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A nonsense mutation in the HOXD13 gene underlies
synpolydactyly with incomplete penetrance

Mazen Kurban1, Muhammad Wajid1, Lynn Petukhova1, Yutaka Shimomura1 and Angela M Christiano1,2

Synpolydactyly 1 (SPD1; OMIM 186000), also known as type II syndactyly, is a dominantly inherited limb malformation that is

characterized by an increased number of digits. SPD1 is most commonly caused by polyalanine repeat expansions in the coding

region of the HOXD13 gene, which are believed to show a dominant-negative effect. In addition, missense and out-of-frame

deletion mutations in the HOXD13 gene are also known to cause SPD, and the mechanism responsible for the phenotype

appears to be haploinsufficiency. Here, we analyzed a large consanguineous family from Pakistan with SPD showing a wide

variation in phenotype among affected individuals. We performed genetic linkage analysis, which identified a region on

chromosome 2 containing the HOXD13 gene. Haplotype analysis with microsatellite markers suggested segregation of the

phenotype with HOXD13 gene with incomplete penetrance. Direct sequencing analysis of HOXD13 gene revealed a nonsense

mutation, designated as Q248X. All affected individuals with the severe SPD phenotype are homozygous for the mutation,

whereas those with the mild SPD phenotype are heterozygous for the mutation. Furthermore, some unaffected individuals also

carry the mutation in the heterozygous state, showing incomplete penetrance. Our results show the first nonsense mutation in

the HOXD13 gene underlying a severe form of SPD in the homozygous state, and a milder form of SPD with B50% penetrance

in the heterozygous state, most likely because of the production of 50% of protein compared with normal individuals.
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INTRODUCTION

Trinucleotide repeat expansions in either the coding or the non-coding
sequences of genes are known to cause several hereditary diseases.1–3

One such example is the polyalanine repeat expansions in HOXD13
gene, which have been shown to underlie synpolydactyly 1 (SPD1;
OMIM 186000).2 In contrast to other types of nucleotide repeats, such
as polyglutamine and polyglutamic acid repeats in Huntington’s disease
and Friedreich’s ataxia, respectively, polyalanine repeats in SPD1 are mito-
tically and meiotically stable, and thus polymorphisms tend to be rare.2

SPD is a rare autosomal dominant limb deformity, with a distinctive
combination of syndactyly and polydactyly. The main features of SPD
are webbing of the 3/4 fingers and 4/5 toes, with partial or complete
digital duplication within the syndactylous web.4–6 Currently, SPD is
classified into three types, SPD1, SPD2 and SPD3, yet mutations have
been identified in only two types. SPD1 is caused mainly by polyalanine
expansion repeats in the HOXD13 gene on chromosome 2.4 SPD2
(OMIM 608180) has been linked to chromosome 22 and mutations in
fibulin 1 gene have been reported.4 SPD3 (OMIM 610234) has been
linked to chromosome 14, but no gene has yet been implicated.4

The HOX family of transcription factors are homeodomain-
containing proteins that control cell fates and regional identities
along the primary body and limb axes, by binding to cognate DNA

sequences.7–9 HOXD13 is a member of the HOX family, which
encodes for a transcription factor with a crucial role in limb develop-
ment. The expression of HOXD13, the most 5¢ homeobox gene of the
HOXD gene cluster, is involved in both the early and late phases of
limb morphogenesis.10–12 The first phase occurs during the emergence
of the limb buds, in which the limbs are endowed with anteroposterior
(AP) polarity via the polarized expression of several genes.11,12 The
second stage, which is involved in the distal outgrowth and specifica-
tion of the most distal limb regions, depends on sonic hedgehog
expression.13,14 HOXD genes are critical in both phases, because they
initiate sonic hedgehog expression during the early phase and mediate
the sonic hedgehog morphogenic signal within the limb during the
second phase. Therefore, mutations such as repeat expansions in
HOXD13 are expected to result in limb malformation pheno-
types.12,15,16 N-terminal polyalanine repeats of +7 to 14 polyalanine
repeats are the most common mutations described in HOXD13,
whereas the normal number of polyalanine repeats in HOXD13 is
15.12,15,16 To date, only a few missense and deletion mutations have
been reported in the HOXD13 gene.17–22 Interestingly, nonsense
mutations have not been reported previously in the HOXD13 gene.

