fig. 1b-d). The same affected
individual had broad feet with severe bilateral SHFM. In
the feet, 2nd and 3rd digits were missing. Nails were
normal in the remaining digits. Other bones in the feet
such as cuneiform, cuboid, navicular, talus, and calcaneus
were unaffected (Fig. 1b-d).

X-rays of the affected individual (II-5) revealed com-
plex unilateral SHFM and complex pre-axial syndactyly
in the right hand. The 3rd-4th digits were fused in a
complex fashion, exhibiting syndactyly (Fig. le). The
right foot showed missing 3rd digit and complex
syndactyly of the 3rd and 4th tarsal. The left foot
showed severe SHFM with missing 2nd and 3rd digits.
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Fig. 1. a Pedigree drawing of
family A segregating SHFM
in autosomal recessive man-
ner. b Hands of affected in-
dividual (III-2) in palmer
view. ¢ Hands of affected in-
dividual (III-2) in dorsal view.
d Feet of affected individual
III-2. e, f X-ray of hands and
feet of affected member II-5.
g, h X-rays of the chest and
spine of affected member
1I-5.
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Fig. 2. a Pedigree drawing of family B segregating SHFM in autosomal recessive manner. b Hands of an affected
individual (IV-2). c-e Chromatograms showing nucleotide sequence of the WNT10B in affected, carrier, and

normal individual.

Complex fusion of the 2nd tarsal with the first tarsal
was observed. Similarly, the 3rd tarsal was fused with
the 4th tarsal in a highly complex fashion. Further-
more, the right foot had syndactyly of the 1st and 2nd
digits (Fig. 1f). He had normal chest, spine, and lower
long bones (Fig. 1g, h).

Family B: This family was recruited from a highly poor
area in the Sindh province of the country. It had only one
affected member (IV-2, Fig. 2a). Clinical examination, at
local government hospital, showed a mild form of SHFM
in the affected member. History of the patient disclosed
that he was born of a normal pregnancy, and the limb
abnormality was apparent at birth. He had a cleft left
hand and defective middle finger. Phalanges of the
middle fingers were also missing in the left hand.
Other fingers, including thumb were normal. Limb
abnormality was not found in the right hand. The feet
of the patient were also normal. Facial deformity,
heart issue, cleft palate, and teeth problems were not
found in the family (Fig. 2b).
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Molecular Analysis

Family A: Exome sequencing was used to search for the
candidate gene in the family. Candidate variant prioritiza-
tion was based on a presumed autosomal recessive model
of inheritance. Initially, 229 homozygous variants were
selected after filtering steps which included MAF <0.01%
in ExAC, gnomAD, and CADD. Functional character-
ization of the screened variants led to the selection of a
variant in the previously reported SHFM causative gene
WNTI0B. Sanger sequencing, using DNA of rest of the
affected and unaffected members, validated segregation of
a novel missense variant [c.338G>C; p.(Glyl13Ala)]
(NM_003394.4) in the WNT10B gene with the disorder
within the family (Fig. 3a-c). To exclude polymorphic
nature of the identified variant, it was cross-checked in
160 in-house exomes. HomoloGene revealed the amino
acid Gly113 highly conserved in the WNT10B orthologs
(Fig. 3d). WNT10B variant showed uncertain significance
having conservation score (phylopl00 = 7.844). Variant
was pathogenic moderate (MetaRNN = 0.9152).
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Fig. 3. Chromatograms of family A showing wild type nucleotide sequence of WNT10B in homozygous affected
(@), heterozygous carrier (b), and homozygous normal member (c). d Conservation of a mutated amino acid

glycine across different species.

Family B: Considering there was only a single affected
family member, linkage in the family was tested to
previously reported SHEM causative genes. This was
carried out by genotyping microsatellite markers mapped
in the region encompassing SHFM genes. Haplotype
analysis of the genotypes revealed a homozygous pattern
of WNT10B-linked alleles (SHFMS6) in the affected and
heterozygous in the unaffected members. Sequence anal-
ysis revealed a homozygous 13-bp deletion [c.884-896
delTCCAGCCCCGTCT, p.(Phe295Cysfs*87)] in exon 5
of the WNTIOB gene (Fig. 2c-e). This variant was
previously reported by Holder-Espinasse et al. [2019]
in another family of Pakistani origin.

