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A Nonsense Mutation in HOXD13 Gene from A Chinese Family
with Non-Syndromic Synpolydactyly
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Synpolydactyly is a congenital limb malformation characterized by incomplete separation and duplication in
fingers and/or toes, which is mainly caused by mutations in the homeobox D13 (HOXD13) gene. Here, a
four-generation family with variant phenotypes of synpolydactyly was analyzed, in which the proband had
bilateral preaxial synpolydactyly in toes with normal fingers, the father had clinodactyly in the fifth fingers,
while the mother and grandma was normal. Trio whole-exome sequencing (trio-WES) is a high throughput
sequencing targeting whole genome for detecting exonic variants from the proband and the parents in a
family. Through trio-WES followed by Sanger sequencing and enzyme digestion, a heterozygous nonsense
mutation (c.859 C>T/p.GIn287Ter) was newly identified in the homeodomain of the HOXD13 gene from the
proband and the affected father, but not from the unaffected mother, the unaffected grandma, or the normal
control. Mutation Taster, Human Splicing Finder and EX-SKIP predicted that the heterozygous mutation
(c.859 C>T) would result in haploinsufficiency of HOXD13 protein through nonsense-mediated mRNA
decay (NMD) and splicing abnormality, which might disrupt the integrity and reduce the expression level of
the HOXD13 protein (loss-of-function). In short, a heterozygous nonsense mutation in the HOXD13 gene
was newly identified in two patients with mild phenotypes of synpolydactyly, which extends the mutation
spectrum in HOXD13 gene. Moreover, the findings we presented here deepen our understanding of the
clinical consequences of non-syndromic synpolydactyly and may provide a new clue for further studies of

the pathogenic mechanism of the mutation that causes aberrant splicing of HOXD13 gene.
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Introduction

Synpolydactyly (SPD) is a commonly hereditary digi-
tal malformation with webbing of adjacent fingers and toes.
It was reported that the incidence of SPD is ~ 3-10 in
10,000 births (Castilla et al. 1980). As a highly heteroge-
neous developmental deformity, the phenotypes of SPD are
very variable between inter- and intra-familial members.
Typical SPD involves fusion of 3/4 fingers and 2/3 toes
(cutaneous or bony) with partial or complete digital redupli-
cation in the webbing, minor variants and unusual pheno-
types are also found in some patients (Brison et al. 2014).
SPD may segregate into two forms: syndromic and non-
syndromic. Besides deformities in digits, abnormalities in
multiple systems and organs are usually associated with
syndromic SPD, while non-syndromic SPD only involves
the fingers and/or toes. According to affected regions and

numbers of the digits, SPD was classified into nine well-
characterized types based on the Temtamy-McKusick clas-
sification, and most of SPD are non-syndromic and mende-
lian dominant hereditary diseases (Malik 2012). In general,
clinical symptoms in autosomal dominant fashion are rela-
tively mild with variable manifestations and incomplete
penetrance.

The molecular mechanism of SPD is still ambiguous
and difficult to be explored. Typical SPD is generally
caused by aberrant expansions of a 15-residue polyalanine
tract in homeobox D13 (HOXD13), while the patients with
minor variants and unusual phenotypes are provoked by
minor mutations (small deletions/insertions, nonsense and
missense mutations) in the homeodomain of HOXDI3
(Kurban et al. 2011; Xin et al. 2012; Deng et al. 2017). The
other genes that are associated with SPD have also been
reported (Johnston and Kirby 1955; Cenani and Lenz 1967
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Debeer et al. 2002; Li et al. 2010; Wieczorek et al. 2010;
Dimitrov et al. 2010), which makes the relationship
between the phenotypes and genotypes of SPD much intri-
cate.

The HOX genes are members of a transcription-factor
family with a highly conserved trait, they play an important
role in early development (Capecchi 1997). The 39 HOX
genes of the family consist of four independent clusters in
humans: HOXA, HOXB, HOXC, and HOXD (Scott 1993).
Among them, HOXD13 is firstly verified to be associated
with developmental disorders of human (Muragaki et al.
1996; Goodman 2002). Limb deformities-related mutations
in HOXD13 gene of both humans and mice indicate that
HOXD13 plays a critical role during limb development.
The HOXDI13 gene locates on 2q31.1 of chromosome 2,
and comprises two exons which respectively codes two
important functional domains: a 15-residue polyalanine
tract in exon 1 and homeodomain in exon 2 (DNA binding
motif).

