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Exome sequencing reveals a heterozygous DLX5
mutation in a Chinese family with autosomal-dominant
split-hand/foot malformation

Xue Wang1,5, Qian Xin1,5, Lin Li2,5, Jiangxia Li1, Changwu Zhang3, Rongfang Qiu1, Chenmin Qian4, Hailing Zhao1,
Yongchao Liu1, Shan Shan1, Jie Dang1, Xianli Bian1, Changshun Shao1, Yaoqin Gong1 and Qiji Liu*,1

Split-hand/foot malformation (SHFM) is a congenital limb deformity due to the absence or dysplasia of central rays of the

autopod. Six SHFM loci have already been identified. Here we describe a Chinese family with autosomal-dominant SHFM1

that has previously been mapped to 7q21.2-21.3. The two affected family members, mother and son, showed deep median

clefts between toes, ectrodactyly and syndactyly; the mother also showed triphalangeal thumbs. Exome sequencing and variant

screening of candidate genes in the six loci known to be responsible for SHFM revealed a novel heterozygous mutation,

c.558G4T (p.(Gln186His)), in distal-less homeobox 5 (DLX5). As DLX5 encodes a transcription factor capable of

transactivating MYC, we also tested whether the mutation could affect DLX5 transcription acitivity. Results from luciferase

reporter assay revealed that a mutation in DLX5 compromised its transcriptional activity. This is the first report of a mutation

in DLX5 leading to autosomal-dominant SHFM1.
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INTRODUCTION

Split-hand/foot malformation (SHFM), also known as ectrodactyly, is
a congenital limb-development defect due to the absence of central
rays of the autopod and varying degrees of fusion of the remaining
digits. It is characterized by deep median clefts of digits on hands and
feet, syndactyly, and hypoplasia of phalanges and metacarpal or
metatarsal bones. The phenotype varies in different families and in
different limbs of the same patient, ranging from mild syndactyly of
three or four fingers to severe ‘lobster-claw’-like hands or feet
and even deficiency of all limbs.1 The condition may occur as an
isolated limb defect or as a component of a syndrome with other
organ defects such as hearing loss, mental retardation and cleft lip and
palate.2,3

SHFM is highly heterogeneous. Linkage or cytogenetic analysis of the
nonsyndromic forms in humans has revealed six different loci for
SHFM1-6 types: chromosome 7q21.2-q21.3 (SHFM1, MIM 183600),4,5

Xq26 (SHFM2, MIM 313350),6 10q24 (SHFM3, MIM 600095),7–10

3q27 (SHFM4, MIM 605289),1 2q31 (SHFM5, MIM 606708)11,12 and
12q13 (SHFM6, MIM 225300).13,14 SHFM1, 3, 4 and 5 exhibit
autosomal-dominant inheritance; SHFM6 exhibits autosomal-recessive
transmission; SHFM2 exhibits X-linked inheritance pattern.6,15,16

TP63 (also called P63, MIM603273)17 encodes a homolog of the
tumor suppressor p5318 and is associated with both isolated and
syndromic SHFM4. Intragenic homozygous mutation of WNT10b
(MIM 601906), identified by linkage analysis and positional cloning

in 2008, produces the autosomal-recessive SHFM6 phenotype.13

While most SHFM1 cases are caused by various chromosomal
aberrations such as deletions, inversions, translocations and
duplications in a 1.5-Mb key interval on 7q21 encompassing the
DLX5 and DLX6 genes,19–21 SHFM1 in one family was reported to be
due to a homozygous mutation of distal-less homeobox 5 (DLX5)
(MIM 600028),22 thus following autosomal-recessive inheritance.
The limb malformation is also associated with hearing loss in
the family.
DLX5 is homologous with Drosophila distal-less (Dll) and belongs

to the DLX family of homeodomain transcription factors. It is
expressed mainly in early embryonic development and has an
important role in limb, craniofacial and head development and
sensory organ morphogenesis.23 In addition, DLX5 acts as an
oncogene in lymphomas and lung cancers and can transactivate
MYC.24