In this study, we analyzed a large Pakistani family with SPD1 and
identified a first nonsense mutation in HOXD13 gene. Our findings
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further underscore the crucial roles of HOXD13 in limb development
in humans.

MATERIALS AND METHODS

Subjects and linkage analysis
After obtaining informed consent, we collected peripheral blood samples from

the family members and 100 population-matched unrelated healthy control

individuals in EDTA-containing tubes (under institutional approval and in

adherence to the Declaration of Helsinki Principles). Genomic DNA was

isolated from these samples according to standard techniques.

Genotyping and data analysis
The Affymetrix GeneChip Human Mapping 10K 2.0 (Affymetrix, Santa Clara,

CA, USA) array was used to genotype samples. Sample preparation followed the

standard Affymetrix protocol, with minor alterations, as reported previously.23

Hybridization was performed by the Columbia University Gene Chip Facility.

Genespring GT (Agilent Software, Santa Clara, CA, USA) was used for quality

control measures and to perform analyses. Single-nucleotide polymorphisms

displaying Mendelian inheritance errors were removed so that the analyzed data

set contained 9833 variations. Haplotypes were inferred from the data by using

Genespring GT to mitigate the effect of linkage disequilibrium on multipoint

linkage analysis, thus reducing type I error. Statistical analyses included non-

parametric linkage analysis, parametric linkage analysis under assumptions of

dominant mode of inheritance with reduced penetrance and the haplotype-

based haplotype relative risk, which is a family-based test of association. Next

genomic DNA from the family members was amplified by PCR using primers

for microsatellite markers around the HOXD13 gene, D2S2188, D2S2314,

HOXD13-MS, D2S148, D2S2261, D2S2273 and D2S1361. Of these,

HOXD13-MS is a highly polymorphic marker, which resides 0.35 Mb down-

stream of the HOXD13 gene, and the following primers were used for the

amplification: forward (5¢-CTCAGTGAATGTTCACAATCCA-3¢) and reverse

(5¢-CAACCAACAAACAAGTGGCTC-3¢). The amplification conditions for

each PCR were 94 1C for 2 min, followed by 35 cycles of 94 1C for 30 s, 55 1C

for 30 s and 72 1C for 30 s, with a final extension at 72 1C for 7 min. PCR

products were run on 8% polyacrylamide gels, and genotypes were assigned by

visual inspection.

Mutation analysis of the HOXD13 gene
Using genomic DNA from the family members, all exons of the HOXD13 gene

with adjacent sequences of exon–intron borders were amplified by PCR as

described previously.24 The amplified PCR products were directly sequenced

in an ABI Prism 310 Automated Sequencer, using the ABI Prism Big Dye

Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems,

Foster City, CA, USA).

The mutation c.742C4T in the HOXD13 gene generates a new restriction

site for the endonuclease BfaI. A part of exon 1 and intron 1 of the HOXD13

gene was PCR amplified using Platinum Taq DNA Polymerase High Fidelity

(Invitrogen, Carlsbad, CA, USA) and the following primers: forward (5¢-
GTGCCCGGCTATATCGACAT-3¢) and reverse (5¢-AGGCACAACTCCCACT

CCCAAGTA-3¢). The amplification conditions were 94 1C for 2 min, followed

by 35 cycles of 94 1C for 30 s, 61 1C for 30 s and 68 1C for 30 s, with a final

extension at 68 1C for 7 min. The amplified PCR products, 280 bp in size, were

purified with the Rapid PCR Purification System (Marligen, Ljamsville, MD,

USA), digested with BfaI at 37 1C for 3 h and analyzed on 2.0% agarose gels.