Trio whole-exome sequencing (trio-WES) is a high
throughput sequencing targeting all coding exons in the
genome, trio means a three-person group which contains
the proband and the parents from one family. In our study,
the proband and the parents from a four-generation family
with non-syndromic SPD were recruited for screening
exonic variants by trio-WES. Finally, a novel nonsense
mutation was identified in the HOXDI3 gene of the pro-
band and the father, Furthermore, we sought to predict the
molecular mechanism of the pathogenic nature of the novel
mutation by bioinformatics analysis of Mutation Taster,
Human Splicing Finder (HSF) and EX-SKIP.

Materials and Methods

Participants and samples

The family with non-syndromic SPD was from Fujian province
in China, the proband was an inpatient from Fuzhou Second Hospital
Affiliated to Xiamen University, the proband and his father were
diagnosed based on clinical manifestations, imaging and family his-
tory. After the informed consent was obtained from the family mem-
bers, peripheral blood samples were collected from the members and
one normal control. The normal control was from the medical exami-
nation center of the hospital. This study was approved by the Ethics
Committee of Fuzhou Second Hospital Affiliated to Xiamen
University.

Trio whole exome sequencing

Following the procedures of SE Blood DNA Kit (Omega Bio-
Tek, CA, USA), DNA was extracted from peripheral blood lympho-
cytes of the family members and the normal control. Trio-WES was
performed on the proband and the parents using genomic DNA
(gDNA). Each library of gDNA was mixed with capture probes of
xGen®"Exome Research Panel v1.0 (IDT Technology, Coralville, 1A,
USA) for liquid hybridization, according to the manufacturer’s
instructions, then targeted regions were enriched and total exon
library was constructed. Targeted sequences included all coding
exons of ~20 thousand human genes and adjacent intronic sequences
(10 bp). Prepared samples were run on a NovaSeq 6000 instrument

(PE150, Illumina) with sequence coverage of > 99% for the targeted
sequences. Quality controls followed and clean data was finally
obtained after the removal of the connectors and low-quality reads
from the raw data.

Bioinformatics prediction and data analysis

Online Mendelian Inheritance in Man (OMIM), Swiss-Prot dis-
eases and variants (Swiss-var), the human gene mutation database
(HGMD), and ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) were
used to annotate disease-related genes, pathogenic sites, and the
minor allele frequency (MAF) of mutations that had been reported.
Exclusion criteria for nonpathogenic variants was as follows: (1)
allele frequency > 1%; (2) intronic or synonymous variants without
splicing effect; (3) variants in either the 5’ or 3’ untranslated region.
The pathogenic mutation was confirmed according to the standards
and guidelines for the interpretation of sequence variants: a joint con-
sensus recommendation of the American College of Medical Genetics
and Genomics (Richards et al. 2015).

Verification by Sanger sequencing and enzyme digestion, pathoge-
nicity analysis for the variants

Disease-related variant filtered from trio-WES was validated by
Sanger sequencing and enzyme digestion. Genomic DNA sequence
(GenBank NG _008137.1) was picked out as reference sequence. The
primers and conditions of the polymerase chain reaction (PCR)
amplification were referred as previous study (Goodman et al. 1997).
Sanger sequencing was performed on an ABI 3730 XL genetic ana-
lyzer (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The fragments of PCR-sequencing included both the
polyalanine tract in exon 1 and the mutated fragment in exon 2 of
HOXDI3 gene. Restriction endonuclease was found through NEB
cutter V2.0. Enzyme digestion was based on the instructions of the
restriction endonuclease. The products of enzyme digestion were
separated on a 2% agarose gel and viewed on a gel imaging system
(WD-9413B) (Liuyi Biotechnology, Beijing, China). Mutation Taster
(http://www.mutationtaster.org/), HSF (Version 3.1) (http://www.
umd.be/HSF3/) and EX-SKIP (http://ex-skip.img.cas.cz/) were further
selected for probable pathogenic prediction.