In this study, we investigated the genetic basis of SHFM in a
Chinese family with two members exhibiting isolated SHFM. Using
exome sequencing combined with variant screening of candidate
genes in the six-mapped loci, we identified a novel heterozygous
mutation in exon 3 of DLX5 as the pathogenic culprit for the SHFM1
phenotype in the family. Then we analyzed the function of the mutant
gene in transcriptional activation of MYC by luciferase assay. Relative
luciferase activity was significantly lower in cells transfected with the
mutant DLX5 than the wild-type gene.
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MATERIALS AND METHODS

SHFM1 family
The diagnosis of congenital nonsyndromic SHFM in the family was established

by detailed clinical and X-ray examinations. After obtaining informed consent,

we obtained blood samples from four family members (I1, I2, II2 and II3),

including one affected member (II3). The study was approved by the Ethics

Committee of Shandong University School of Medicine.

DNA isolation
Genomic DNA was extracted from peripheral blood leukocytes by a standard

salting-out method.25

Whole-exome sequencing
DNA from patient II3 was subjected to whole-exome sequencing (Beijing

Genome Institute, Shenzhen, China). Exome capture involved use of the

SureSelect Human All Exon Kit (Agilent, Santa Clara, CA, USA), and

sequencing involved the HiSeq2000 platform (Illumina, San Diego, CA, USA).

PCR and DNA sequencing
On the basis of the reference sequence for DLX5 (NG_009220.1), primer pairs

for exon 3 of DLX5 were designed by use of Primer Premier 5.0 (forward,

50-TCCGAAGATGCCTCCAGT-30, reverse, 50-TTACACGCCATTGGGTCG-30).
PCR conditions were predenaturation at 94 1C for 5min, 35 cycles of

denaturation at 95 1Cfor 30 s, annealing at 60 1C for 30 s, extension at 72 1C

for 30 s and final extension at 72 1C for 10min. PCR products were detected by

agarose gel electrophoresis, then underwent direct DNA sequencing.

Plasmids
Two luciferase reporter plasmids driven by a MYC promoter (pGL2-XNM and

pGL2-SNM) were gifts from Dr Mark D. Minden (Department of Cellular and

Molecular Biology, Ontario Cancer Institute, Toronto, Canada).25 The

expression plasmid for wild-type human DLX5 (pcDNA3.1-WT DLX5, WT)

was from Drs Joseph R. Testa and Jinfei Xu (Fox Chase Cancer Center,

Philadelphia, PA, USA), pGL2-SNM includes the total conventional MYC

promoter sequences, containing the two major transcription start sites,

whereas pGL2-XNM has only one start site.24

Two segments of mutant cDNA for human DLX5 Q186H (with a nucleotide

substitution at position 558) were amplified by PCR with the primer sequences

forward (F), 50-CGGGATCCATGACAGGAGTGTTTGACAG-30 and reverse

(R1), 50-GATCTTTTGTTATGAAACCAGATTT-30 (near the 5’) (bold and

underline represent the mismatched base); forward (F1), 50-GGTTTCATAACA
AAAGATCCAAG-30 and reverse (R), 50-CGGAATTCATAGAGTGTCCCGGAG
GCCAG-30 (near the 3’), with wild-type plasmid DNA as a template. The

expression plasmid for Q186H mutant-type human DLX5 (pcDNA3.1-Mut

DLX5, Mut) was generated by cloning the mutant cDNA of human DLX5 into

EcoRI and BamH1 (Takara, Dalian, China) of pcDNA3.1B (Invitrogen,

Shanghai, China). The expression plasmid for another mutant site

Q178P(pcDNA3.1-MT DLX5 178P, abbreviated as MT178P) was generated

by using the same method.

Bioinformatics analysis
Protein modeling was based on recent data for the DLX5 DNA-binding

domain structure in the Protein Data Bank (PDB ID codes 2DJN, http://

www.pdb.org).

Cell culture and transfection
HEK293 and HeLa cell lines were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100U/ml

penicillin and 100mg/ml streptomycin and maintained at 37 1C in a

humidified atmosphere of 5% CO2.

Before transfection, 1.6� 104 HEK293 and 1.8� 104 HeLa cells were plated

into each well of 96-well culture plates and incubated for 24h. Plasmids

(200ng each) were co-transfected into wells with PCMV-Renilla luciferase as a

control (200ng) by use of Lipofectamine 2000 (200ng each, Invitrogen).

