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Abstract. Hand-foot-genital syndrome (HFGS) is a rare autosomal dominant inherited syndrome characterized by limb
malformations and urogenital defects. HFGS is caused by mutations in the HOXA13 gene. The aim of this study was to identify
causative mutations in individuals and to explore the molecular pathogenesis in a Chinese family with HFGS. We performed
Sanger sequencing and identified a recurrent missense mutation in the homeodomain (c.1123G>T, p.V375F) of HOXA13, molecular
modelling predicted the mutation would affect DNA binding, and a luciferase reporter assay indicated that it impaired the ability of
HOXA13 to activate transcription of the human EPHA7 promoter. This is the first report of the molecular basis for HFGS caused
by missense mutations of HOXA13.
Keywords. HOXA13 gene; hand-foot-genital syndrome; missense mutation.

Introduction
Hand-foot-genital syndrome (HFGS, MIM: 140000) is a
rare autosomal dominant inherited syndrome characterized by malformations of distal limbs and genitourinary
defects. The distal limb malformations typically include
short, proximally placed thumbs with hypoplastic thenar
eminences, ulnar deviation of the second finger, clinodactyly of the fifth finger, short, medially deviated halluces, brachydactyly of the second to fifth toes, and delayed
ossification, fusion, and shortening of the carpals and
tarsals. These abnormalities in limb appears to be fully
penetrant, bilateral, and symmetrical, with little variation in severity. Genital abnormalities include hypospadias
in males and Müllerian duct fusion defects in females,
the latter ranging from isolated longitudinal vaginal septum to double uterus with double cervix, and may result
in difficult pregnancy and foetal loss or neonatal death
(Donnenfeld et al. 1992; Fryns et al. 1993). Urinary abnormalities include ectopic ureteric orifices, vesicoureteric

reflux, and pelviureteric junction obstruction (Donnenfeld
et al. 1992).
HFGS is caused by mutations in the homeobox transcription factor gene HOXA13, which includes two exons
and encodes 388 amino acids (Mortlock and Innis 1997).
Exon 1 includes imperfect GCN (where N denotes A, C,
G, or T) triplet repeats encoding the N-terminal region
of the polypeptide with a polyalanine tract, and exon 2
contains the homeobox region encoding the C-terminal
portion with a 60 residue homeodomain (residues 322–
381). Most of the mutations previously described are
in-frame polyalanine expansions, while nonsense mutations, missense mutations within the homeodomain, and
gross deletions have also been reported (Frisén et al. 2003;
Utsch et al. 2007; Jorgensen et al. 2010; Parker et al. 2011;
Owens et al. 2013).
In this report, we identified a missense mutation in
the homeodomain of HOXA13 in a Chinese family with
HFGS. We then predicted three dimensional models of
the wild and mutant homeodomain and their respective
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A Chinese three-generational family with HFGS was
recruited. Two affected and two normal family members undertook clinical evaluation, and peripheral venous
blood samples were collected after obtaining informed
consent and approval of the China Medical University
Institutional Review Board. Clinical photographs of all
affected individuals and radiographs of the proband were
obtained. Clinical records and radiographic images were
published under the patients’ written permission.

the expression vectors for p3×FLAG-HOXA13WT , the
full wild-type coding region of HOXA13 was generated
by overlapping genomic PCR from normal individuals. The verified fragments were then cloned into the
HindIII and XbaI sites of the p3×FLAG-CMV-14 plasmid
(Sigma) to produce the p3×FLAG-HOXA13WT expression vectors. The p3×FLAG-HOXA13V375F vectors were
constructed from the p3×FLAG-HOXA13WT vectors
using site-directed mutagenesis with primers HOXA13-67
5 -AGGCCGCCAAGCAATGCAGC-3 and HOXA13
mut 5 -GCTCTAGATTAACTAGTGGTTTTCAGTTTG
TTGATGACTTTTTTCTCTTTAAACC-3 . Amplified
DNA fragments containing the site-directed mutations
were subcloned into the original plasmids to replace the
corresponding wild-type fragments at the BssHII and XbaI
sites. The expression vectors p3×FLAG-HOXA13WT and
p3×FLAG-HOXA13V375F were verified by Sanger sequencing.

