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ABSTRACT

Heterozygous mutations in the transcription factor gene p63 are causative for several
syndromes with ectodermal dysplasia, orofacial clefting and limb malformations as the
key characteristics. Different combinations of these features are seen in five different
syndromes, of which ectrodactyly, ectodermal dysplasia and cleft lip/palate syndrome
(EEC) is the most common one. Mutations in p63 can also cause non-syndromic single
malformations, such as split hand foot malformation (SHFM4) and isolated cleft lip
(NSCL). In this article we will present an overview of diseases caused by mutations in the
p63 gene and review the known pathogenic pé3 gene mutations.

INTRODUCTION

The transcription factor p63 is a key regulator of ectodermal, orofacial and limb devel-
opment. This became apparent in 1999, by the generation of p63 knockout mice!? and
by the finding of dominant mutations in human disorders with ectodermal dysplasia, split
hand/foot malformation and orofacial clefting.>” Mutations in the p63 gene can cause
at least five different syndromes: ectrodactyly, ectodermal dysplasia and cleft lip/palate
syndrome (EEC, OMIM 604292), ankyloblepharon-ectodermal defects-cleft lip/palate
syndrome (AEC, OMIM 106260), limb lammary syndrome (LMS, OMIM 603543),
acro-dermato-ungual-lacrimal-tooth syndrome (ADULT, OMIM 103285) and Rapp-
Hodgkin syndrome (RHS, OMIM 129400). Furthermore, two non-syndromic human
disorders are caused by p63 mutations: isolated split hand/foot malformation (SHFM4,
OMIM 605289) and recently non-syndromic cleft lip.® Here we present an overview
of these seven p63-linked conditions, the genotype-phenotype associations and give an
update of all known pathogenic 63 mutations.

p63 PHENOTYPE

Ectodermal dysplasia (ED) is one of the three main characteristics of the p63-associ-
ated syndromes (Fig. 1). Ectodermal dysplasia manifests as the abnormal development or
growth of tissues and structures that are developed from the outer embryonal layer, ecto-
derm. In this condition skin, hair, teeth, nails and several exocrine glands, such as sweat
and sebaceous glands are usually abnormally developed. The epidermis of p63 patients can
be very dry, itchy and hypopigmented. In extreme cases widespread areas of the skin can
be erosed often including the scalp. This is most common in the AEC syndrome, where
patients present patches of life-threatening congenital skin erosion. However, the skin
usually recovers after the first year. The amount of scalp and body hair is often diminished
and hair can be wiry or curly. Alopecia is sometimes reported. Occasionally the eyelashes
and eyebrows are also absent. The number of teeth is often less than in healthy individuals,
indicating that there is a reduced number of teeth placodes. Teeth can also be malformed
by a conical shape and poor enamel formation, causing subsequent tooth decay. Nails
can be dystrophic, thickened and discoloured. The absence or reduced amount of sweat
glands is also reported among p63 patients and leads to diminished perspiration, which
can be life-threatening. Mammary gland and nipple hypoplasia are other manifestations
of the ectodermal dysplasia spectrum observed in p63 patients. Also the development and
function of sebaceous and salivary glands are frequently abnormal. Lacrimal duct defects
and obstruction of the lacrimal ducts impose a risk for conjunctivitis and corneal damage.
Characteristics of ED described here varies between the p63 syndromes and even within a
one single syndrome, as will be discussed below in this article.

Cell Cycle 2007; Vol. 6 Issue 3



p63-Associated Disorders

CLEFT LIP
AND/OR
PALATE

ECTODERMA
DYSPLASIA

SHFM4

LIMB
DEFECTS

Figure 1. Various combinations of ectodermal dysplasia, orofacial clefting
and limb malformations are the hallmark of pé3-associated syndromes. EEC
syndrome is the prototype of these syndromes and together with LMS shows
all three hallmarks. ADULT syndrome patients never show orofacial clefting,
whereas AEC and RHS never show limb defects. Non-syndromic limb defect
condition (SHFM4) and non-syndromic cleft lip/palate (NSCL) are also
caused by mutations in the p63 gene.

Split hand/foot malformation (SHFM) constitutes the second
part of the p63 syndrome phenotype (Fig. 1). Hands and feet are
often malformed and have a severe median cleft in the palm and/or in
the sole. These clefts usually occur in conjunction with a lack of one
or more central (2-3-4) digits, which is called ectrodactyly. Fusion of
fingers or toes, which is called syndactyly, can be seen in conjunction
with ectrodactyly. In most cases SHEM is part of a syndrome, but it
can also be present in isolation, without other symptoms.

The third hallmark of p63 syndrome phenotype is orofacial
clefting (Fig. 1). It is mainly seen in the form of cleft lip (CL) and/
or cleft palate (CP). This symptom is usually observed as part of a
complex syndrome, where other organs are also affected, however,
recently Leoyklang et al.3 have described mutations in p63 gene
causing orofacial clefting as the only abnormality.

Most of the above developmental defects are also observed in
63 knockout mice, which have particular severe defects of ecto-
dermal structures and the limbs.? Heterozygous p63*~ mouse
have no significant developmental abnormalities, suggesting that
loss-of-function of one allele is not disease-causing. Recently, it has
been reported that a high proportion of p63* aging mice develop
tumours indicating a role of p63 in tumour suppression.” However,
this observation could not be confirmed in an independent study.'”
There is no indication that individuals with heterozygous 63 muta-
tion are prone to develop tumours.