For synchronization, all cells were starved in DMEM without any FBS for 6 h.

After starvation, DMEM containing 10% FBS was added to culture plates for

an additional 48h, then cells were split for luciferase detection.

Luciferase reporter assay
HEK293 and HeLa cells at approximately 80 to 90% density were washed

with phosphate-buffered saline, then collected in 100ml 1� passive lysis buffer

and centrifuged for 30min in the dark at 4 1C. Luciferase activity was detected

in the cell lysis solution by use of a dual luciferase reporter assay system

(Thermo, USA).

Statistical analysis
Statistical analyses involved two-tailed Student t test. Po0.05 was considered

statistically significant.

RESULTS

Clinical features of the family
The pedigree of the Chinese family with SHFM is shown in Figure 1.
The proband is a 31-year-old woman with typical deep median
longitudinal clefts between her toes since she was born (Figure 2a).
Her hands appear almost normal, without features of central rays,
ectrodactyly, syndactyly or dysplasia of phalanges and metacarpals.
However, her thumbs are longer than normal (Figure 2b). X-ray
examination revealed absence of the second metatarsals and the
second and third toes (Figure 2c); triphalangeal thumbs were also
observed (Figure 2d). The second affected member is the 7-year-old
son of the proband. Lobster-claw-like feet were present at birth. Other
than the split feet, the boy had no other visible abnormalities. None of
the remaining three family members, including the parents and the
sister of the index person, showed limb development malformations
(Figures 2e–h).

Identification of a missense mutation in DLX5
Whole-exome sequencing of a DNA sample from patient II3
generated about 6.67Gb of sequence data, with 96.04% of regions
covered at least 4 times and 91.29% of regions covered at least 10
times. Single-nucleotide polymorphisms (SNPs) were filtered through
the dbSNP137, 1000 Genomes Project and HapMap8 databases. In all,
1231 SNPs and 115 indels remained. Then we performed variation
screening of the 17 candidate genes in the six identified SHFM loci.
Finally, we confirmed that a missense mutation in exon 3 of DLX5
(NM_005221.5; c.558G4T, p.(Gln186His)) was present in the
affected family members. In addition, the exome sequencing results
did not find any coding variants in any other SHFM-associated genes
such as TP63, DLX6 and WNT10B.
Direct DNA sequencing revealed the mutation in the index family

member but not in all three unaffected family members including
healthy parents and 200 ethnically matched healthy controls

Figure 1 Pedigree of the Chinese family with autosomal-dominant split-

hand/foot malformation (SHFM). The index patient is indicated by an arrow.

I, II, III: first, second, third generation, respectively.
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(Figure 3), which demonstrates that the mutation co-segregated with
SHFM in this family and first occurred in the proband.
Alignment of DLX5 amino-acid sequences in different species,

including mouse, rat, chimpanzee and opossum, with use of
ClustalW2 (http://www.ebi.ac.uk/Tools/ msa/clustalw2/), showed high
conservation of glutamine at position 186 (Figure 4a). We analyzed
the possible effects of amino-acid substitution of p.(Gln186His) on
protein function. The highest possible pathogenicity score (1.0) by
polymorphism phenotyping (PolyPhen-2)26 and the lowest tolerance
score (0) on sorting intolerant from tolerant (SIFT)27 showed this
change as likely damaging protein function. In addition, we found
that the mutation is located in the DNA-binding domain of DLX5

and expected to impair DNA binding (Figure 4b). This mutation has
already been submitted to dbSNP database.

DLX5 mutation reduced transcriptional activity
Because human DLX5 is highly expressed in lung and lymph cancers
and could bind to two sites in the MYC promoter to activate its
transcription,24 we determined the transcriptional activity of the
mutant DLX5 (p.(Q186H)) by luciferase reporter assay. In HEK293
cells, compared with transient transfection of pGL2-SNM and
pcDNA3.1-WT DLX5, transfection with pcDNA3.1-Mut DLX5
decreased MYC expression by 1.6-fold. Co-transfection of pGL2-
XNM with pcDNA3.1-Mut decreased the expression 1.4-fold