Mutation analysis

Luciferase reporter gene assay

Genomic DNA was extracted from peripheral venous
blood using the Universal Genomic DNA Extraction Kit
ver. 3.0 (TaKaRa), according to the manufacturer’s protocol. Sequencing of the two coding exons and the flanking
introns of the HOXA13 gene was performed as described
by Frisén et al. (2003). As the mutation directly created a
DraI restriction site in the mutant allele, available family
members and 100 unrelated normal controls were included
in the restriction analyses.

The reporter construct pGL3-EPHA7 (0.3 µg) was cotransfected along with 0.45 µg of one of the three test vectors (p3×FLAG-CMV-14, p3×FLAG-HOXA13WT , or
p3×FLAG-HOXA13V375F ) into NIH3T3 mouse fibroblast cells growing in a 24-well plate, using 2 µL Lipofectamine 2000 reagent (Invitrogen, Carlsbad, USA). Cells
were also transfected with one of the renilla luciferase
plasmids (pRL-TK, 50 ng; pRL-SV40, 10 ng; pRL-CMV,
10 ng, Promega, Madison, USA) as an internal control to
normalize the transfection efficiency. After 24 h of transfection, cells were lysed and assayed for luciferase activity
according to the Dual-Luciferase protocol (Promega), and
2 µL of each cell lysate was assayed using a luminometer
(Lumat LB9507, EG&G Berthold, Germany).

docking with DNA. Finally, we performed a luciferase
reporter assay to determine any consequences the mutation has on HOXA13 transactivation of the promoter of
EPHA7.

Materials and methods
Subjects

Molecular modelling

The p.V375F substitution replaced one aliphatic amino
acid with an aromatic amino acid in the helix III of
the HOXA13 homeodomain, and the three-dimensional
models of wild and mutant homeodomain were generated using the I-TASSER online server (http://zhanglab.
ccmb.med.umich.edu/I-TASSER/). The oligonucleotide
(5 -CAAATAAAATC-3 ) was selected to model the threedimensional structure with wild and mutant HOXA13
homeodomain using the HEX tool (http://hex.loria.fr/).
Illustrations were prepared using PyMOL (http://www.
pymol.org/).
Vector construction

A luciferase reporter assay was conducted to determine
any consequences the mutation had on HOXA13 transactivation of the promoter of EPHA7, one of the direct
downstream target genes of HOXA13 during limb and
genitourinary system development (Salsi and Zappavigna 2006). The human EPHA7 promoter containing
the HOXA13-binding site was inserted into a pGL3basic vector, as described by Zhao et al. (2007). To make

Results
Clinical findings

We investigated a three-generational Han Chinese HFGS
family consisting of two affected individuals (figure 1a).
Physical examination of the proband revealed several
abnormalities of the limbs: extremely short thumbs and
5th fingers, slight clinodactyly of the 4th fingers, hypoplasia of the 3rd and the left 5th fingers’ nails, absence of the
distal interphalangeal crease of all fingers, extremely short
halluces and 5th toes, medial deviation of the 3rd to 5th
toes, hallux valgus with absent nails, and hypoplasia of
the 4th and 5th toes’ nails. On radiological examination,
the distal phalanges of all fingers were short, and distal
interphalangeal fusions were seen on the 2nd, 4th and 5th
fingers. The proximal hallucal phalanges were broad, the
3rd, 4th, and 5th and the right 1st and 2nd distal phalanges
of the toes were short, the distal interphalangeal joints of
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Figure 1. Pedigree and clinical features of the HFGS family. (a) Family pedigree. Shaded symbols represent affected individuals with
abnormal limb phenotype, open symbols represent individuals with normal limb phenotype. (b) Photographs and radiographs of the
proband. (c) Photographs of individual III1.

the toes were narrow or fused, and the 1st, 2nd and 3rd
metatarsals were fused with corresponding cuneiforms.
Navicular bones were hypoplastic, and the gaps between
cuneiforms were narrow or fused (figure 1b). The proband
had a septate uterus with a double cervix and longitudinal vaginal septum resulting in difficult pregnancies: one
miscarriage and two neonatal deaths. She also had frequently recurrent urinary tract infections, possibly due to
vesicoureteric reflux or pelviureteric junction obstruction.
Her neonatal affected daughter with the same limb phenotype was lost due to prematurity (figure 1c). Her parents
and younger sister were clinically unaffected.