RESULTS

Patients
We studied a large consanguineous family from Pakistan with SPD.
The inheritance pattern could be explained either as autosomal
recessive or as autosomal dominant with incomplete penetrance
(Figure 1). The clinical presentation among the family members was
highly variable. Of 16 affected individuals analyzed, the clinical
features of 10 members showed a typical SPD1 phenotype, consisting
of syndactyly between the 3/4 fingers with digital duplication, widely
spaced first and second toes, syndactyly involving toes 2/3/4/5 or

3/4/5, camptodactyly of the big toe and brachydactyly, which mainly
affected the second toe (Figure 2). On the other hand, the remaining
six affected individuals showed a milder phenotype, which was restricted
to the toes and consisted mainly of webbing of the fourth and the fifth
digits or the second and third digits. In addition, a few affected individuals
also had unilateral broad big toes, which is not a typical feature for SPD1
(Figure 2). None of the individuals had any urogenital abnormalities.

Linkage analysis
SPD is characterized as an autosomal dominant disorder with wide
variability in the phenotypic consequence of particular mutations.
In addition to reduced penetrance, a number of investigators have
observed that carriers of two mutations often have a more severe
phenotype than heterozygous carriers. We therefore initially per-
formed a parametric linkage analysis under the assumption of a
dominant mode of transmission with reduced penetrance. This
analysis failed to reveal any regions of linkage. Because of the exten-
sive consanguinity in our pedigree, we considered that a majority
of affected individuals may be homozygous carriers; hence, we
performed parametric linkage analysis under a recessive mode of
inheritance. This approach also failed to reveal regions of linkage.
Finally, we performed non-parametric linkage analysis, which does
not rely on a previous assumption of a mode of inheritance, and
discovered a significant non-parametric linkage analysis score at
chromosome 2q22.3–34 (Z¼3.15) (Figure 3).

Haplotype analysis with markers near the HOXD gene cluster
We analyzed a total of 27 members (16 affected and 11 unaffected) of
the SPD family. We performed microsatellite marker analysis using
seven markers that span the region of linkage. Ten of the 16 affected
individuals were homozygous for a common haplotype, designated
haplotype A, between the markers D2S2188 and D2S148 (Figure 1).
This region overlapped with the HOXD13 gene. Six of the affected
individuals, as well as six of the 11 unaffected individuals, carried the
haplotype A in the heterozygous state.

Identification of a nonsense mutation in the HOXD13 gene
On the basis of the results of haplotype analysis, we postulated that
affected individuals might carry a mutation in the HOXD13 gene with
an incomplete penetrance. We next performed direct sequencing
analysis of the HOXD13 gene of this family. Affected individuals,
who are homozygous for haplotype A, carry a homozygous nonsense
mutation c.742C4T (p.Q248X) in exon 1 of the HOXD13 gene
(Figure 4a). Affected and some unaffected individuals, who are
heterozygous for haplotype A, carry the mutation heterozygously.
Unaffected individuals without haplotype A do not carry the muta-
tion. Restriction enzyme digestion analysis confirmed the result, and
excluded the mutation from 100 population-matched unaffected
control individuals (Figure 4b; data not shown).

DISCUSSION

SPD is a rare genetic malformation of the limb. SPD is clinically
heterogeneous, and in addition to the typical clinical presentation of
syndactyly involving the 3/4 fingers and 4/5 toes and digital duplica-
tion within the syndactylous web, many patients show a wide range
of other clinical manifestations including clinodactyly, camptodactyly,
brachydactyly, duplicated metatarsals in different digits, broad hallux,
extra phalangeal creases, widely spaced first and second toes and
pre/postaxial digital duplication.4 Variations in clinical presentation
occur not only within different families but also within members of
the same family.4 Atypical clinical features have been more commonly
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reported in the setting of deletion and missense mutations than with
polyalanine repeat expansions.4,17–22