ALLELIC p63 CONDITIONS

EEC syndrome. The prototype of the p63 syndrome family is the
EEC syndrome (Fig. 1). EEC syndrome patients are invariably char-
acterized by one or more features of ectodermal dysplasia, which can
present as defects of hair, skin, nails, teeth and glands. The severity
and type of the ectodermal features is highly variable, and to some
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extent dependent on the exact nature of the mutation (see below).
Only few patients show defects in all of the described ectodermal
structures above. EEC patients occasionally also have mammary
gland/nipple hypoplasia (14%) and hypohidrosis (11%). About
two-thirds of these patients have ectrodactyly, and syndactyly is also
frequent (43%). Cleft lip/palate is present in about 40% of the EEC
patients, mostly as CL with or without CP!'!

EEC syndrome is mainly caused by point mutations in the DNA
binding domain (DBD) of the p63 gene (Table 1). Altogether 34
different mutations have been reported, and 20 different amino acids
are involved. Only two mutations are outside the DNA binding
domain: one insertion (1572 InsA) and one point mutation (L563P)
in the sterile o0 motif domain (SAM).%#1! In earlier studies we found
five frequently mutated amino acids: R204, R227, R279, R280 and
R304 in the EEC population, all located in CpG islands (Fig. 2).
These five mutations explain almost 90% of the EEC syndrome
patients.! 12 The five p63 arginine hotspot mutations and probably
also other DNA binding domain mutations that are found in EEC
syndrome appear to impair the p63 protein binding to DNA.# The
autosomal dominant inheritance of EEC syndrome suggests that the
EEC mutations have a dominant negative effect. However, recent
genotype-phenotype analyses for the five hotspot mutations revealed
significant differences between the corresponding phenotypes. For
instance cleft lip/palate is present in the R304 mutation popula-
tion (80%), whereas R227 patients seldom have cleft lip/palate.
Syndactyly is completely absent in R227 population, while 30-60%
of the other hotspot mutation population have syndactyly. Genito-
urinary defects are frequently observed in R227 mutation population
(40%), while significantly less in other populations.!! It thus seems
that these hotspot mutations exert specific effects. Such specificity
might be brought about by different effects of these mutations on
promoters for p63 transcriptional target genes. Alternatively, these
hotspot mutations may exhibit gain-of-function effects, similar as for
the p53 hotspot mutations.'?

Limb mammary syndrome (LMS). The LMS phenotype resembles
the EEC syndrome phenotype, but the ectodermal manifestations are
milder (Fig. 1).> A consistent feature of LMS is the mammary gland
and/or nipple hypoplasia (100%). Lacrimal duct obstruction and
dystrophic nails are frequently observed (59 and 46% respectively),
hypohydrosis and teeth defects are detected in about 30%, but other
ectodermal defects such as hair and skin defects are rarely detected
if at all. About 70% of LMS patients have similar limb malforma-
tions as in EEC syndrome, and about 30% orofacial clefting, notably
always in form of cleft palate.!!

Mutations in LMS are located in the N- and C-terminus of the
63 gene (Table 1). A large LMS family (29 affected members) has a
point mutation in exon 4, causing a G76W substitution in the AN-
specific putative transactivation domain (TA2).3121415 One other
point mutation (S90W) is also located between the TA domain and
DBD. Other LMS mutations are reported in the C-terminus: a TT
deletion in the exon 13 and an AA deletion in exon 14.%? These
will affect only the p630. protein isoforms, where they are predicted
to cause a frame shift and a premature stop codon. Also a stop muta-
tion in the transcription factor inhibitory domain (TI) (K632X) has
been identified in a sporadic LMS patient.!! The latter mutation is
predicted to impair the suppressive effect of the TI domain towards
the TA domain, thus increasing the transactivation activity.'®

ADULT syndrome. ADULT syndrome phenotype is most similar
to LMS syndrome, although clear differences can be seen when
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Table 1 Pathogenic p63 mutations in seven allelic diseases

