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Abstract

p63is atranscription factor homologous to p53 and p73; mutations in this gene have been identified in individuals with several types
of developmental abnormalities, including EEC (ectrodactyly, ectodermal dysplasia, facial clefts) syndrome and split-hand/split-
foot malformation (SHFM). Several mutations in the p63 gene have previously been shown to be related to SHFM. In this study,
we report on a Chinese family with intratamilial clinical variability of SHFM that have a novel heterozygous mutation in all four
affected individuals. The mutation is in exon 8 of p63, 1046G— A, which predicts an amino acid substitution G310E. SSCP analysis
of the segregation pattern of the mutation strongly suggests a causal relationship to the SHFM phenotype in p63. This mutation has

not been observed in other countries in the world.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Split-hand/split-foot malformation (SHFM, MIM 18-
3600) is a human limb malformation. It is an autoso-
mal dominant disorder involving syndactyly, adactylism,
median clefts of the hands and feet, and aplasia and/or
hypoplasia of the phalanges, metacarpals and metatarsals
[1]. At least five loci are responsible for this condition
in humans: SHFM1 on 7q21.3—-q22.1 [2,3], SHFM2 on
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Xq26 [4,5], SHFM3 on 10q24 [6,7], SHFM4 on 3q27
[8,9], and SHFMS on 2q31 [10,11], and possible can-
didate genes include DLX5/DLX6, FHLI, DAC, p63,
HOXDI3 [12-16].

The p63 gene has previously been reported to be
involved in SHFM4 [9]. This gene contains two pro-
moters and is transcribed into different isoforms with
dissimilar transcriptional activities. The two promoters
are responsible for giving rise, by alternative splicing,
to six isotypes with either full N-terminus containing
transactivating domain (TAp63) or deleted N-terminus
domain (ANp63). Alternative splicing at the 3’ end
of the gene results in three different C-termini, alpha
(o), beta (), and gamma (y). The largest p63 isotype,
TA-p63a, has TA, DNA binding (DB), tetramerization


mailto:liyongqing2002cn@yahoo.com.cn
mailto:mliu@ibt.tamhsc.edu
mailto:xiushanwu@yahoo.com
dx.doi.org/10.1016/j.mrfmmm.2007.08.010

T. Luo et al. / Mutation Research 637 (2008) 182—189 183

(ISO), sterile alpha-motif (SAM), and transactivation
inhibitory (TT) domains [17-19]. p63 is expressed in the
nuclei of basal cells of the skin, esophagus, mammary
glands, tongue, cervix, urothelium, prostate, limb buds,
branchial arches, and oral epithelium. The essential role
of p63 in epithelial development was demonstrated with
the analysis of p63-null mice, which display perinatal
lethality with dramatic defects in the limbs and skin,
lack of ectodermal appendages such as teeth and mam-
mary gland, and craniofacial malformations where the
maxilla and mandibule are truncated and the secondary
palate fails to close [20,21]. Various types of mutations
related to the SHFM within the p63 gene have been
previously identified: splice-site mutation at the 3’ end
of intron 4 (3’ss intron 4), missense mutations (R58C,
K193E, K194E, R280C/H) and stop-mutations (Q634X,
Q639X) [22-24]. Most of the mutations are point muta-
tions clustered in the DNA binding domain (exons 5 and
7), except for one located in the TA domain (exon 3) and
two located in the TT domain (exon 14). Some mutations
of p63 with SHFM4 have been shown to cause alter-
ation in the p63 protein activation and stability. Amino
acids K193 and K194 are required for ubiquitin conjuga-
tion by E3 ubiquitin ligase (Itch) and naturally occurring
mutations in these sites cause more stable p63 protein
[25]. In addition, the Q634X and E639X are reported to
disrupt the sumoylation site, and therefore increase the
stability and transcriptional activity of the p63a isoform
[17,26].

In this study, we report on one Chinese family
with intrafamilial clinical variability of SHFM in which
we have carried out mutation analysis for the genes
of DLX5, DLX6, DAC, p63 and HOXDI3. To deter-
mine whether mutations of these candidate genes are
responsible for the affected individuals in the Chinese
family, we amplified exons 3-8 and 14 of p63, and
all exons of the other genes and sequenced the PCR
products. We identified a novel mutation in the p63
gene.