Discussion

SHEM in humans is both genetically and phenotypi-
cally heterogeneous disorders. Identification of novel
genes implicated in the congenital SHFM is important
to understand the development of limbs for patient’s
management and development of therapeutic strategies.

Mutated WNT10B Causes SHFM

The present study is based on investigation of two
families segregating SHFM in autosomal recessive pat-
tern. In order to characterize SHFM, presented here, at
least two affected members in family A and a single
affected member in family B were clinically investigated
by medical officers at local government hospitals. Clinical
examination of affected members in both families pre-
sented most of the SHFM-related features which were
previously reported in families of Pakistani and other
origins of the world. This included syndactyly, polydac-
tyly, cleft hand/foot malformation, hallux valgus deform-
ities, aplasia, hypoplasia, radial ray malformation, hypo-
plastic finger, and missing phalanges [Umair et al., 2018;
Aziz et al., 2014; Ullah et al., 2016; Kantaputra et al., 2018;
Khan et al, 2012; Ugur and Tolun 2008]. However,
oligodontia/dental anomalies, brachydactyly, ectrodac-
tyly, fusion of thumb with index finger, cardiac defects,
retrognathia, thin lips, low set ears, and deafness reported
previously in few SHEM cases [Ullah et al., 2016; Kant-
aputra et al., 2018; Khan et al.,, 2012; Umair et al., 2019]
were not found in the present families. Variants in the
WNTIOB have also been associated with obesity
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Table 1. Clinical comparison of two

families with SHFM Features observed Family A Family B
Consanguineous pedigree Yes Yes
Mutation type Missense Deletion
Variant €.338G>C €.884-896del
TCCAGCCCCGTCT
Protein change p.Gly113Ala p.Phe295Cysfs*87
Ethnicity Pakistani Pakistani
Split hands Yes Yes
Split feet Yes No
Missing pre-axial side No No
Fusion if thumb No No
Polydactyly No No
Syndactyly Yes No
Long bones of forearm affected No No
Obesity No No

Table 2. Mutations reported to date in WNT10B gene

Publication WNT108B variants

Ugur and Tolun, 2008
Aziz et al,, 2014

Homozygous c.994C>T, p.(Arg332Trp)
Homozygous c.1165_1168delAAGT

Homozygous ¢.300_306dupAGGGCGG, p.(Leu103Argfs*53)

Khan et al., 2012
Blattner et al., 2010
Kantaputra et al., 2018
Monies et al.,, 2017
Meng et al,, 2017
Ullah et al., 2018

Brunelle et al., 2019 Homozygous c.817delG

Homozygous c.986C>G, p.(Thr329Arg)

Homozygous c.458_461dupAGCA, p.(Asp155Alafs*47)

Homozygous c.695_697delACA, p.(Asn232del)

Homozygous ¢.338-1G>C

Presumably compound heterozygous c.[661C>T; 7,986C>Al, p.(Arg221Trp);?;(Thr329Lys)
Homozygous c.460C>G, p.(GIn154%*)

Compound heterozygous c.[746G>T]; [817dupG]
Homozygous c.949T>A, p.(Phe317lle)

Bilal et al., 2020

Homozygous ¢.338G>A, p.Gly113Asp*

Homozygous ¢.884-896delTCCAGCCCCGTCT, p.(Phe295Cysfs*87)

[Christodoulides et al., 2006]; however, all the patients
reported in this study had normal BMI. Clinical compar-
ison of both families has been presented in Table 1.