Results

Clinical, imaging, and pedigree investigation

The participants were under detailed physical exami-
nation, necessary imaging examination and pedigree inves-
tigation by clinicians (Fig. 1). The normal control had sim-
ple physical examination. There were four members with
obvious and variant phenotypes of SPD, the proband (IV1,
Fig. 1) had bilateral preaxial synpolydactyly in toes with
normal fingers (Fig. 2A), the father (1114, Fig. 1) had clino-
dactyly in the fifth fingers (Fig. 2B), the mother and
grandma (III5 and II5, Fig. 1) had normal phenotypes, the
clinical manifestations of the other members were obtained
through pedigree investigation, from which it was found
that there were similar manifestations in the second toes
between patients 1114 and his father (114, Fig. 1), and thus
the clinical presentations of feet in 1114 and 114 were ambig-
uous due to the lacking X-ray diagnosis (Table 1).
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Fig. 1. Pedigree of the family with non-syndromic SPD.

115, 1114, 1115 and IV1: The subjects were under physical examinations and then underwent genetic study in the paper.
The black arrow indicated the proband (IV1) in the family.

N, normal allele of HOXDI3 gene; M, mutant allele of HOXD13 gene; N/M?, suspicious heterozygote; 114 (gray box),
suspicious sufferer.

Fig. 2. The abnormalities in patients with non-syndromic SPD.

A. The white arrows indicate the bilateral preaxial synpolydactyly in the proband (IV1).
R, right; L, left.

B. The white arrows indicate clinodactyly of the fifth fingers in the father of the proband, the black arrows indicate the

possible deformities in the second toes (I114). The black arrow indicated the injured thumb for wound.
R, right; L, left.

Identification of variants by trio-WES and exclusion of
irrelevant variants

The affected individuals had different phenotypes of
SPD without sex differences, suggesting that the family

conformed to the autosomal-dominant model, thus hetero-
zygous variants in both affected patients that were highly
related with SPD would be picked out. Finally, four candi-
date variants from four different genes were picked out
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Table 1. Clinical characteristics of the family.
Subjects  Sex Years  Participation Phenotype in hands ~ Phenotype in feet
12 female 78 no normal syndactyly of toes 3-4
12 male 48 no clinodactyly of normal
the fifth fingers
113 male 42 no normal normal
114 male 57 no normal uncertain
s female 53 yes normal normal
1114 male 32 yes clinodactyly of uncertain
the fifth fingers
115 female 29 yes normal normal
V1 male 3 yes normal bilateral preaxial synpolydactyly
Table 2. Variants related to the phenotypes of the family.
UCSC genomic cDNA amino acid  allele frequency in allele frequency in  pathogenic proband father mother
gene ExAC databases grade in Related diseases (OMIM), inheritance
coordinate (exon) changes 1000 Genome (China) (Asia) ACMG (Iv1) (1114) (1II5)
HOXD13 chr2 ¢.859C>T p-Q287X not included not included pathogenic heterozygosity  heterozygosity wild type Brachydactyly-syndactyly syndrome(610713)
(q31,1) (exon 2) Brachydactyly, type D (113200), AD
Brachydactyly, type E (113300), AD
BMP4 chrl4 c925C>T  p.R30IW not included 0.0002 uncertain  heterozygosity  heterozygosity  wild type Microphthalmia, syndromic 6 (607932), AD
(922,2) (exon 4)
DSP chr6 ¢.2027G>A p.R676H not included 0.00 possible heterozygosity wild type heterozygosity  Epidermolysis bullosa, lethal acantholytic
(p24,3) (exon 15) pathogenic (609638), AR
NSDHL chrX c.113A>G p.K38R 0.00 0.0038 uncertain hemizygote wild type heterozygosity ~ CK syndrome (300831), XR

(q28) (exon 4)

DSP, desmoplakin; NSDHL, NAD(P)H steroid dehydrogenase-like protein; AD, autosomal dominant inheritance; AR, autosomal reces-

sive inheritance; XR, X-linked recessive inheritance.