2. Material and methods
2.1. Subjects

We examined a family in which five individuals (four liv-
ing) in three generations were affected with SHFM (Fig. 1).
Three of the affected individuals manifested limb abnormal-
ities in X-rays (III-1 was not willing to take photograph),
but a broad intrafamilial variability was noted. Peripheral
blood samples were collected from the eight available indi-
viduals of this family (the proband’s mother was not willing
to test) and another 100 unrelated individuals were used as
controls.
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Fig. 1. The pedigree of Chinese family. The proband is indicated by the
arrow. Symbols marked by a slash indicate that the subject is deceased.
Males are indicated by squares, females are indicated by circles. Black-
ened symbols represent individuals in whom a digital abnormality was
identified on clinical examination.

2.2. PCR amplification of the exons

Genomic DNA was isolated from peripheral blood from
the family members and the 100 unrelated individuals using
a standard method [27]. Approximately 20ng of genomic
DNA was used as template for PCR amplification. Oligonu-
cleotide primers were designed for the exons 3-8 and exon
14 of p63 using Primer Premier 5.0 and direct sequence
analysis of the exons (including exon-intron boundaries) was
performed. Moreover, one pair of primers was designed for
each exon in the genes of DLX5, DLX6, DAC and HOXDI3.
The sequences of all the primers are shown in Table 1. Stan-
dard PCR protocols were performed as previously described
[28]. Because the X-linked could be excluded by the analysis
of the pedigree (Fig. 1), mutation analysis of FHLI was not
performed.

2.3. Sequencing

The PCR products were excised from agrose gels, purified
with TIANgel Midi columns (TIANGEN) and sequenced with
a 3730 DNA Sequencer (ABI PRISM). Sequence analysis was
performed using the DNASTAR program and BLAST pro-
gram from NCBI (http://www.ncbi.nlm.nih.gov/blast/bl2seq/
wblast2.cgi).

2.4. Single-strand conformation polymorphism analysis

Segregation analysis of the G310E mutation by SSCP could
not be performed because the exon 8§ PCR fragment was
more than 500 bp. For this analysis, another sense primer (5'-
CTAATTCCTAGTGGGCAAGTC-3") was designed, which
produced an 187 bp fragment encompassing exon 8 that could
be analyzed on polyacrylamide gels. DNA fragments were
mixed with a twofold excess of 6X loading dye mix, dena-
tured for Smin in boiling water, immediately placed in ice
water, and then loaded onto a 10% polyacrylamide gel (29:1
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Table 1
Primers and PCR anneal temperature for the exons of DLX5, DLX6, DAC, P63, HOXD13
Exon Forward primer (5'-3") Reverse primer (5'-3") Tm (°C)
DLXS
1 aaggatttaaccaaggctgtgc ctgtccatgtacctggctggt 53
2 ggcattgtctggtgacaage caaccagacgtgcagctca 52
3 ctttgttccccaactcagg ctttgttccccaactcagg 48
DLX6
1-2 gagctaaggtggctgcagag ggccetetcacetgtgtegt 52
3 ggtgaccgceteetetgtatt aattcctcctgatgtgetee 50
DAC
1 gcaggaagggagggtggcga gegagceggacgcttacaggtcg 58
2 aacagttactccttectggtete cattagcctctatgtaggaccag 42
34 agccttgttggttatccttacta caggagggagtaatagtatgtaagg 50
5 attccccatttctecaccte tctccaagacagtgactcaaage 50
6 tacacccctcacagtgetcca gcagtctcctccagetaaccct 52
7-8 tgaaggtggaacgaatgtgt gtgccattgtaggettettc 50
9 cgtgectagaaagggttggaag gcatgtctcaacagccagect 55
P63
3 agccttgetgactttgaag acatgactgaaaagacagg 54
4 gaggtggcacatagagcetgagt gacttttcccactaactggeact 55
5 teteettectttctccactgge tgcccacagaatcttgacctte 56
6 ccacgatgaggtcagagatg ctgaaacagatgttctctcaagte 57
7-8 ccgeaggcaagatgaaga gattcaaccctaccccattt 54.5
14 cagggaatgataggatgctgt ctagggagaaggctttgaaga 54
HOXD13
1 gcgatgagctaacctgttgg tgacggaggcagttgaaatc 55
2 accaaacagcatggcattt aagataatcagtgctgggaatg 42
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Fig. 2. Clinical feature of SHFM4 patients. The photographs and radiographs of hand and feet in II-1, III-2 and III-4, with the “lobster-claw”
malformation. II-1 shows absence of the second metacarpus and phalanges and the third phalanges of hands, with hypoplasia of the third metacarpus
(A), the median clefts and syndactyly in feet (B). III-2 shows absence of the second and third metacarpus and phalanges of the hands and 4/5 finger
syndactyly (A), the median clefts and syndactyly in feet (B). III-4 shows severe absence of the phalanges of the second to fourth digits in both feet