A missense mutation (V54F) in the homeodomain of HOXA13

We searched for pathogenic mutations in the proband by
direct sequencing of PCR-amplified DNA fragments spanning exons 1 and 2 of the HOXA13 gene. Sequencing of
exon 2 revealed a recurrent heterozygous missense mutation, c.1123G>T (p.V375F), substituting a phenylalanine
(F) for the highly conserved valine (V) at amino acid 375
(residue 54 of the homeodomain) (figure 2a). This missense
mutation introduced a DraI recognition sequence into the
1123T mutant allele. To confirm this mutation, a restriction analysis was performed using DraI in family members
and in 100 unrelated control individuals of similar ethnic background, revealing the presence of the mutation
in all affected individuals but not in unaffected family
members or control individuals. The unaffected parents
of the proband refused to take part in this genetic study,

we hypothesized that the mutation might have arisen de
novo.

Molecular modelling

Modelling of the wild type and mutant structures of the
HOXA13 homeodomain was carried out using an automated homology modelling program I-TASSER. Compared to the wild type, the missense mutation led to
extension of the length of α-helix III downstream. Further, the wild type 54th valine formed hydrogen bonds
with the 50th glutamine and the 57th and 58th lysines,
while the mutant 54th phenylalanine lost the hydrogen
bond with the 57th lysine and the hydrogen bond lengths
with the 50th glutamine and 58th lysine were changed (figure 2b). The three-dimensional structure of the wild-type
and mutant homeodomain-DNA binding was predicted
by the macromolecular docking program Hex 8.0.0. The
54 phenylalanine resided deep within the major groove, so
the substitution might affect DNA binding (figure 2c).

HOXA13V375F mutation impaired the transactivation of the
EPHA7 promoter

To determine the consequences of the HOXA13 p.V375F
mutation in its transactivation of the promoter of EPHA7,
a dual luciferase assay was performed. Consistent with
previous findings that the mouse EphA7 promoter had
transcriptional activation mediated by HOXA13, expression of human HOXA13 could also transactivate the
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Figure 2. Mutational analysis of HOXA13. (a) DNA sequence analysis of HFGS family members. Sanger sequencing of HOXA13
demonstrating a heterozygous missense mutation c.1123G>T (p.V375F) in the proband. (b) Structural analyses of wild-type and
mutant homeodomains of HOXA13. (c) The three-dimensional structure of the wild-type and mutant homeodomain-DNA binding.

human EPHA7 promoter. However, V375F impaired the
capacity of HOXA13 to transactivate the human EPHA7
promoter, retaining about 0.67 fold of the reporter activity compared with the wild type counterpart (P < 0.01)
(figure 3).

Discussion
In humans, there are 39 HOX genes arranged in four separate clusters: HOXA, HOXB, HOXC and HOXD. These
clusters are located on chromosomes 7p15, 17q21, 12q13,
and 2q31, respectively, and show a striking colinearity in
their 5 –3 genomic positions and transcriptional directions (Scott 1993). HOXA13 is the second HOX gene

known to be linked to human developmental disorders.
Mutations in HOXA13 are associated with limb deformities in both human and mice, suggesting a critical
role in limb development (Post et al. 2000; Innis et al.
2004). To date, 10 in-frame polyalanine expansions (6,
8–12, and 14 additional alanines), four nonsense mutations (W369X, S136X, Q196X and Q365X), four missense
mutations (p.R326G, p.I368F, p.N372H and p.V375F),
and two gross deletions associated with HFGS have been
reported (Mortlock and Innis 1997; Frisén et al. 2003;
Utsch et al. 2007; Jorgensen et al. 2010; Parker et al. 2011;
Owens et al. 2013; Imagawa et al. 2014; Wallis et al. 2016).
Additionally, p.Q371L causes Guttmacher syndrome, a
more severe phenotype than HFGS (Innis et al. 2002).
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Figure 3. Transcriptional activity of wild-type and mutant
HOXA13 proteins at the human EPH7A promoter. Bars represent firefly/Renilla luciferase ratios for the different constructs.
Values are the means (± SEM) of six independent experiments.
The significance of differences in expression was calculated using
the independent samples t-test. The significance level was set at
* P < 0.001. (a) pRL-TK, (b) pRL-SV40, and (c) pRL-CMV.