Mutation Exon | Domain | Isoform Syndrome |Reference
N6H 3 TA2 dN alpha, beta, gamma ADULT Amiel et al. 2001
R58C TA TA alpha, beta, gamma Zenteno et al. 2005
G76W 4 - dN, TA alpha, beta, gamma LMS van Bokhoven and Brunner 2002
S90W 4 - dN, TA alpha, beta, gamma LMS Authors' unpublished data
intron 4/ exon 5 - dN, TA alpha, beta, gamma van Bokhoven et al. 2001
G134D 4 - dN, TA alpha, beta, gamma LMS Authors' unpublished data
G134D 4 - dN, TA alpha, beta, gamma ADULT Slavotinek et al. 2005
L162P 5 dN, TA alpha, beta, gamma EEC Rinne et al. 2006
Y163C 5 dN, TA alpha, beta, gamma EEC van Bokhoven and Brunner 2002
Y192C/D 5 dN, TA alpha, beta, gamma EEC Authors' unpublished data
K193E dN, TA alpha, beta, gamma van Bokhoven et al. 2001
K194E dN, TA alpha, beta, gamma lanakiev et al. 2000
V202M 5 dN, TA alpha, beta, gamma van Bokhoven and Brunner 2002, Pozo et al 2004
ReoaL/QM 6 NTA | dpha beta gamma | EEC |oohets 10 e ot 1 ol ta 0 e
H208Y 6 dN, TA alpha, beta, gamma EEC Rinne et al. 2006
R227Q 6 dN, TA alpha, beta, gamma EEC van Bokhoven and Brunner 2002, Rinne et al. 2006
C269Y 7 dN, TA alpha, beta, gamma EEC van Bokhoven et al. 2001
S272N 7 dN, TA alpha, beta, gamma EEC Celli et al. 1999
c273Y 7 dN, TA alpha, beta, gamma EEC van Bokhoven et al. 2001
Celli et al. 1999, lanakiev et al. 2000, Kosaki et al. 2001, van Bokhoven
R279C/H/IQ 7 dN, TA alpha, beta, gamma EEC and Brunner 2002, South et al. 2002, Dianzani et al. 2003, de Mollerat et
al. 2003, Berdon-Zapata et al. 2004
R279H 7 dN, TA alpha, beta, gamma RHS Bougeard et al. 2003
R280C/H/S 7 dN, TA alpha, beta, gamma EEC Z:g:c;(:;\zr;ftzaoldfom, van Bokhoven and Brunner 2002, Barrow et al.
R280C/H dN, TA alpha, beta, gamma__|IESIAI V| '2nakiev et al. 2000
R298G/Q 8 dN, TA alpha, beta, gamma ADULT Propping et al. 2000, Duijf et al. 2002, Chan et al. 2004, Rinne et al. 2006
Celli et al. 1999, lanakiev et al. 2000, Wessagowit et al. 2000, van
R304P/Q/W 8 dN, TA alpha, beta, gamma EEC Bokhoven et al. 2001, Hamada et al. 2002, Dianzani et al. 2003, de
Mollerat et al. 2003
C306Y/R 8 dN, TA alpha, beta, gamma EEC Celli et al. 1999, Lehmann et al. 2005
C308S/Y 8 dN, TA alpha, beta, gamma EEC van Bokhoven et al. 2001
P309S 8 dN, TA alpha, beta, gamma EEC van Bokhoven et al. 2001
D312G/H/N 8 dN, TA alpha, beta, gamma EEC van Bokhoven et al. 2001, Akahoshi et al. 2003
R313G 8 dN, TA alpha, beta, gamma EEC Authors' unpublished data
R313G “ dN, TA alpha, beta, gamma Leoyklang etal. 2006
A315E 8 dN, TA alpha, beta, gamma EEC Authors' unpublished data
3'ss intron 10 intron 10/ exon 11 — dN, TA alpha, beta, gamma AEC Barrow et al. 2002
1510T 13 dN, TA alpha RHS Bertola et al. 2004
1510T 13 dN, TA alpha AEC Bertola et al. 2004, Sorasio et al. 2006
L514F/SIV 13 dN, TA alpha AEC McGrath et al. 2001, Payne et al. 2005
G518V 13 dN, TA alpha AEC Authors' unpublished data
C522G/W 13 dN, TA alpha AEC McGrath et al. 2001
1572 Ins A 13 dN, TA alpha EEC Celli et al. 1999
1576 Del TT 13 dN, TA alpha LMS van Bokhoven and Brunner 2002
G530V 13 dN, TA alpha AEC McGrath et al. 2001
T533P 13 dN, TA alpha AEC McGrath et al. 2001
534 Ins TTC 13 dN, TA alpha AEC Tsutsui et al 2003
Q536L 13 dN, TA alpha AEC McGrath et al. 2001
I1537T 13 dN, TA alpha AEC McGrath et al. 2001, van Bokhoven and Brunner 2002
S541F 13 dN, TA alpha AEC Authors' unpublished data
S541P/Y 13 dN, TA alpha RHS Kantaputra et al. 2003, Shotelersuk et al. 2005
R555P 14 dN, TA alpha, beta AEC Payne et al. 2005
1558T 14 dN, TA alpha, beta AEC Authors' unpublished data
L563P 14 dN, TA alpha, beta EEC Rinne et al. 2006
1709 Del A 14 dN, TA alpha, beta RHS Bougeard et al. 2003
1721 Del C 14 dN, TA alpha, beta RHS Kannu et al. 2006, Rinne et al. 2006
1742 Del C 14 dN, TA alpha, beta AEC van Bokhoven and Brunner 2002
1743 Del AA 14 dN, TA alpha, beta LMS van Bokhoven et al. 2001
1787 Del G 14 dN, TA alpha, beta RHS Chan et al. 2005
1859 Del A 14 dN, TA alpha, beta RHS Dianzani et al. 2003
1859 Del A 14 dN, TA alpha, beta AEC Authors' unpublished data
K632X 14 dN, TA alpha, beta LMS Rinne et al. 2006
Q634X dN, TA alpha, beta van Bokhoven et al, 2001
EB639X 14 dN. TA alpha. beta SHFM van Bokhoven and Brunner 2002
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Figure 2. Pathogenic p63 mutations cause at least five different syndromes and two non-syndromic conditions. Mutations causing different diseases are
illustrated in different colours. Only mutations that are discussed in the text are indicated, an overview of all mutations is given in Table 1. EEC hotspot
mutations are clustered in DNA binding domain, and RHS and AEC syndrome mutations in SAM and Tl domains. Several mutations, such as R280, R313,
1510, S541 and 1850 Del A, can have a variable clinical outcome, probably due to genetic background effects. The black asterisks illustrate sites needed
for upiquitination (K193, K194 and PY) and the white asterisk represents a sumoylation site (fKXD/E).40.42.58

observing larger families or patient populations. The main difference
is the absence of orofacial clefting and the presence of hair and skin
defects in the ADULT syndrome (Fig. 1). Teeth, skin and nail defects
are constantly present in ADULT syndrome (100, 93 and 100%,
respectively), but only rarely in LMS. Hair (53%) and lacrimal duct
defects (67%) are observed in ADULT patients more frequently than
in LMS. Freckling has been reported, but cannot be considered to be
a differentiating feature of this syndrome.!”