and hands (A and B).
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acrylamide:bis-acrylamide ratio). Gels were run for 12h at
10 V/ecm at 4 °C, and fragments were visualized by silver stain-
ing.

3. Results

3.1. Clinical features of the family members

In this study, we examined eight individuals from
a single Chinese family (six males and two females),
in which three males and one female were affected
with SHFM. Representative clinical observations from
photographic and X-ray data are shown in Fig. 2. The
phenotype of affected members is similar, and the I1I-4
is more severe than others. The abnormalities of these
affected members present bilaterally in both the hands
and feet, medial clefts from the metacarpus to finger/toe
tip, producing a “lobster-claw” phenotype. Malforma-
tions of the hands and feet in the patients are due to
primarily phalanx amalgamation with the absence of
phalanx, metacarpus and metatarsals. The proband (III-
2) showed an absence of the second and third metacarpus
and phalanges of the hands, and soft tissue was com-
pletely missing between the fourth and fifth digits in both
hands, resulting in 4/5 syndactyly of hands. Additional
malformations included medial clefts, short phalanges
and metatarsals, and missing third phalanges, with 1/2
and 4/5 toe syndactyly. On her left foot, the first and sec-
ond phalanx/metatarsals, and peripheral soft tissue are
completely fused, the fourth/fifth phalange and periph-
eral soft tissue are also fused. Her right foot is like
the left foot except for the absence of fusion between
the first and second metatarsals (Fig. 2 (III-2)). How-
ever, her father has no 4/5 finger syndactyly, the feet
are also less severely affected (Fig. 2 (II-1)). Her brother
presents with bilateral absence of three digits (the second
to fourth) in the hands and feet, a more severe phenotype
than in the other affected individuals (Fig. 2 (I1I-4)). The
proband had a child who manifested the same phenotype
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Fig.3. Anovel missense mutation (G310E) is located in the DNA bind-
ing domain of p63 gene was found in this family. (a and b) Sequencing
of exon 8 from controls (upper fluorogram) and patients of a Chi-
nese SHFM family. The G310E mutation, present in exon 8, compared
with the nomal individual. The patient with the G310E mutation is
heterozygous G/A at nucleotide 1046.

as the mother and died after forty days. All the affected
individuals of the family present somewhat waddling gait
caused by the feet abnormalities, and have none of the
significant abnormalities of the face, palate, skin, teeth,
hair, or nails that characterize the EEC syndrome.

3.2. G3I10E point mutation detection

We used polymers chain reaction and direct sequenc-
ing analysis to analyze the p63 genotypes from the four
affected and four unaffected individuals of this family.
Extensive sequencing analysis using Blast revealed a
mutation in exon 8 of p63: G310E (1046 G— A) (Fig. 3)
in the four patients, but not in the unaffected individuals
in the family or in any of the 100 unrelated controls. This
point mutation falls within the DNA binding domain of
p63, whereas the adjacent mutations usually cause the
EEC syndrome [9,22,29] (Fig. 4).