To search for the disease-causing genes, the DNA of one
affected member in family A was subjected to exome
sequencing. In family B, the search for the disease-
causing gene was based on genotyping polymorphic micro-
satellite markers linked to candidate genes. In both families,
segregation of the identified variants was analyzed by Sanger
sequencing. Sequence analysis of WNT10B gene revealed a
novel homozygous missense variant p.(Glyl13Ala) in fam-
ily A and a previously reported 13-bp frameshift deletion
p.(Phe295Cysfs*87) in family B [Bilal et al.,, 2020].

The WNTI0B gene, located on human chromosome
12q13.12, contains five exons, spanning 6.42 kb of genomic
DNA, and encodes 389 amino acids protein (UniProtKB/
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Swiss-Prot accession 000744). To date, 14 mutations caus-
ing SHEM have been reported in the WNTI0B gene
(Table 2). The variant missense p.(Glyl13Ala) is located
in WNT domain of the WNT10B protein. It is highly likely
that the variant disrupted protein binding to the receptor
FZD8, leading to abnormal pathway. The variant
p-(Phe295Cysfs*87), identified in family B, resulted in
the frameshift, is expected to degrade the gene product
through a nonsense-mediated mRNA decay.

Wnt ligands have a prime role that is important in bone
homeostasis and development of skeleton. Expression of
various WNTs plays a significant role in development of
human and mouse bone [Zhou et al,, 2008]. The WNT family
consists of 19 different WNT genes. In the development and
upkeep of several tissues as well as organs including bones,
WNT proteins including WNT10B, WNT10A, and WNT6
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play an important role [Cadigan and Nusse, 1997; Cawthorn
et al., 2012]. These 19 genes encode different proteins that are
involved in the activation of “canonical” signaling mechanism
and specifically bind cell surface receptors and frizzled-related
proteins [Peifer and Polakis, 2000].

Wntl0b and Wnt3a are involved in canonical Wnt
signaling, which acts upstream of FGFs to regulate AER
gene expression. During chick limb bud outgrowth,
Wnt3a acts upstream of Fgf8. Wnt3a also plays role in
AER formation through Wnt3a/Peta-catenin signaling.
When different Wnt genes activate the same intracellular
signaling pathways, they can substitute for one another.
Patients with SHFEM may have deformed digits as a result of
aberrant Shh expression which is controlled by the combi-
native influence of Wnt/Fgf signaling [Yamaguchi et al,
1999; Barrow et al., 2003; Geetha-Loganathan et al., 2008].

In conclusion, our study identified a novel variant in
the WNTI0B gene, which is implicated in the patho-
genesis of SHFM. Our findings highlighted the impor-
tance of genetic mutations in the WNTIOB gene as a
potential causative factor for SHFM, expanding our
understanding of the molecular mechanisms under-
lying this rare congenital limb anomaly. The discovery
of this novel variant contributes to the growing body of
knowledge on the genetic basis of SHFM and may have
implications for diagnosis, genetic counseling, and
potential therapeutic interventions in affected individ-
uals. Although in the present report we have presented
two families, screening additional families with SHFM
will facilitate genotype/phenotype relation of the
disorder.

Acknowledgments
We are highly obliged to members of the family for their

cooperation and participation in this study. Muhammad Bilal
was supported by Indigenous PhD fellowship from Higher

References

Education Commission (HEC), Islamabad, Pakistan and Institute
of Medicine Genetics and Genomics, University of Tuebingen,
Germany.

Statement of Ethics

The study was conducted in accordance with the Declaration of
Helsinki protocols, approved by the Institutional Review Board
(IRB) (IRB-QA-176) of Quaid-i-Azam University, Islamabad,
Pakistan. Both affected and unaffected members in the two
families provided their written informed consent for publishing
their photographs and radiographs.

Conflict of Interest Statement

The authors have no conflicts of interest to declare.

Funding Sources

No funding was received.

Author Contributions

Muhammad Bilal performed the laboratory experiments,
analyzed the genomic data, and drafted the manuscript. Mu-
hammad Bilal, Tobias Haack, Rebecca Buchert, Susana Peralta,
Imtiaz Ahmad, Sanaullah Abbasi, and Faisal collected samples
and analyzed clinical and genomic data. Wasim Ahmad de-
signed the project, edited the manuscript, and provided funds
for the study.