By today, four ADULT syndrome families and three sporadic
cases have been reported.!”-23 All the families and one of the sporadic
cases have a point mutation in exon 8, changing R298 in the DNA
binding domain into either a glutamine or a glycine (Table 1). While
EEC syndrome mutations in the DNA binding domain impair the
binding of p63 protein to DNA,* arginine 298 is not located close to
the DNA-binding interface, and mutation of this arginine does not
affect DNA binding.?! Instead, earlier studies have shown a gain-
of-function effect for the mutated ANp63y isoform, which usually
does not have a transactivation activity in assays using an optimized
p53-responsive element.!”?! Two other mutations are located in the
N-terminus: N6H mutation affects only the AN-isoforms and in
another isolated patient a missense mutation G134D* is located just
front of the DBD in exon 4.20-23

AEC syndrome. The AEC syndrome phenotype differs from the
other conditions mainly by the severity of the skin phenotype, the
occurrence of an eyelid fusion at birth and the absence of limb malfor-
mations (Fig. 1). Approximately 80% of the patients have severe skin
erosion at birth, which usually will recover in the first years of the
life. The eyelid fusion, also called ankyloblepharon, is present in
about 45% of AEC patients, but only rarely in other p63-associated
conditions. The other ED symptoms, such as nail and teeth defects

*In the article incorrect amino acid annotation, erratum pending ref. Slavotinek
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are present in more than 80% of patients, and hair defects and/or
alopecia are almost constant features (94%). Lacrimal duct obstruc-
tion is seen in 50% of patients, whereas mammary gland hypoplasia
and hypohydrosis occur occasionally (both 13%). Interestingly,
almost 40% of patients have hearing impairment and genito-urinary
defects. Cleft lip is present in 44% and cleft palate in about 80%.
Limb malformations are almost absent. Ectrodactyly has never been
reported, but 25% of patients has only mild syndactyly.!!
Rapp-Hodgkin syndrome (RHS). RHS mimics AEC very much
(Fig. 1). The differences discussed earlier in several papers are the
absence of ankyloblepharon in RHS and the more severe skin pheno-
type in AEC.'1:24 Other ED symptoms, such as orofacial clefting and
the near absence of limb malformations are similar to AEC. These
two conditions could be considered as a single entity, since the anky-
loblepharon is present only in about 45% of AEC syndrome patients,
and therefore is not a discriminating factor. Although, the severity of
the skin phenotype is obvious and more severe in AEC patients than
in RHS patients, the strong overlap between AEC and RHS suggest,
that they are variable manifestations of the same clinical entity.11-24
AEC and Rapp Hodgkin syndrome mutations are located in the
C-terminus of the p63 protein (Fig. 2). They are either point muta-
tions in the SAM domain or deletions in the SAM or TT domains
(Table 1).711:12.24-35 The SAM domain is known to be involved in
protein-protein interactions and therefore mutations in this domain
are most probably hampering the binding to interacting proteins.
One known interactor of p63 SAM domain is the Apobec-1-
binding protein-1 (ABBP1), which is a member of RNA processing
machinery and known to regulate the alternative splicing of the
Fibroblast-growth-factor-receptor-2 (FGFR2) towards the epithe-
lial specific isoform. AEC mutations in the SAM domain abolish
the binding to ABBP1, which most probably leads to changes in
FGFR2 RNA splicing.3¢ Interestingly, gain-of-function mutation
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in FGFR2 gene have been reported in a number of craniosynostosis
syndromes, which are also characterized by distal limb malforma-
tions.?” Recently, loss-of-function mutations in FGFR2 have been
found in lacrimo-auricolo-dento-digital syndrome (LADD), an ED
syndrome characterized by dominant inheritance of limb defects in
association with abnormal lacrima, ear cups and teeth.® Interestingly,
LADD shows marked overlap with EEC syndrome, and was earlier
also presumed to be caused by mutations in the p63 gene.

NON-SYNDROMIC p63 CONDITIONS

Split hand/foot malformation type 4 (SHFM4) is a “pure” limb
malformation (ectrodactyly and syndactyly) condition, thus without
orofacial clefting or ectodermal dysplasia. The non-syndromic
SHFM4 is caused by several mutations, which are dispersed
throughout the p63 gene: a point mutation in the transactivation
domain (TA) (R58C), a splice-site mutation in front of exon 4 (3’ss
intron 4), four missense mutations in the DNA binding domain
(K193E, K194E, R280C, R280H), and two nonsense mutations in
the TI-domain (Q634X, E639X) (Table 1).>039 It is still unclear how
these widely dispersed mutations cause the limb defect. Interestingly,
several SHFM4 mutations are reported to cause alteration in the
p63 protein activation and stability: Q634X and E639X are known
to disrupt the sumoylation site, and therefore increase the stability
and transcriptional activity of the p630. isoform.“®4! Furthermore,
amino acids K193 and K194 are required for ubiquitin conjugation
by E3 ubiquitin ligase (Itch) and naturally occurring mutations in
those amino acids cause more stable p63 protein.#? Possibly, SHFM
is caused by altered protein degradation, even though different
degradation routes are involved. Another divergent phenomenon is
the R280C/H mutations, which are not only causative for SHFM4,
but also for the syndromic EEC phenotype in other families. In such
families, the phenotype is always consistent, either EEC or SHFM4.
In SHFM4 families decreased penetrance is reported, for the R280
mutation, suggesting an effect of a nearby genetic modifier.