(634X E639X

Fig. 4. Schematic diagram of human p63 gene and mutations detected in cases of SHFM. Intron-exon structure and conserved protein domains
are shown. Arrows indicate the different transcription initiation sites. The black, red, blue, oranger and yellow panes indicate the TA, DBD, ISO,
SAM and TI domains of p63 protein, respectively. Mutations causing different diseases are illustrated in different font colours. Majority missense

mutations are located in the highly conserved DNA binding domain of p63.
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Fig. 5. Segregation of SSCP analysis using intronic primers flanking
exon 8. Lane 1: unrelated control; lane 2: DNA from the unaffected
individual of a Chinese SHFM family (IV-1 of pedigree), lanes 3, 4,
5, 6: DNA from the four affected individuals of the Chinese SHFM
family. The G to A change is seen as a heterozygous mutation.

Mutations in the DLX5, DLX6, DAC, and HOXD13
genes have also been suggested to be responsible for
SHFM [12,14,15]. In order to eliminate the possibility
that mutations of these genes cause the clinical symp-
toms in the patients of this family, we performed similar
analyses on these genes as for p63. Our analysis indicated
that none of the individuals in the family had mutations
in these genes, indicating that the clinical symptoms
described here are likely to be due to the identified muta-
tion in p63.

3.3. Results of SSCP

SSCP analysis of the coding region and flanking
intronic sequences of exon 8 in P63 was performed. The
denatured PCR products from individuals in the family
and controls analyzed on polyacrylamide gels (Fig. 5),
showed the differential segregation in both affected and
unaffected individuals in the family. Similarly, the dif-
ferent DNA bands segregation was also observed in both
the control and the affected individuals with the SHFM
phenotype. No additional sequence alteration was found
in unaffected individuals of the family, and the segrega-
tion pattern of the mutation strongly suggests a causal
relationship to the SHFM phenotype in p63.

4. Discussion

4.1. The analysis of genotype—phenotype
correlation for SHFM

A number of studies have reported that mutations
in several different genes are responsible for SHFM.
Human DLX5 and DLX6 (distal-less homeobox) genes
located on chromosome 7q22 have been identified as
possible candidate genes for the autosomal dominant
form of the SHFM1, which is a heterogeneous limb
disorder characterized by missing central digits and

claw-like distal extremities [30]. DLX5 expression in the
apical ectodermal ridge of DIx5/6 null mice can fully res-
cue DIx/DIl function in limb outgrowth. Recently, it has
been proposed that the DLX5/DLX6 homeobox genes
could play essential roles in the pathogenesis of SHFM 1
[12]. Synpolydactyly (SPD; MIM 186000), a character-
istic of this syndrome, is a rare, dominantly inherited
limb malformation that typically consists of 3/4 syn-
dactyly in the hands and 4/5 syndactyly in the feet, with
digit duplication in the syndactylous web [15]. SPD is the
first human malformation syndrome shown to be caused
by mutations in one of HOX genes, HOXD13 (homeobox
D13), which maps to chromosome 2q31. The mutation in
question is specific and highly unusual, an imperfect trin-
ucleotide repeat sequence in exon 1 of the gene, which
in normal individuals encodes a 15-residue polyalanine
tract, is expanded, resulting in a tract of 22-29 residues
[31,32]. Recently, 0.5 Mb tandem genomic duplications
at 10g24 were identified in SHFM3 families as well as
duplications in 10q24 that comprise dactylin (DAC) [33].
DAC is the best candidate gene for SHFM3 because of its
role in the Dactylaplasia mice phenotype [14]. Mutations
underlying SHFM4 have been found in the p63 gene,
which encodes a homologue of the tumour-suppressor
p53 [34,35].

In this study, we analyzed the DLX5/DLX6, DAC,
p63 and HOXDI3 sequences of four affected and
four unaffected individuals of a single Chinese family.
Through NCBI Blast and DNASTAR program, exten-
sive sequencing analysis revealed no mutations in the
DLX5/DLX6,DAC and HOXD13 genes (datanot shown),
however, a novel missense mutation in the DNA bind-
ing domain and at position 310 of the p63 protein was
revealed (Fig. 4). The mutation results in an animo
acid substitution of glycine to glutamic acid (Fig. 3),
and was not found in the four unaffected individuals in
the family. In order to distinguish this mutation from a
rare polymorphism, we sequenced 100 unaffected indi-
viduals from the general population and were unable
to find this substitution. Therefore, we concluded that
G310E of p63 gene is a novel mutation, but not a
polymorphism.