The role of HOXD13 during embryogenesis is crucial in limb
development.13,25 It is postulated that the pathophysiology of the
abnormal HOXD13 gene is such that mutant HOXD13 proteins with

additional polyalanine repeats are predicted to destabilize the normal
protein conformation, leading to its aggregation. This impedes the
protein translocation from the cytoplasm to the nucleus, in which it
functions as a transcription factor.5,26 The mutant proteins also show a
dominant-negative activity against the wild-type protein.6 By contrast,

Figure 2 Homozygous affected individuals from the Pakistani family with synpolydactyly showed variable and severe phenotypes including syndactyly

between the 3/4 fingers with digital duplication, widely spaced first and second toes, syndactyly involving toes 2/3/4/5 or 3/4/5, and camptodactyly of the

big toe and brachydactyly, which mainly affected the second toe. A total of 50% of the individuals carrying the heterozygous mutation had the disease,

which was characterized by a milder phenotype than those with the homozygous mutation and involved only the feet, consisting mainly of webbing of the

fourth and the fifth digits or the second and third digits. In addition, few of the patients had unilateral broad big toes. Individuals (a–i) are homozygous for

the mutation and individuals (j–l) are heterozygous for the mutation. A full color version of this figure is available at the Journal of Human Genetics journal

online.

Figure 1 Pedigree of a Pakistani family with synpolydactyly consistent with an autosomal dominant pattern with incomplete penetrance. Individuals with

and carry the mutation but are not affected. Individuals (a–i) are homozygous for the mutation and individuals (j–l) are heterozygous for the mutation.

A full color version of this figure is available at the Journal of Human Genetics journal online.
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it was recently demonstrated that the consequence of a missense
mutation in the HOXD13 gene was likely to be 50% reduction in
protein levels, although the underlying mechanism remains unclear.21

Here, we studied a family from Pakistan with clinically hetero-
geneous SPD. Because of the high rate of consanguinity, the inheritance
pattern was most likely autosomal recessive, while there was also the
possibility of autosomal dominant inheritance with incomplete pene-
trance. We initially performed parametric linkage analysis, which was
non-revealing. We then performed non-parametric linkage analysis
and identified linkage to a region on chromosome 2 containing the
HOXD13 gene, under an autosomal dominant inheritance model.

Direct sequencing analysis led to the identification of a nonsense
mutation Q248X in the HOXD13 gene. All 10 individuals with severe

SPD were homozygous for the mutation, whereas 12 individuals were
heterozygous for the mutation, among which 6 were affected and
showed a mild SPD phenotype.

It is well known that the size of the polyalanine expansion repeats in
HOXD13 correlates with the severity of the disease. Individuals with
short repeats (that is, seven or less repeats) are associated with lower
penetrance and expressivity, whereas those with longer repeats (+10 or
more) are associated with higher penetrance and more severe dis-
ease.27 Moreover, individuals who are homozygous for the polyalanine
repeat expansion show a more severe phenotype than those who are
heterozygous within members of the same family.24,25,28 Much less is
known about HOXD13 mutations other than those associated with
polyalanine repeat expansions, because very few families were reported

Figure 3 Non-parametric linkage analysis reveals a maximum logarithm of odds (LOD) score on chromosome 2q22.3–34 (Z¼3.15). This region contains the

HOXD13 gene, which is the cause of synpolydactyly. NPL, non-parametric linkage analysis; HHRR, haplotype-based haplotype relative risk. A full color
version of this figure is available at the Journal of Human Genetics journal online.