Recently, a non-syndromic orofacial clefting type was also linked
to p63 gene.® The amino acid change R313G is the first mutation
causing the non-syndromic cleft lip/palate (NSCL) phenotype in
the p63 gene.® This mutation was also observed in a sporadic EEC
syndrome phenotype (authors’ unpublished data). Mutations and/or
polymorphisms in 3 other genes, /RF6, MSXI and PVRL, are also
associated with a syndromic and non-syndromic forms of orofacial
clefting.>4? In the study of Leoyklang et al.® also other changes in
the p63 gene were found (N87N, S90L, L248L, H406H, D564H),
but because the mutations did not change the amino acid sequence
or were also found in one of the healthy parents or in the control
population, they were not considered to be pathogenic changes.
Nevertheless, since orofacial clefts are considered to have a multifac-
torial origin it is quite possible that these changes in the p63 gene
impose a risk factor for facial clefting type, similar as was reported
for the /RF6 gene.

DISCUSSION

The mutation patterns in the p63 gene, that are associated with
different p63 clinical conditions display a clear genotype-phenotype
association: especially in the EEC and AEC/RHS syndromes, where
mutations are clustered in the DNA binding domain and in the
SAM and TT domains, respectively. In about 250 patients we and
others have described 74 different mutations causing five different
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syndromes and two different non-syndromic conditions. This still
increasing number of patients allows the delineation of the pheno-
typic and genotypic pictures of different p63-associated disorders. In
addition, evidence is accumulating that other genetic factors influ-
ence the final p63 mutant phenotype.

Several examples show that the same mutation can lead to
different clinical conditions. AEC and RHS syndromes share three
mutations: 1510, S541 and 1859 Del A.2425:2829.31.33 Often the
clinical distinction between RHS and AEC syndrome is solely based
on the presence or absence of ankyloblepharon, which in fact is not
the discriminating feature between these two conditions.!! Also LMS
and ADULT syndrome seem to be caused by the same mutation
G134D (authors’ unpublished data),?? as well as EEC syndrome and
non-syndromic cleft lip/palate due to the R313G mutation (authors’
unpublished data).® Also several frameshift mutations are found,
interestingly always with variable phenotype, thus causing EEC,
LMS, AEC or RHS syndrome. The possible explanation may be a
misdiagnose in sporadic cases, because of the phenotypic variability,
likely, however frameshift mutations are exceptionally sensitive to the
effects of modifier genes. An example of family-dependent clinical
phenotype is the arginine 280 mutation, which can be mutated to
cysteine or histidine and lead either to the non-syndromic SHFM4
(2 families) or more often to syndromic ectodermal dysplasia with
SHFM and orofacial clefting (EEC) (9 families).>®2%50 Surprisingly,
the penetrance is reduced in SHFM families, but not in EEC fami-
lies, which also indicates a modifier effect somewhere else in the
genome.

The phenotypic variation between the p63-linked diseases is
large, furthermore the phenotypic variation within one disease is also
considerable. It is clear that variability within families may be ascribed
to a combination of modifier genes, and stochastic processes. No
such modifier genes have yet been identified for the p63 syndromes
described in this review. However, modifiers have been identified
for the phenotypic effects of p53 gene mutations in human cancer,
and at least one of these has also been shown to affect p63 protein
levels and transcription.’!>? Other candidate modifier genes may be
found in pathways that are known to affect specific phenotypes. For
instance, genetic variation in the /RF6 gene could be tested as a risk
factor for cleft lip in p63 mutant families.*’-4

Furthermore, variation between families likely reflects differential
downstream effects for each of these mutations. There are many
possible ways in which this can be achieved, as the p63 protein is
expressed in several isoforms, which are involved in different cellular
functions during the embryonal development but also later on. The
variation in the phenotypes caused by each of the five EEC hotspot
mutations is also striking. The EEC hotspot mutation data, where
clear phenotypic variation is seen between the mutations inside a
single clinical syndrome, might reflect that different target genes are
affected by each of the hotspot mutations. Whether this is so, needs
to be examined in more detail in animal models or cellular systems.
Clearly, these EEC mutations cannot just be simple loss-of-function
or dominant negative mutations, but gain-of function mutations
are likely involved, as was described for p53 mutations in transgenic
mice.>3->

Finally, the finding that some mutations such as R280C/H have
different phenotypes between families, but the same phenotype
consistently within families suggest the influence of cis-acting poly-
morphisms, either in p63 itself or within a genetically linked gene
on chromosome 3q. Such functional polymorphisms have not yet
been described, but here too, there are precedents for the existence

of such polymorphisms in both p53 and p73.5%7 Each of these
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possible mechanisms for phenotypic modulation will require func-
tional hypotheses that can be verified in experimental systems, and
ultimately be tested for their impact on the many families that are
affected by these clinically often severe malformations.

References

1. Yang A, Schweitzer R, Sun D, Kaghad M, Walker N, Bronson RT, Tabin C, Sharpe A,
Caput D, Crum C, McKeon E p63 is essential for regenerative proliferation in limb, cra-
niofacial and epithelial development. Nature 1999; 398:714-718.

2. Mills AA, Zheng B, Wang XJ, Vogel H, Roop DR, Bradley A. p63 is a p53 homologue
required for limb and epidermal morphogenesis. Nature 1999; 398:708-713.

3. van Bokhoven H, Jung M, Smits AP, van Beersum S., Ruschendorf E van Steensel M.,
Veenstra M, Tuerlings JH, Mariman EC, Brunner HG, Wienker TFE, Reis A, Ropers HH,
Hamel BC. Limb mammary syndrome: a new genetic disorder with mammary hypoplasia,
ectrodactyly, and other Hand/Foot anomalies maps to human chromosome 3q27. Am J
Hum Genet 1999; 64:538-546.