Data Availability Statement

Any additional data required are available on request.

Armour CM, Bulman DE, Jarinova O, Rogers RC,
Clarkson KB, DuPont BR, et al. 17p13.3
microduplications are associated with split-
hand/foot malformation and long-bone defi-
ciency (SHFLD). Eur ] Hum Genet. 2011;
19(11):1144-51.

Aziz A, Irfanullah, Khan S, Zimri FK, Muham-
mad N, Rashid S, et al. Novel homozygous
mutations in the WNT10B gene underlying
autosomal recessive split hand/foot malfor-
mation in three consanguineous families.
Gene. 2014;534(2):265-71.

Mutated WNT10B Causes SHFM

Babbs C, Heller R, Everman DB, Crocker M,
Twigg SR, Schwartz CE, et al. A new locus
for split hand/foot malformation with long
bone deficiency (SHFLD) at 2q14.2 identified
from a chromosome translocation. Hum
Genet. 2007;122(2):191-9.

Barrow JR, Thomas KR, Boussadia-Zahui O,
Moore R, Kemler R, Capecchi MR, et al.
Ectodermal Wnt3/beta-catenin signaling is
required for the establishment and mainte-
nance of the apical ectodermal ridge. Genes
Dev. 2003;17(3):394-409.

Bilal M, Hayat A, Umair M, Ullah A, Khawaja S,
Malik E, et al. Sequence variants in the WNT10B
and TP63 Genes underlying isolated split-hand/
split-foot malformation. Genet Test Mol Bio-
markers. 2020;24(9):600-7.

Blattner A, Huber AR, Rothlisberger B. Homozy-
gous nonsense mutation in WNT10B and
sporadic  split-hand/foot ~ malformation
(SHEM) with autosomal recessive inheritance.
Am ] Med Genet A. 2010;152A(8):2053-6.

Mol Syndromol

DOI: 10.1159/000531069


https://www.karger.com/Article/FullText/531069?ref=1#ref1
https://www.karger.com/Article/FullText/531069?ref=2#ref2
https://www.karger.com/Article/FullText/531069?ref=3#ref3
https://www.karger.com/Article/FullText/531069?ref=3#ref3
https://www.karger.com/Article/FullText/531069?ref=4#ref4
https://www.karger.com/Article/FullText/531069?ref=4#ref4
https://www.karger.com/Article/FullText/531069?ref=5#ref5
https://www.karger.com/Article/FullText/531069?ref=5#ref5
https://www.karger.com/Article/FullText/531069?ref=32#ref32
https://doi.org/10.1159/000531069

Brunelle P, Jourdain AS, Escande F, Martinovic J,
Dupont J, Busa T, et al. WNT10B variants in
split hand/foot malformation: Report of three
novel families and review of the literature. Am
J Med Genet A. 2019;179(7):1351-6.

Cadigan KM, Nusse R. Wnt signaling: a common
theme in animal development. Genes Dev.
1997;11(24):3286-305.

Cawthorn WP, Bree AJ, Yao Y, Du B, Hemati N,
Martinez-Santibafiez G, et al. Wnt6, Wntl0a
and Wntl10b inhibit adipogenesis and stim-
ulate osteoblastogenesis through a B-catenin-
dependent mechanism. Bone. 2012;50(2):
477-89.

Christodoulides C, Scarda A, Granzotto M, Milan
G, Dalla Nora E, Keogh J, et al. WNT10B
mutations in human obesity. Diabetologia.
2006;49(4):678-84.

Falb RJ, Miiller AJ, Klein W, Grimmel M, Grasshoff
U, Spranger S, et al. Bi-allelic loss-of-function
variants in KIF21A cause severe fetal akinesia
with arthrogryposis multiplex. ] Med Genet.
2023;60(1):48-56.

Geetha-Loganathan P, Nimmagadda S, Scaal M.
Wnht signaling in limb organogenesis. Orga-
nogenesis. 2008;4(2):109-15.