Interestingly, all five HOXA13 missense mutations are in
the homeodomain. This domain contains a highly conserved helix-turn-helix motif composed of three α-helices
(α-helix I, II and III), and DNA recognition is mainly
determined by α-helix III, in which four of five of the
known missense mutations (p.I368F, p.Q371L, p.N372H,
and p.V375F) are located. These mutations change the
47th, 50th, 51th, and 54th residues of the homeodomain,
respectively. Until now, no studies have characterized
the effects of these missense mutations on the molecular
level. X-ray crystallographic and NMR studies of homeodomain / DNA complexes have shown that residues in
the recognition α-helix III, mainly the 47th, 50th, 51st,
and 54th amino acids, make base-specific DNA contacts
within the major groove, thereby collaboratively determining DNA-binding specificity and affinity (Gehring et al.
1994; Fraenkel et al. 1998; Zhang et al. 2011).
The oligonucleotide 5 -CAAATAAAATC-3 was used
as the minimal DNA sequences containing the ATAA core
that forms a stable duplex and exhibits high affinity to
and sequence-specific binding with the HOXA13 homeodomain. A distinctive structural feature of the HOXA13
homeodomain is that exposed hydrophobic residues (I47
and V54) form an extensive network of hydrophobic contacts with thymine methyl groups in the major groove.
Particularly striking are the cooperative hydrophobic contacts between V54 and the methyl groups of T5, T6* and
T7* (*base paired with A6 and A7) that explain the highly
specific recognition of 5 -TAA-3 in the major groove
(Zhang et al. 2011). In most other homeodomains, V54 is
replaced with a methionine that specifically contacts cytosine (instead of thymine) in the major groove, thus this V54
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may explain, in part, why cytosine is not present in the core
DNA sequence for HOXA13.
In this study, we identified a recurrent missense mutation, p.V375F of HOXA13, in a Chinese family with
HFGS. In silico molecular modelling analysis indicated
that the substitution of a phenylalanine for the valine at
residue 54 of the homeodomain may change the three
dimensional conformation of α-helix III and affect DNA
binding. Our in vitro luciferase reporter assay supported
the molecular modelling predictions, and the p.V375F
mutation had a deleterious effect on HOXA13-induced
transcriptional activation of the human EPHA7 promoter.
This alteration of the DNA binding capability may contribute to the developmental abnormalities see in the limb
and genitourinary systems.
The HOXA13 p.V375F mutation was recently reported
by Wallis in a sporadic 4-year-old boy with HFGS and
developmental delay due to dual genetic mutations in
HOXA13 and NRXN1 (Wallis et al. 2016). Although
he carried the same mutation, the phenotypes were not
consistent between the different families. The boy’s limb
anomalies consisted of preaxial polydactyly of the hands,
absent middle phalanges of the 5th fingers and distal phalanx of the right thumb, 3rd toe clinodactyly, absent nails
on 4th toes and the right 5th toe, hallux valgus, and terminal resorption of the distal phalanges of all toes. Our
patients also had hallux valgus, yet the nails of their
4th toes were only slightly abnormal and the other limb
anomalies described above were not present. Moreover, the
distinctive limb phenotypes of our patients were extremely
short halluces with absent nails and the broad proximal
hallucal phalanges, which had not been described in association with this condition previously. Because the genders
of the patients were different, we could not compare the
urogenital anomalies between them.
The identification of specific mutations provided a
unique opportunity to gain insight into the role of
HOXA13 in limb and genitourinary system development. Our study indicated that alteration of EPHA7
promoter transactivation produced by missense mutations
of HOXA13 provided a molecular basis for HFGS.
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