4. Celli J, Duijf P, Hamel BC, Bamshad M, Kramer B, Smits AP, Newbury-Ecob R, Hennekam
RC, Van BG, van HA, Woods CG, van Essen AJ, de WR, Vriend G, Haber DA, Yang A,
McKeon E Brunner HG, van BH. Heterozygous germline mutations in the p53 homolog
p63 are the cause of EEC syndrome. Cell 1999; 99:143-153.

5. lanakiev B, Kilpatrick MW/, Toudjarska I, Basel D, Beighton P, Tsipouras P. Split-hand/split-
foot malformation is caused by mutations in the p63 gene on 3q27. Am ] Hum Genet 2000;
67:59-66.

6. van Bokhoven H, Hamel BC, Bamshad M, Sangiorgi E, Gurrieri F, Duijf PH, Vanmolkot
KR, van BE, van Beersum SE, Celli J, Merkx GE Tenconi R, Fryns JB, Verloes A, Newbury-
Ecob RA, Raas-Rotschild A, Majewski F, Beemer FA, Janecke A, Chitayat D, Crisponi G,
Kayserili H, Yates JR, Neri G, Brunner HG. p63 Gene mutations in eec syndrome, limb-
mammary syndrome, and isolated split hand-split foot malformation suggest a genotype-
phenotype correlation. Am ] Hum Genet 2001; 69:481-492.

7. McGrath JA, Duijf PH, Doetsch V, Irvine AD, de WR, Vanmolkot KR, Wessagowit V,
Kelly A, Atherton DJ, Griffiths WA, Orlow SJ, van HA, Ausems MG, Yang A, McKeon
F, Bamshad MA, Brunner HG, Hamel BC, van BH. Hay-Wells syndrome is caused by
heterozygous missense mutations in the SAM domain of p63. Hum Mol Genet 2001;
10:221-229.

8. Leoyklang P, Siriwan P, Shotelersuk V. A mutation of the p63 gene in non-syndromic cleft
lip. ] Med Genet 2006; 43:¢28.

9. Flores ER, Sengupta S, Miller JB, Newman JJ, Bronson R, Crowley D, Yang A, McKeon F,
Jacks T. Tumor predisposition in mice mutant for p63 and p73: evidence for broader tumor
suppressor functions for the p53 family. Cancer Cell 2005; 7:363-373.

10. Keyes WM, Vogel H, Koster MI, Guo X, Qi Y, Petherbridge KM, Roop DR, Bradley
A, Mills AA. p63 heterozygous mutant mice are not prone to spontaneous or chemically
induced tumors. Proc Natl Acad Sci U S A 2006; 103:8435-8440.

11. Rinne T, Hamel B, Bokhoven H, Brunner HG. Pattern of p63 mutations and their pheno-
types-update. Am ] Med Genet A 2006; 140:1396-1406.

12. van Bokhoven H and Brunner HG. Splitting p63. Am ] Hum Genet 2002; 71:1-13.

13. Koonin EV, Rogozin IB, Glazko GV. p53 gain-of-function: tumor biology and bioinformat-
ics come together. Cell Cycle 2005; 4:686-688.

14. Dohn M, Zhang S, Chen X. p63alpha and DeltaNp63alpha can induce cell cycle arrest and
apoptosis and differentially regulate p53 target genes. Oncogene 2001; 20:3193-3205.

15. Helton ES, Zhu J, Chen X. The unique NH2-terminally deleted (DeltaN) residues, the
PXXP motif, and the PPXY motif are required for the transcriptional activity of the DeltaN
variant of p63. J Biol Chem 2006; 281:2533-2542.

16. Serber Z, Lai HC, Yang A, Ou HD, Sigal MS, Kelly AE, Darimont BD, Duijf PH, van BH,
McKeon E Dotsch V. A C-terminal inhibitory domain controls the activity of p63 by an
intramolecular mechanism. Mol Cell Biol 2002; 22:8601-8611.

17. Rinne T, Spadoni E, Kjaer KW, Danesino C, Larizza D, Kock M, Huoponen K, Savontaus
ML, Aaltonen M, Duijf P, Brunner HG, Penttinen M, van BH. Delineation of the ADULT
syndrome phenotype due to arginine 298 mutations of the p63 gene. Eur ] Hum Genet
20006

18. Propping P and Zerres K. ADULT-syndrome: an autosomal-dominant disorder with pig-
ment anomalies, ectrodactyly, nail dysplasia, and hypodontia. Am ] Med Genet 1993;
45:642-648.

19. Propping D, Friedl W, Wienker TF, Uhlhaas S, Zerres K. ADULT syndrome allelic to limb
mammary syndrome (LMS)? Am ] Med Genet 2000; 90:179-182.

20. Amiel J, Bougeard G, Francannet C, Raclin V, Munnich A, Lyonnet S, Frebourg T. TP63
gene mutation in ADULT syndrome. Eur ] Hum Genet 2001; 9:642-645.

21. Duijf PH, Vanmolkot KR, Propping P, Friedl W, Krieger E, McKeon F, Dotsch V, Brunner
HG, van Bokhoven H. Gain-of-function mutation in ADULT syndrome reveals the pres-
ence of a second transactivation domain in p63. Hum Mol Genet 2002; 11:799-804.

22. Chan I, Harper JI, Mellerio JE, McGrath JA. ADULT ectodermal dysplasia syndrome
resulting from the missense mutation R298Q in the p63 gene. Clin Exp Dermatol 2004;
29:669-672.