according to the phenotypes of the family (Table 2).
Considering the hereditary mode and the relationship
between the phenotype and genotype of SPD in our study,
we assumed that ¢.859 C>T in HOXD13 gene and ¢.925C>T
in bone morphogenetic protein-4 (BMP4) gene were the
most possible mutations that provoked the disease.
Nevertheless, ¢.925C>T in BMP4 gene was responsible for
a syndromic disease (Microphthalmia, syndromic 6,
OMIM: 607932) and its pathogenic grade from ACMG was
uncertain; namely, ¢.859 C>T in HOXD13 gene was proba-
bly the main pathogenic mutation that was responsible for
the non-syndromic SPD in our study. The supporting evi-
dence for the pathogenicity of ¢.859 C>T from ACMG
(2015) was as follows: (1) PVS1 (very strong pathogenicity
1): variation may lead to loss of gene function; (2) PM2
(moderate pathogenicity 2): MAF < 0.005; (3) PP3 (sup-
porting pathogenicity 3): Mutation Taster, Genome
Evolution Rate Prediction (GERP), phyloP20way, and
phastCons20way predicted that the variant affects the gene
products and is harmful in the conservativeness and struc-
ture of the protein.

Pathogenic mutation (¢.859 C>T/p.GIn287Ter) in HOXD13
gene confirmed by Sanger sequencing and enzyme digestion

Further Sanger sequencing indicated that ¢.859 C>T
was in the exon 2 of HOXD13 gene from both the proband

and his father, but not from the mother, the grandma or nor-
mal control (Fig. 3A), however, there was no aberrant
expansion of polyalanine tract in exon | of HOXD13 gene.
Because of the nonsense mutation (¢.859 C>T) in exon 2 of
HOXD13 gene, the protein was truncated at the 287 amino
acid (p.GIn287Ter). Meanwhile, through analyzing the
fragment by NEB cutter V2.0, it was suggested that a
restriction site (HpyCH4V) (5'-TG|CA-3") would disappear
if ¢.859 C>T was in the exon 2 of HOXD13 gene (Fig. 4A).
After enzymatic digestion of the normal fragment and
mutated fragment (335 bp) overnight, two new fragments
(133 bp/202 bp) were produced in nearly half of the PCR
products from both the proband and the father, instead, the
PCR products were almost completely digested into two
smaller fragments (133 bp/202 bp) by HpyCH4V in the
mother and normal control (Fig. 4B).

Pathogenicity prediction for the mutation through bioinfor-
matics

Mutation Taster predicted that ¢.859 C>T in HOXD13
gene was a disease-causing mutation through two possible
pathogenic mechanisms: nonsense-mediated mRNA decay
(NMD) and splicing abnormality; HSF found that a new
exonic splicing silencer (ESS) site (5'-GTAGCT-3') (the
underlined letter was the mutated site) would be produced
in exon 2 of HOXD13 gene due to the mutation, which may
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Fig. 3. Sequencing results of the mutated fragments of the patients and normal members in the family.

A. The red arrow indicated the mutated site; The proband (IV1) and the father (1114): mutant type; The mother (I115), the
grandma (I15) and normal control: wide type.

B. The gene structure of the HOXD13.

A agctaggtgcteegaatateccagectaatttttcttgtgcttitgtitgtatcagGGGATGTGGCTC B 1 2 3 4 8§

TAAATCAGCCGGACATGTGCGTCTACCGAAGAGGGAGGAAGAAG
133bp — 14— 202bp
AGAGTGCCTTACACCAAACTGCAGCTTAAAGAACTGGAGAACGA

2025p 400bp

GTATGCCATTAACAAATTCATTAACAAGGACAAGCGGCGGCGTATC  133bp

TCGGCTGCTACGAACCTATCTGAGAGACAAGTGACCATTTGGTTT

CAGAACCGAAGAGTGAAGGACAAGAAAATTGTCTCCAAGCTCAA

AGATACTGTCTCCTGATGTGGTCCAGGTTGGCCACAGACAGCTT

Fig. 4. The scheme of the strategy for enzyme digestion and the chart of the mutated fragments after enzyme digestion.
A. The normal fragment in exon 2 of HOXD13 gene. The capital letters indicated the part of exon, the lower-case let-
ters indicated the adjacent intron, the underlined and bold letters indicated the restriction site of HpyCH4YV, the bold let-
ters indicated the up and down primers.

B. 1, The proband; 2, The father; 3, The mother; 4, Normal control; 5, DNA marker B (From top to bottom: 600 bp, 500
bp, 400 bp, 300 bp, 200 bp, 100 bp).
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Table 3. Pathogenicity prediction of ¢.859 C>T/p.GIn287Ter by bioinformatics.