Holder-Espinasse M, Jamsheer A, Escande F,
Andrieux ], Petit F, Sowinska-Seidler A,
et al. Duplication of 10q24 locus: broadening
the clinical and radiological spectrum. Eur
] Hum Genet. 2019;27(4):525-34.

Kantaputra PN, Kapoor S, Verma P, Intachai W,
Ketudat Cairns JR. Split hand-foot malforma-
tion and a novel WNT10B mutation. Eur
] Med Genet. 2018;61(7):372-5.

Khan S, Basit S, Zimri FK, Ali N, Ali G, Ansar M,
et al. A novel homozygous missense mutation
in WNT10B in familial split-hand/foot mal-
formation. Clin Genet. 2012;82(1):48-55.

Malik S, Percin FE, Bornholdt D, Albrecht B,
Percesepe A, Koch MC, et al. Mutations
affecting the BHLHA9 DNA-binding domain
cause MSSD, mesoaxial synostotic syndactyly
with phalangeal reduction, Malik-Percin type.
Am ] Hum Genet. 2014;95(6):649-59.

Meng L, Pammi M, Saronwala A, Magoulas P,
Ghazi AR, Vetrini F, et al. Use of Exome
Sequencing for Infants in Intensive Care
Units: Ascertainment of Severe Single-Gene
Disorders and Effect on Medical Manage-
ment. JAMA Pediatr. 2017;171(12):e173438.

Monies D, Abouelhoda M, AlSayed M, Alhassnan
Z, Alotaibi M, Kayyali H, et al. The landscape
of genetic diseases in Saudi Arabia based on
the first 1000 diagnostic panels and exomes.
Hum Genet. 2017;136(8):921-9.

Paththinige CS, Sirisena ND, Escande F, Man-
ouvrier S, Petit F, Dissanayake VHW. Split
hand/foot malformation with long bone de-
ficiency associated with BHLHA9 gene du-
plication: a case report and review of litera-
ture. BMC Med Genet. 2019;20(1):108.

Peifer M, Polakis P. Wnt signaling in oncogenesis
and embryogenesis--a look outside the nu-
cleus. Science. 2000;287(5458):1606-9.

Ugur SA, Tolun A. Homozygous WNT10b mu-
tation and complex inheritance in Split-
Hand/Foot Malformation. Hum Mol Genet.
2008;17(17):2644-53.

Ullah A, Ali RH, Majeed Al, Liagat K, Shah PW,
Khan B, et al. A novel insertion and deletion
mutation in the BHLHA9 underlies polydac-
tyly and mesoaxial synostotic syndactyly with
phalangeal reduction. Eur ] Med Genet. 2019;
62(4):278-81.

Ullah A, Ullah MF, Khalid ZM, Ahmad W. Novel
heterozygous frameshift mutation in distal-
less homeobox 5 underlies isolated split hand/
foot malformation type 1. Pediatr Int. 2016;
58(12):1348-50.

8 Mol Syndromol

DOI: 10.1159/000531069

Ullah A, Gul A, Umair M, Irfanullah, Ahmad F,
Aziz A, et al. Homozygous sequence variants
in the WNT10B gene underlie split hand/foot
malformation. Genet Mol Biol. 2018;
41(1):1-8.

Ullah A, Hammid A, Umair M, Ahmad W. A
novel heterozygous intragenic sequence var-
iant in DLX6 probably underlies first case of
autosomal dominant split-hand/foot malfor-
mation type 1. Mol Syndromol. 2017;8(2):
79-84.

Umair M, Alhaddad B, Rafique A, Jan A, Haack
TB, Graf E, et al. Exome sequencing reveals a
novel homozygous splice site variant in the
WNT1 gene underlying osteogenesis imper-
fecta type 3. Pediatr Res. 2017;82(5):753-8.

Umair M, Ahamd F, Bilal M, Asiri A, Younus M,
Khan A. A comprehensive review of genetic
skeletal disorders reported from Pakistan: a
brief commentary. Metagene. 2019;20:100559.