23. Slavotinek AM, Tanaka J, Winder A, Vargervik K, Haggstrom A, Bamshad M. Acro-der-
mato-ungual-lacrimal-tooth (ADULT) syndrome: report of a child with phenotypic overlap
with ulnar-mammary syndrome and a new mutation in TP63. Am J Med Genet A 2005;
138:146-149.

www.landesbioscience.com Cell Cycle

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bertola DR, Kim CA, Albano LM, Scheffer H, Meijer R, van BH. Molecular evidence that
AEC syndrome and Rapp-Hodgkin syndrome are variable expression of a single genetic
disorder. Clin Genet 2004; 66:79-80.

Bertola DR, Kim CA, Sugayama SM, Albano LM, Utagawa CY, Gonzalez CH. AEC syn-
drome and CHAND syndrome: further evidence of clinical overlapping in the ectodermal
dysplasias. Pediatr Dermatol 2000; 17:218-221.

Barrow LL, van BH, ack-Hirsch S, Andersen T, van Beersum SE, Gorlin R, Murray JC.
Analysis of the p63 gene in classical EEC syndrome, related syndromes, and non-syndromic
orofacial clefts. ] Med Genet 2002; 39:559-566.

Bougeard G, Hadj-Rabia S, Faivre L, Sarafan-Vasseur N, Frebourg T. The Rapp-Hodgkin
syndrome results from mutations of the TP63 gene. Eur ] Hum Genet 2003; 11:700-704.
Dianzani I, Garelli E, Gustavsson P, Carando A, Gustafsson B, Dahl N, Anneren G. Rapp-
Hodgkin and AEC syndromes due to a new frameshift mutation in the TP63 gene. ] Med
Genet 2003; 40:e133.

Kantaputra PN, Hamada T, Kumchai T, McGrath JA. Heterozygous mutation in the SAM
domain of p63 underlies Rapp-Hodgkin ectodermal dysplasia. ] Dent Res 2003; 82:433-
437.

Tsutsui K, Asai Y, Fujimoto A, Yamamoto M, Kubo M, Hatta N. A novel p63 sterile alpha
motif (SAM) domain mutation in a Japanese patient with ankyloblepharon, ectodermal
defects and cleft lip and palate (AEC) syndrome without ankyloblepharon. Br J Dermatol
2003; 149:395-399.

Chan I, McGrath JA, Kivirikko S. Rapp-Hodgkin syndrome and the tail of p63. Clin Exp
Dermatol 2005; 30:183-186.

Payne AS, Yan AC, Ilyas E, Li W, Seykora JT, Young TL, Pawel BR, Honig PJ, Camacho
J, Imaizumi S, Heymann WR, Schnur RE. Two novel TP63 mutations associated with the
ankyloblepharon, ectodermal defects, and cleft lip and palate syndrome: a skin fragility
phenotype. Arch Dermatol 2005; 141:1567-1573.

Shotelersuk V, Janklat S, Siriwan P, Tongkobpetch S. De novo missense mutation, S541Y,
in the p63 gene underlying Rapp-Hodgkin ectodermal dysplasia syndrome. Clin Exp
Dermatol 2005; 30:282-285.

Kannu D, Savarirayan R, Ozoemena L, White SM, McGrath JA. Rapp-Hodgkin ectodermal
dysplasia syndrome: the clinical and molecular overlap with Hay-Wells syndrome. Am ]
Med Genet A 2006; 140:887-891.

Sorasio L, Ferrero GB, Garelli E, Brunello G, Martano C, Carando A, Belligni E, Dianzani
1, Cirillo SM. AEC syndrome: further evidence of a common genetic etiology with Rapp-
Hodgkin syndrome. Eur ] Med Genet 2006; 520-522.

Fomenkov A, Huang YP, Topaloglu O, Brechman A, Osada M, Fomenkova T, Yuriditsky E,
Trink B, Sidransky D, Ratovitski E. P63 alpha mutations lead to aberrant splicing of kerati-
nocyte growth factor receptor in the Hay-Wells syndrome. ] Biol Chem 2003; 278:23906-
23914.

Wilkie AO, Patey SJ, Kan SH, van den Ouweland AM, Hamel BC. FGFs, their receptors,
and human limb malformations: clinical and molecular correlations. Am J Med Genet
2002; 112:266-278.

Rohmann E, Brunner HG, Kayserili H, Uyguner O, Nurnberg G, Lew ED, Dobbie A,
Eswarakumar VP, Uzumcu A, Ulubil-Emeroglu M, Leroy JG, Li Y, Becker C, Lehnerdt K,
Cremers CW, Yuksel-Apak M, Nurnberg P, Kubisch C, Schlessinger J, van BH, Wollnik B.
Mutations in different components of FGF signaling in LADD syndrome. Nat Genet 2006;
38:414-417.

Zenteno JC, Berdon-Zapata V, Kofman-Alfaro S, Mutchinick OM. Isolated ectrodactyly
caused by a heterozygous missense mutation in the transactivation domain of TP63. Am J
Med Genet A 2005; 134:74-76.

Huang YP, Wu G, Guo Z, Osada M, Fomenkov T, Park HL, Trink B, Sidransky D,
Fomenkov A, Ratovitski EA. Altered sumoylation of p63alpha contributes to the split-
hand/foot malformation phenotype. Cell Cycle 2004; 3:1587-1596.

Ghioni P, D'Alessandra Y, Mansueto G, Jaffray E, Hay RT, La MG, Guerrini L. The protein
stability and transcriptional activity of p63alpha are regulated by SUMO-1 conjugation.
Cell Cycle 2005; 4:183-190.