Mutation Predicted signal

Interpretation

Mutation Taster ~ Disease causing

Amino acid sequence changed; protein features (might be) affected;

splicing site changes; truncated protein (might cause NMD)

HSF New ESS site

EX-SKIP Exon skipping

Creation of an exonic ESS site; potential alteration of splicing

A higher chance of exon skipping: the number of ESS increases;

the number of ESE decreases

NMD, nonsense-mediated mRNA decay; ESS, exonic splicing silencers; ESE, exonic splicing enhancers.

affect the effective splicing of exon 2; EX-SKIP suggested
that because of the mutation, the number of ESS in exon 2
of HOXD13 gene would increase by 3 (48—51), while the
number of exonic splicing enhancers (ESEs) would
decrease by 4 (297—293), which result in a higher chance
of exon 2 skipping in HOXD13 gene of the patients (Table
3). According to the prediction from the three bioinformat-
ics tools, it was indicated that the integrity and expression
level of HOXD13 protein might be affected by ¢.859 C>T.

Discussion

SPD is a genetic deformity that is highly heteroge-
neous in clinical manifestation; in addition to typical symp-
toms, some patients display minor variants and unusual
phenotypes, such as reduced typical manifestations (isolated
synpolydactyly in 4/5 toes or 2/3 toes), brachydactyly, clin-
odactyly, camptodactyly, and duplicated metatarsals in dif-
ferent digits (Malik and Grzeschik 2008; Brison et al.
2014;). These patients are more often found with deletion/
insertion, nonsense and missense mutations in HOXDI13
gene (Goodman et al. 1998; Kan et al. 2003; Zhao et al.
2007; Fantini et al. 2009). In this paper, the family mem-
bers had atypical deformities in the fingers and toes, and a
heterozygous nonsense mutation (c.859 C>T/p.GIn287Ter)
was detected in HOXD13 gene from the proband and his
father, which conformed to the mode of autosomal domi-
nant inheritance (Figs. 2 and 3A).

After clinical examination of the participants, we show
that all the patients belong to non-syndromic SPD, and the
symptoms of clinodactyly of the fifth fingers in patients 1114
and I12 had been reported as minor variants of SPD in pre-
vious studies (Goodman et al. 1997; Brison et al. 2014; Dai
et al. 2014), bilateral preaxial polydactyly in the proband
(IV1) had been classified as unusual symptom (Malik and
Grzeschik 2008); yet the syndactyly of toes 3-4 in patient 12
was hardly reported in patients elsewhere especially from
China with non-syndromic SPD (Fig. 1, Table 1). However,
it was present in some rare syndromic diseases, such as
Greig cephalopolysynpolydactyly (GCPS) (OMIM 175700)
(Debeer et al. 2007). Nevertheless, there were no craniofa-
cial and hand malformations in the patients of our study,
though they had the same hereditary mode with GCPS.
Considering the distinct variations in clinical manifestations
and the genetic model of the family in our study, we sug-

gested that the phenotype in patient 12 may be an unusual
trait and novel phenotype of non-syndromic SPD (Fig. 1).
It is worth noting that the father of patient 1114 (114, Fig. 1)
had similar manifestations in the second toes with patients
1114 (Fig. 2), and thus the man (114) is probably affected
with SPD, according to the autosomal dominant inheritance
pattern, and the clinical symptoms of feet in 114 and 114
become uncertain for lacking radiography (Table 1).