Figure 4 (a) Affected individuals, who are homozygous for the haplotype A, carry a homozygous nonsense mutation c.742C4T (p.Q248X) in exon 1 of the

HOXD13 gene. Affected and unaffected individuals are heterozygous for haplotype A. (b) The mutation c.742C4T in the HOXD13 gene generates a restriction

site for the endonuclease enzyme, thus leading to the digestion of a PCR product from the mutant allele into two fragments of 144 and 136bp in size. The PCR

fragment from the wild-type allele is 280bp and is not digested. The asterisks represent heterozygotes. A full color version of this figure is available at the Journal

of Human Genetics journal online.
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with missense or deletion mutations, and none previously with
nonsense mutations. The few reports of families with in-frame
deletions and missense mutations presented affected individuals
with only heterozygous mutations and complete penetrance of the
disease,17–22 though frameshift mutations could be associated with
incomplete penetrace.18 The phenotype was generally mild and the
clinical features were not consistent with the typical features known
for SPD. The mild and atypical phenotypes in non-polyalanine repeat
expansion mutations suggested considerable residual activity of the
HOXD13 gene, which implicated haploinsufficiency rather than a
dominant-negative mechanism. Functional studies on a missense
mutation designated G220V in the HOXD13 gene in a Greek family
with SPD showed that haploinsufficiency is likely to be the mechanism
leading to the phenotype, although aggregation of the mutant protein
within the cytoplasm still occurred, but to a lesser extent than that
observed in polyalanine expansions.21

In the Pakistani family presented here, we observed highly variable
phenotypes among affected individuals. All affected individuals who
were homozygous for the mutation had very severe phenotypes. In
contrast, affected individuals carrying the heterozygous mutation had
mild and more atypical features. Interestingly, 50% of individuals
heterozygous for the mutation were clinically unaffected, suggesting
incomplete penetrance of SPD in the setting of nonsense mutations in
HOXD13.

It is likely that aberrant HOXD13 transcripts with the nonsense
mutation Q248X undergo nonsense-mediated mRNA decay, and thus
no protein will be synthesized from the mutant allele, explaining why
affected individuals homozygous for the mutation show a severe SPD
phenotype. Likewise, the heterozygous mutation is predicted to result
in production of 50% of the protein, leading to either a mild SPD
phenotype or a clinically normal appearance. A similar example of
incomplete penetrance was reported previously in families with SPD1
carrying out-of-frame deletion mutations in the HOXD13 gene.18

Taken together, these data suggest that haploinsufficiency of HOXD13
expression resulting from premature termination codon mutations can
show incomplete penetrance with some frequency.

It is estimated that the penetrance of HOXD13 mutations is B95%
and this is mainly because of the length variation in polyalanine
repeats, while it is possible that missense and in-frame deletion
mutations maybe are completely penetrant.4 Here, we observed that
the penetrance of the heterozygous nonsense mutation, Q248X, is
around 50%, whereas it is 100% penetrant in the homozygous state.
Incomplete penetrance could be due to genetic background such as
the presence of modifier genes and/or environmental variability.
Transcription factors with major roles in development, such as
HOXD13, are required to be active at specific times and at certain
dosages during development to initiate the correct morphogenic
process; therefore disturbances in any of these features could result
in abnormal development. Recently, it has been shown that Hoxd13
may cause polydactyly in SPD by inducing extraneous interdigital
chondrogenesis, both directly and indirectly, via a reduction in
retinoic acid (RA) levels.29 Interestingly, even within the same family,
gene expression may be different, and these differences may be
sufficient to modify the development of disease.30 It was recently
shown in Caenorhabditis elegans that mutations in critical develop-
mental networks can lead to variability in gene expression and thus
variable penetrance and expressivity of phenotypes.31 Although abnor-
mal HOXD13-mRNA with the mutation Q248X is most likely
degraded via nonsense-mediated mRNA decay, it is possible that a
truncated HOXD13 protein may be generated and behave in a
dominant-negative manner. Furthermore, the expression levels of

the mutant protein may be variable between affected individuals,
leading to phenotypic variability in heterozygous mutation carriers
from mild SPD to clinically normal appearance.

In conclusion, our results expand the spectrum of mutations in the
HOXD13 gene and enhance our understanding of the molecular basis
of SPD1.
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