Rossi M, De SM, Pollice A, Santoro R, La MG, Guerrini L, Calabro V. Itch/AIP4 Associates
with and Promotes p63 Protein Degradation. Cell Cycle 2006; 5:1816-1822.

Lidral AC, Romitti PA, Basart AM, Doetschman T, Leysens NJ, ack-Hirsch S, Semina
EV, Johnson LR, Machida J, Burds A, Parnell TJ, Rubenstein JL, Murray JC. Association
of MSX1 and TGFB3 with nonsyndromic clefting in humans. Am ] Hum Genet 1998;
63:557-568.

Suzuki K, Hu D, Bustos T, Zlotogora J, Richieri-Costa A, Helms JA, Spritz RA. Mutations
of PVRLI, encoding a cell-cell adhesion molecule/herpesvirus receptor, in cleft lip/palate-
ectodermal dysplasia. Nat Genet 2000; 25:427-430.

Jumlongras D, Bei M, Stimson JM, Wang WE DePalma SR, Seidman CE, Felbor U, Maas
R, Seidman JG, Olsen BR. A nonsense mutation in MSX1 causes Witkop syndrome. Am J
Hum Genet 2001; 69:67-74.

Sozen MA, Suzuki K, Tolarova MM, Bustos T, Fernandez Iglesias JE, Spritz RA. Mutation
of PVRLI is associated with sporadic, non-syndromic cleft lip/palate in northern Venezuela.
Nat Genet 2001; 29:141-142.

Zucchero TM, Cooper ME, Maher BS, ack-Hirsch S, Nepomuceno B, Ribeiro L, Caprau
D, Christensen K, Suzuki Y, Machida J, Natsume N, Yoshiura K, Vieira AR, Orioli IM,
Castilla EE, Moreno L, rcos-Burgos M, Lidral AC, Field LL, Liu YE, Ray A, Goldstein
TH, Schultz RE, Shi M, Johnson MK, Kondo S, Schutte BC, Marazita ML, Murray JC.
Interferon regulatory factor 6 (IRF6) gene variants and the risk of isolated cleft lip or palate.
N Engl ] Med 2004; 351:769-780.

267



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

268

p63-Associated Disorders

Ghassibe M, Bayet B, Revencu N, Verellen-Dumoulin C, Gillerot Y, Vanwijck R, Vikkula
M. Interferon regulatory factor-6: a gene predisposing to isolated cleft lip with or without
cleft palate in the Belgian population. Eur ] Hum Genet 2005; 13:1239-1242.

Scapoli L, Palmieri A, Martinelli M, Pezzetti F, Carinci P, Tognon M, Carinci E Strong
evidence of linkage disequilibrium between polymorphisms at the IRF6 locus and nonsyn-
dromic cleft lip with or without cleft palate, in an Italian population. Am ] Hum Genet
2005; 76:180-183.

Ray AK, Marazita ML, Pathak R, Beever CL, Cooper ME, Goldstein T, Shaw DF, Field LL.
TP63 mutation and clefting modifier genes in an EEC syndrome family. Clin Genet 2004;
66:217-222.

Calabro V, Mansueto G, Parisi T, Vivo M, Calogero RA, La MG. The human MDM2
oncoprotein increases the transcriptional activity and the protein level of the p53 homolog
p63. ] Biol Chem 2002; 277:2674-2681.

Allazzouzi H, Suriano G, Guerra A, Plaja A, Espin E, Armengol M, Alhopuro B, Velho S,
Shinomura Y, Gonzalez-Aguilera JJ, Yamamoto H, Aaltonen LA, Moreno V, Capella G,
Peinado MA, Seruca R, Arango D, Schwartz JS. Tumour selection advantage of non-domi-
nant negative p53 mutations in homozygous mdm2-snp309 colorectal cancer cells. ] Med
Genet 2006; 44:75-80.

Lang GA, Iwakuma T, Suh YA, Liu G, Rao VA, Parant JM, Valentin-Vega YA, Terzian T,
Caldwell LC, Strong LC, El-Naggar AK, Lozano G. Gain of function of a p53 hot spot
mutation in a mouse model of Li-Fraumeni syndrome. Cell 2004; 119:861-872.

Olive KP, Tuveson DA, Ruhe ZC, Yin B, Willis NA, Bronson RT, Crowley D, Jacks T.
Mutant p53 gain of function in two mouse models of Li-Fraumeni syndrome. Cell 2004;
119:847-860.

Di AS, Strano S, Emiliozzi V, Zerbini V, Mottolese M, Sacchi A, Blandino G, Piaggio G.
Gain of function of mutant p53: the mutant p53/NF-Y protein complex reveals an aberrant
transcriptional mechanism of cell cycle regulation. Cancer Cell 2006; 10:191-202.

Li H, Yao L, Ouyang T, Li J, Wang T, Fan Z, Fan T, Dong B, Lin B, Li J, Xie Y.
Association of p73 G4C14-t0-A4T14 (GC/AT) polymorphism with breast cancer survival.
Carcinogenesis 2006; 31.

Wegman D, Stal O, Askmalm MS, Nordenskjold B, Rutqvist LE, Wingren S. p53 polymor-
phic variants at codon 72 and the outcome of therapy in randomized breast cancer patients.
Pharmacogenet Genomics 2006; 16:347-351.

Rossi M, Ageilan RI, Neale M, Candi E, Salomoni P, Knight RA, Croce CM, Melino G.
The E3 ubiquitin ligase Itch controls the protein stability of p63. Proc Natl Acad Sci U S A
20065 103:12753-12758

Cell Cycle

2007; Vol. 6 Issue 3