WES covers the coding regions and adjacent sequences
(within 10 bp) of all exons from ~ 20 thousand of func-
tional genes in human, yet WES is only suitable for screen-
ing point mutation and small insertion/deletion mutation
(within 10 bp), so large deletion/duplication (more than 10
bp), the poly sequence and tandem repetitive sequence
(TRS) cannot be detected by WES. In our study, a hetero-
zygous variant (¢.859 C>T/p.GIn287 Ter) was detected by
trio-WES from a family with non-syndromic SPD, and the
mutation was confirmed to be the most probably pathogenic
mutation in the family (Figs. 3 and 4), the main supporting
evidences were the following three points: (1) biological
pathogenic grade from the guide of ACMG (2015): patho-
genic (PVS1+PM2+PP3); (2) ¢.859 C>T/p.GIn287 in
HOXD13 gene was found in both the proband and his
affected father, but not in the normal mother, grandma, or
normal control, which highly conformed to the pattern of
autosomal dominant inheritance; (3) The mutation was
found in the gene of HOXD13, which was responsible for
limb deformities and played an important role in limb
development in both humans and mice (Zhao et al. 2007,
Salsi et al. 2008; Kuss et al. 2009). Nevertheless, ¢.925C>T
in BMP4 gene was found in the proband and the father,
which also fit the autosomal dominant inheritance pattern
and was associated with SPD. BMP4 is the pathogenic
gene of Microphthalmia, syndromic 6, which mainly fea-
tures ocular malformation and digit deformities, such as
poly/syndactyly (Table 2); some families or patients with
polydactyly or other digit abnormalities as part symptoms
had been reported with frameshifting mutation or missense
mutation (c.278A>G) in BMP4 gene (Bakrania et al. 2008).
It was reported that both interdigital webbing/syndactyly
and extra digits/polydactyly were provoked by the down-
regulation of BMP4 expression in distal mesodermal
(Naruse et al. 2007). Moreover, BMP4 expression was up-
regulated by HOXD13 overexpression (gain-of-function) in
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vivo (Salsi et al. 2008), and a missense mutation
(c.278A>G) in BMP4 gene was found in a patient without
syndactyly or polydactyly (only with broad hands, low
placed thumbs, and dysplastic nails) in a previous study
(Bakrania et al. 2008); therefore, the missense mutation
(c.925C>T) in BMP4 gene of the family in our study was
probably not the major factor, whereas the nonsense muta-
tion in the HOXD13 gene (c.859 C>T) would down-regu-
late the BMP4 expression due to the functional haploinsuf-
ficiency (loss-of-function mutation), thus ¢.859 C>T in
HOXD13 gene was probably the major cause that triggered
SPD through downregulation of BMP4 expression in our
study.

Currently, aberrant polyalanine expansion in the poly-
alanine tract of the HOXD13 gene was reported in numer-
ous unrelated families with classical phenotypes of SPD
(Kjaer et al. 2005; Horsnell et al. 2006; Gong et al. 2011;
Xin et al. 2012), and it leads to misfolding, degradation or
cytoplasmic aggregation of those mutant products through
dominant negative effect (Brison et al. 2014). Loss-of-
function mutations in the homeodomain (in exon 2 of
HOXD13) were usually found in the patients with minor
variants and unusual phenotypes of SPD (Kan et al. 2003;
Kurban et al. 2011; Dai et al. 2014; Deng et al. 2017).
Functional haploinsufficiency caused by truncating muta-
tions in HOXD13 is almost the most plausible mechanism.
The integrity of the homeodomain of HOXD13 is damaged
due to the mutation, and then the level of the protein with
integrated ability to bind DNA is partially reduced through
NMD, which would result in haploinsufficiency. In order to
overcome the shortcomings of WES that cannot detect the
aberrant polyalanine expansion in HOXDI3 gene of the
family, PCR-sequencing of the polyalanine tract in exon 1
had been also executed afterwards to exclude the most com-
mon reason. Finally, a hitherto unknown nonsense muta-
tion (¢.859 C>T/p.GIn287Ter) was found in the homeodo-
main of HOXD13 protein (Fig. 3B); it introduces a stop
code at the 287 amino acid and truncates the protein. Thus,
the function of binding DNA would be destroyed.
Furthermore, several online bioinformatics tools predicted
that except for NMD, the nonsense mutation would provoke
the disease by aberrant splicing through increasing the
number of ESS and providing a higher chance of exon 2
skipping. Thus, the expressional level of HOXD13 protein
with integrated domains would be reduced and the capacity
of DNA binding would decrease, which provided a new
clue for the molecular mechanism of SPD. Meanwhile, it
was coincident with the conclusion that exonic mutations
would affect pre-mRNA splicing in some diseases (Cartegni
et al. 2002; Santoro et al. 2007).

In conclusion, a heterozygous nonsense mutation in
the HOXD13 gene was identified by trio-WES in a four-
generation family with non-syndromic synpolydactyly.
Meanwhile, our pathogenicity prediction may provide a
new clue for further studies of the pathogenic mechanism
of the mutation in the exonic splicing regulatory of the

HOXD13 gene.
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