Genotype—phenotype analysis of human syndromes,
knockout experiments in mice, and genetic data in
zebrafish unambiguously pointed to p63 as a master
regulator of ectoderm and, more specifically, of multi-
layered epithelia formation [36]. Genetic experiments in
mice confirmed the specificities of the p63 gene func-
tion and are in agreement with the phenotypes observed
in humans. The forelimbs of Tp63 knockout mice are
severely malformed, lacking the radius and the complete
autopod, while the hindlimbs do not develop at all, and
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mice lacking p63 die soon after birth with severe defects
in limb, craniofacial and skin development [13,37].

4.2. Expounding the pathogenicity of p63 mutation

p63, along with p53 and p73, belongs to the p53
transcription factor family [38]. The p63 DNA bind-
ing domain shares approximately 60% and 85% amino
acid identity with p53 and p73, respectively [35]. The
glycine at position 310 is strictly conserved in all three
homologues and six isoforms of p63, suggesting that
this amino acid could confer functional specificity to
p63 protein. The majority of missense mutations caus-
ing EEC syndrome or SHFM are located in the DNA
binding domain of the p63 protein, affecting all six
isoforms. It is conceivable that these mutations may
regulate the function of p53 family proteins to dis-
rupt normal cell proliferation and development [39].
According to the protein model, it can be deduced
that the p63 DNA binding domain assumes a loop-
sheet-helix motif and two large loops that make up
the DNA binding surface of the protein [40,41]. The
prediction that p63 mutant proteins in EEC syndrome
disrupts the DNA binding capacity was supported by
data that showed the inability of mutated p63y to pro-
mote expression of a reporter gene, and the inability of
ANp63a to compete with p53 for binding to the specific
site [42].

In this family, the missense mutation G310E only
causes SHFM and has not been reported elsewhere.
However, several other mutations of nearby amino acids
are also associated with the EEC syndrome (R304,
C306, C308, P309, D312) with the exception of one
nearby mutation R313G that causes the non-syndromic
cleft lip/palate (NSCL) in Vietnamese families [9,22,29]
(Fig. 4). The arginine at position 304, directly contacts
a phosphate in the backbone of the DNA. Amino acid
substitutions at R304 result in loss of this contact and
can also impose steric hindrance on DNA binding, thus
impeding activity of all isoforms of p63 [9]. A C306R
mutation is predicted to abolish the DNA binding activity
of p63 through structural deformation of the protein [42],
and D312 plays an important role in the positioning of the
p63 DNA binding surface by forming salt bridges with
R304 and R311 [9]. The G310 is located among these
amino acids, and the mutation results in conversion of a
glycine to glutamic acid. Glycine is a non-polar amino
acid, while glutamic acid is a polar, negativly charged
amino acid. The substitute of polar amino acids has been
suggested that these substitutions create extensive struc-
tural rearrangements affecting the DNA binding activity
of p63 [9]. Herein, we speculated that the substitution of

glutamic acid for glycine is likely to have a similar effect
on the DNA binding capacity of p63.

5. Conclusion

A novel p63 missense mutation was found in a Chi-
nese family with inherited syndactyly and adactylism.
This mutation was not found either in the unaffected
members in the family or the 100 controls, suggesting
that it is not a polymorphism. Furthermore, the differ-
ence of SSCP in the exon 8 of normal and mutant in p63,
strongly suggest that the p63 G310E mutation is associ-
ated with the Chinese SHFM family. The phenotype of
these affected members suggests that the p63 isotypes
may be crucial upstream regulators of signaling path-
ways regulating epidermal soft tissue and ectodermal
appendage development, and the p63 mutant proteins
may also contribute to the molecular mechanisms under-
lying SHFM and other human ectodermal malformation.
The molecular mechanism of SHFM underlying the
novel mutation of p63 is remained to be determined
further.
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