Figure 2 Photographs of hands and feet of family members. (a) The index patient (II 3) showed ‘lobster-claw’-like feet and (b) almost normal hands with

slightly longer thumbs than normal. (c) Ectrodactyly and syndactyly in the feet of patient II 3 and (d) triphalangeal thumbs shown on X-ray. (e, f) Normal

limbs of father and mother (g, h) of patient II 3.
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comparing with pcDNA3.1-WT DLX5 (Figure 5). In HeLa cells,
transfection of pGL2-SNM or pGL2-XNM with pcDNA3.1-Mut or
pcDNA3.1-WT DLX5 decreased MYC expression by approximately
2- or 3.5-fold, respectively (Figure 5a). Thus, the p.(Q186H) mutation
in DLX5 could significantly reduce the transactivation activity of
DLX5 (all Po0.05).
As DLX5 Q178P has been already reported in a consanguineous

autosomal recessive SFMH1 family, to compare the functional effect
of the Q178P and Q186H on transactivation activity, we also
constructed the expression plasmid for DLX5 Q178P and performed
the luciferase assay. However, no difference was found between
MT186H and MT178P (Figure 5b). Considering that DLX5 Q186H
causes an autosomal dominant SFMH, to test whether this mutation
has a dominant negative effect, we conducted the luciferase assay in
double transfection with wide-type DLX5(WT) and DLX5 MT186H

or MT178P, respectively; no difference was found between WTþ
MT186H and WTþMT178P, suggesting that these two mutations
have similar effects on the gene function in this experiment.

DISCUSSION

SHFM disorders are highly heterogeneous, with variable clinical
manifestations, multiple loci and different inheritance modes. Among
the four autosomal-dominant forms, SHFM1 was mapped to 7q21.2-
21.3 by cytogenetics. Almost all the reported isolated and syndromic
cases of SHFM1 have been related to chromosome aberrations,
including deletion, duplication, translocation and inversion. However,
in one family with syndromic SHFM1, the disease was inherited in an
autosomal-recessive mode22 and was caused by a homozygous
mutation in exon 2 of DLX5 (c.533A4C), with a glutamine residue
at position 178 replaced by a mutant residue proline (p.Q178P). The
twin sisters in the family both showed severe limb deformities, with
deep median clefts in the hands, ectrodactyly, syndactyly,
circumferential nails and asymmetric short limbs as well as hearing
loss, low anterior hair line and mild frontal bossing. This was the first
identification of an intragenic DLX5 mutation and establishment of a
pathogenic gene in SHFM1 syndrome.
The nonsyndromic SHFM1 in the family we described was

inherited in an autosomal-dominant manner and was due to a
heterozygous mutation in DLX5. The SHFM1 phenotype in this
family did not vary greatly. Deep median clefts in the feet and
syndactyly were both observed in the two affected family members.

Figure 3 Sequencing results of exon 3 in DLX5(50-30). (a) A heterozygous

mutation (G4T) in the index patient (II 3) is indicated by a red arrow. The

family members without limb malformation (b) and healthy controls (c) did

not carry this mutation.

Figure 4 Bioinformatic analysis of DLX5 mutation (a) Q178 and Q186 are

evolutionarily conserved among species. (b) Q186 is located in the DNA-

binding domain of DLX5.
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In contrast to reported cases of SHFM1 in which the hands of the
affected members showed typical lobster-claw deformity, synpolydac-
tyly or monodactyly, the hands in our affected members were nearly
unaffected, except that the index person showed only triphalangeal
thumbs. Triphalangeal thumbs is probably a rare SHFM phenotype;
only one patient with monodactyly combined with triphalangeal
thumbs has been reported.2

We performed exome sequencing and identified an intragenic
DLX5missense mutation (c.G5584T), wherein the glutamine residue
at position 186 in the wild-type was replaced by histidine. The
following lines of evidence indicate that this mutation is the disease-
causing culprit. First, DNA sequencing for all four family members
revealed that the mutation co-segregated with SHFM in this family.
Second, the mutation was not detected in 200 ethnically matched