Umair M, Hayat A. Nonsyndromic split-hand/
foot malformation: recent classification. Mol
Syndromol. 2020;10(5):243-54.

Umair M, Ullah A, Abbas S, Ahmad F, Basit S,
Ahmad W. First direct evidence of involve-
ment of a homozygous loss-of-function var-
iant in the EPS15L1 gene underlying split-
hand/split-foot malformation. Clin Genet.
2018;93(3):699-702.

Umair M. Rare genetic disorders: beyond whole-
exome sequencing. ] Gene Med. 2023;28:
€3503.

Yamaguchi TP, Takada S, Yoshikawa Y, Wu N,
McMahon AP. T (Brachyury) is a direct target
of Wnt3a during paraxial mesoderm specifi-
cation. Genes Dev. 1999;13(24):3185-90.

Zhou H, Mak W, Zheng Y, Dunstan CR, Seibel
M]J. Osteoblasts directly control lineage com-
mitment of mesenchymal progenitor cells
through Wnt signaling. ] Biol Chem. 2008;
283(4):1936-45.

Bilal/Haack/Buchert/Peralta/Ahmad/
Faisal/Abbasi/Ahmad


https://www.karger.com/Article/FullText/531069?ref=29#ref29
https://www.karger.com/Article/FullText/531069?ref=29#ref29
https://www.karger.com/Article/FullText/531069?ref=6#ref6
https://www.karger.com/Article/FullText/531069?ref=7#ref7
https://www.karger.com/Article/FullText/531069?ref=8#ref8
https://www.karger.com/Article/FullText/531069?ref=9#ref9
https://www.karger.com/Article/FullText/531069?ref=10#ref10
https://www.karger.com/Article/FullText/531069?ref=10#ref10
https://www.karger.com/Article/FullText/531069?ref=11#ref11
https://www.karger.com/Article/FullText/531069?ref=11#ref11
https://www.karger.com/Article/FullText/531069?ref=13#ref13
https://www.karger.com/Article/FullText/531069?ref=13#ref13
https://www.karger.com/Article/FullText/531069?ref=14#ref14
https://www.karger.com/Article/FullText/531069?ref=15#ref15
https://www.karger.com/Article/FullText/531069?ref=30#ref30
https://www.karger.com/Article/FullText/531069?ref=31#ref31
https://www.karger.com/Article/FullText/531069?ref=16#ref16
https://www.karger.com/Article/FullText/531069?ref=17#ref17
https://www.karger.com/Article/FullText/531069?ref=18#ref18
https://www.karger.com/Article/FullText/531069?ref=19#ref19
https://www.karger.com/Article/FullText/531069?ref=20#ref20
https://www.karger.com/Article/FullText/531069?ref=201#ref201
https://www.karger.com/Article/FullText/531069?ref=21#ref21
https://www.karger.com/Article/FullText/531069?ref=22#ref22
https://www.karger.com/Article/FullText/531069?ref=23#ref23
https://www.karger.com/Article/FullText/531069?ref=24#ref24
https://www.karger.com/Article/FullText/531069?ref=24#ref24
https://www.karger.com/Article/FullText/531069?ref=25#ref25
https://www.karger.com/Article/FullText/531069?ref=26#ref26
https://www.karger.com/Article/FullText/531069?ref=27#ref27
https://www.karger.com/Article/FullText/531069?ref=28#ref28
https://doi.org/10.1159/000531069

	Sequence Variants in the WNT10B Underlying Non-Syndromic Split-Hand/Foot Malformation
	Introduction
	Methods
	Study Approval and Genomic DNA Isolation
	Genotyping and Sanger Sequencing
	Whole-Exome Sequencing
	Bioinformatics Analysis and Sanger Validation

	Results
	Clinical Description of Families
	Molecular Analysis

	Discussion
	Acknowledgments
	Statement of Ethics
	Conflict of Interest Statement
	Funding Sources
	Author Contributions
	Data Availability Statement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