healthy controls, thus ruling it out as a rare SNP. Third, analysis of the
effect of this amino-acid substitution on protein function using
PolyPhen-2 and SIFT revealed that this mutation was probably
damaging. Fourth, the residue at position 186 is highly conserved
across species. Finally, because human DLX5 is highly expressed in
lung and lymph cancers and can bind to two different sites in the
MYC promoter to activate its transcription, we used luciferase
reporter assay to determine effect of the mutation c.558G4T on
the ability of DLX5 to regulate the expression of MYC. We observed
that the mutation significantly reduce the expression of MYC,
demonstrating that c.558G4T(p.(Q186H)) affects the ability of
DLX5 to regulate transcription of target genes.
The family being studied is the second to be described with an

intragenic mutation in DLX5. Although the two families with DLX5
mutations differ in many aspects, including transmission modes,
phenotype, expressivity and mutation site, both mutations (Q178P,
Q186H) in the DLX5 of these families consisted of the glutamine
residue replaced by another residue. In addition, both mutations are
in close proximity with each other and localized within the home-
odomain of DLX5. Mutations may affect gene function by altering
cellular localization, spatial structure of proteins or the recognition
site of target genes. Given that facts that Q186H and Q178P mutation
in DLX5 cause SHFM with different inheritance pattern, we hypothe-
sized that Q186H might have dominant negative effect, while Q178P
is a loss of function mutation. However, our luciferase assay did not
give the expected results, these two mutations showed similar
functional effects on MYC promoter. We speculated that perhaps
there is a second mutation in our studied family. Indeed, Q186H is
the first identified heterozygous DLX5 mutation in SHFM, all other
mutations identified in man and mouse affect either one copy of two
genes (DLX5 and DLX6) or two copies of one gene (DLX5).21,22

In addition, a recent paper demonstrated that Dlx5 and Dlx6 act
cooperatively in the expression of target genes during limb
development.28 It is possible that there is another mutation in the
regulatory element in the patients of this family.21,22 Defining the
exact pathogenetic mechanism conferred by these mutations requires
further investigation.
DLX5 is a member of the DLX gene family, consisting of highly

conserved homeobox genes encoding a set of transcription factors
that are mainly co-expressed in the median plane of the apical
ectodermal ridge (AER) and underlying progress zone of the
developing limb bud.29 Complex interaction among diverse
molecules involved in BMP or WNT signaling pathways have an
important role in maintaining the AER, which is required for limb
development in the proximo-distal direction and formation of digits.
In mouse models of exsected AER, increased cell death or impaired
cell proliferation is involved in inactivating the AER region, which
causes SHFM.30,31 Moreover, many genes, including SHFM disease-
causing genes such as TP63 and WNT10b, are expressed in this
region.32,33

DLX5 and DLX6 are very similar in that, both are candidate genes
for SHFM1, tandemly arranged on locus 7q21 tail to tail and are
expressed in the median AER of embryonic limb buds. Simultaneous
knockout of DLX5 and DLX6 in the mouse results in the SHFM
phenotype. In contrast, knocking out either one or double hetero-
zygous knockout of DLX5 and DLX6 did not result in limb
malformation.4 However, humans are more sensitive than the
heterozygous mouse to the dosage of DLX5 and DLX6.4,34 This
situation may explain why the heterozygous point mutation we
identified in DLX5 could lead to the typical split-foot malformation
in our Chinese family with SHFM.

Figure 5 Regulation of MYC expression by DLX5 in HEK293 and HeLa

cells. (a) Luciferase assay for DLX5 Q186H. SNM and XNM: luciferase

reporter plasmids driven by a MYC promoter (pGL2-XNM and pGL2-SNM).
WT: expression plasmid of wild-type cDNA of human DLX5 (pcDNA3.1-WT

DLX5). Mut: expression plasmid of mutant cDNA of human DLX5 186H

(pcDNA3.1-Mut DLX5). Luciferase activity is relative to that of Renilla

luciferase. (b) Luciferase assay for Q186H and Q178P in HeLa cells.

WTþMT (186H): cotransfection with wide-type DLX5(WT) and 186H

mutant plasmid. WTþMT (178P): cotransfection with wide-type DLX5(WT)

and 178P mutant plasmid. Data are mean±SD. ***Po0.001.
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In summary, this study identified a novel DLX5 mutation in a
Chinese family with autosomal-dominant SHFM, which provides
additional evidence for the role of DLX5 in limb development.
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